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Cell senescence is a crucial process in cell fate determination and is involved in an extensive array of aging-associated diseases. General perceptions and experimental evidence point out that the decline of physical function as well as aging-associated diseases are often initiated by cell senescence and organ ageing. Therefore, regulation of cell senescence process can be a promising way to handle aging-associated diseases such as osteoporosis. The circadian clock regulates a wide range of cellular and physiological activities, and many age-linked degenerative disorders are associated with the dysregulation of clock genes. BMAL1 is a core circadian transcription factor and governs downstream genes by binding to the E-box elements in their promoters. Compelling evidence has proposed the role of BMAL1 in cellular senescence and aging-associated diseases. In this review, we summarize the linkage between BMAL1 and factors of cell senescence including oxidative stress, metabolism, and the genotoxic stress response. Dysregulated and dampened BMAL1 may serve as a potential therapeutic target against aging- associated diseases.
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Introduction

Aging is a universal and intrinsic process with deleterious effects including gradual accumulation of physical and molecular dysfunction, tissue degradation and diminished organ function, which increases risk of developing age-related diseases and ultimately leads to death (1, 2). Cellular senescence, one of the hallmarks of aging, is a state of irreversible cell-cycle arrest in response to a variety of cellular stresses including genotoxic stress, and oxidative and telomere dysfunction (3, 4), and shows strong linkage to physiological processes such as embryogenesis, tissue repair, tumour suppression and organismal ageing (5). Cellular senescence can be divided into replicative senescence and stress induced premature senescence. Replicative senescence is a telomere-dependent senescence, while premature senescence results from all types of cellular stress except telomere shortening (6). Compelling evidence points towards an interplay between cellular senescence and pathological processes in many types of cells and tissues. Almost all multicellular organisms display features of aging, which lead to the generation of numerous chronic and age-related pathologies and progressive loss in tissue and organ function over time. Cellular senescence is related to a variety of aging-associated diseases, including nonalcoholic fatty liver disease, diabetes, pulmonary hypertension, osteoarthritis and tumorigenesis (7). Moreover, the observation that elimination of senescent cells is largely beneficial and has been considered as one of the main therapeutic strategies for aging-associated diseases (5). The elimination of naturally occurring senescent cells has been reported to ameliorate the age-related deterioration of several organs and tissues and to extend lifespan in mice (8). Hence, research on the mechanisms of aging and cellular senescence is significant in the face of a wide range of disease.

Circadian clock, established by cell-autonomous oscillators, generates 24-h rhythms in physiology and behavior in various organisms. Many cellular and physiological activities are under the control of the circadian rhythm and there is emerging evidence that the circadian clock is intimately intertwined with the aging process (9). Besides, some studies also have pointed out that the circadian clock system is disrupted with aging (10–12). Alterations of the circadian clock have been reported in senescent cells (13) and stress-induced premature senescent cells (14), which showed a longer period and delayed phase compared to proliferative cells.

Brain and muscle arnt-like protein 1 (BMAL1), the core circadian gene, whose expression decreases in the natural aging process, has been shown to significantly affect the senescence process and governs many aspects of age-related pathology (15, 16). The most compelling evidence has demonstrated that mice deficient in BMAL1 have a significantly reduced lifespan and display early aging phenotypes including sarcopenia, cataracts, low subcutaneous fat, and organ shrinkage among others (17). Furthermore, overexpression of AHA-1, a homolog of mammalian BMAL1 protein, extends the lifespan in C. elegans (18).

Therefore, in this review, we summarized recent studies focusing on the effect of BMAL1 in aging and cellular senescence, highlighting its mechanisms in oxidative stress, metabolism, and the genotoxic stress response.



BMAL1 and Circadian Rhythm


A Brief Introduction of BMAL1

BMAL1, also referred to as Arntl, Arnt3, and MOP3, is a transcription factor that has a basic-helix-loop-helix (bHLH)/Per-Arnt-Sim (PAS) domain (15, 19). Ikeda et al. (19) firstly isolated and identified BMAL1 from the human brain cDNA library. According to their work, BMAL1 was originally characterized by its enrichment in the brain and the skeletal muscle, implying the significant role in these tissues (19).

Further research has identified the function of BMAL1 in the circadian rhythm and other complex physiologic properties. BMAL1 forms heterodimers with another bHLH/PAS protein, circadian locomotor output cycles kaput (CLOCK), and the complex drives transcription from E-box elements and regulates the circadian rhythm of a spectrum of gene expressions (20). Gene Ontology analysis of genes commonly occupied by BMAL1 shows enrichment for circadian circuits, as well as carbohydrate metabolism, lipid metabolism, and amino acid metabolism (21). Global BMAL1−/−mice display several severe phenotypic changes in the rhythmicity of behavior, metabolic activity and life span (17, 22).



Role of BMAL1 in the Circadian Rhythm

The regulation effects in the circadian rhythm, the main function of BMAL1, links a wide range of cellular and physiological activities and is under extensive investigation.

Circadian rhythms refer to the variations in physiology and behavior that peak and trough within the 24-hour timescale, and resides in the suprachiasmatic nucleus (SCN) of the hypothalamus (23). Circadian rhythms are driven by cell-autonomous oscillating circadian molecular clocks built upon molecular feedback loops (24) including the transcriptional negative-feedback loop and accessory feedback loop, which are summarized in Figure 1.




Figure 1 | Role of BMAL1 in the circadian rhythm. The circadian rhythm involves a negative-feedback loop and an accessory feedback loop. In the negative-feedback loop, the CLOCK and BMAL1 form a heterodimer that activates the PER and CRY genes by directly interacting with the E-Box element. Subsequently, accumulation of PER/CRY protein complexes inhibits the expression of BMAL1/CLOCK. In the accessory feedback loop, the transcription of BMAL1/CLOCK is controlled by positive regulators (RORα, RORβ and RORγ) and negative regulators (REV-ERBα and REV-ERBβ). ClOCK and BMAl1, in turn, regulate the expression of RORs and REV-ERBs.



The transcriptional negative-feedback loop consists of a set of clock proteins that include core clock transcription factors BMAL1, CLOCK, transactivating promoter E-box elements of Period (Per1, Per2, and Per3), and cryptochrome (Cry1 and Cry2). The CLOCK and BMAL1 form heterodimers to activate the PER and CRY genes as well as a spectrum of clock-controlled genes (CCGs) by directly interacting with E-Box elements (nCACGTGn) present in gene promoters (25). Subsequently, accumulation of PER/CRY protein complexes inhibits the expression of BMAL1/CLOCK, resulting in rhythmic repression of their own transcription and of other CCGs (26).

The accessory feedback loop involves REV-ERBα/β (27) and RORα/β/γ (28). The nuclear receptor retinoid-related orphan receptors(RORs), such as RORα, was identified as an activator of Rev response element (RRE) box-containing clock genes such as BMAL1 (26). Reverse orientation c-erbA gene α(REV-ERBα), a widely expressed member of the orphan nuclear receptor family of proteins, is a strong repressor of BMAL1 transcription and a moderate repressor of CLOCK transcription, which couples antiphasic transcription cycles of negative and positive limb members with its paralog REV-ERBβ (29). In mammals, the accessory feedback loop controls the transcriptional regulation of CLOCK and BMAL1 (30), involving both positive regulators (RORα, RORβ and RORγ) and negative ones (REV-ERBα and REV-ERBβ). ClOCK and BMAl1, in turn, regulate the expression of RORs and REV-ERBs (29, 31). Given that REV-ERBα, REV-ERBβ, ROR-α, ROR-β and ROR-γ bind to a common response element—the ROR response element,—their intrinsic repressive and inductive activities, are believed to establish the rhythmic expression of target genes such as BMAL1 (28).

As a core clock transcription factor, BMAL1 plays a critical role in governing the molecular clock, which has already become the key object of study for circadian rhythm and functional research. BMAL1 is the core orchestrator of the molecular clock, and the only single clock gene deletion that results in complete ablation of all rhythms (25). BMAL1 also mediates the nuclear translocation (32) and site-specific phosphorylation/degradation of CLOCK (33), both of which are associated with the activation of responsive circadian promoters.

Numerous studies involving global temporal gene-expression profiling revealed that about 10% of the mammalian transcriptome shows daily rhythm in steady-state mRNA levels including many key regulators of cell cycle, DNA repair, genotoxic stress response, and metabolism (34), which suggests the significant role of the circadian rhythm. Biological clocks regulate a wide range of cellular and physiological activities, and many age-associated disorders are related to the dysregulation of the circadian rhythm (35). As the key factor of the circadian rhythm, the importance of BMAL1 in cellular senescence and aging-associated diseases needs to be investigated.

Although ample evidence clearly demonstrated the role of the circadian clock in cellular senescence and aging- associated diseases, the precise molecular mechanisms of BMAL1 action in aging are a subject for further studies. Previous studies have identified that circadian proteins could be responsible for aging through the regulation of metabolism, genotoxic stress response and reactive oxygen species (ROS) homeostasis (12, 36).




Role of BMAL1 in Oxidative Stress

Oxidative stress refers to an imbalance between oxidants and antioxidants in favor of oxidants, which leads to a disruption of redox signaling and molecular damage (37). Oxidative stress is a cell damage-related process that causes damage to proteins, lipids, and DNA in the cells, leading to cell death and subsequent tissue dysfunction. Reactive oxygen species (ROS), a major product of oxidative stress, induce cell senescence involving disruption of proteostasis, alteration of genomic stability, the response to DNA damage, epigenetic regulation, and activation of the tumor suppression pathway (38).

A major characteristic of aging is an increase in oxidative stress, which is considered one of the molecular mechanisms underlying the occurrence and development of a variety of age-related pathologies. In aging, oxidant production from several sources is increased, whereas antioxidant enzymes, the primary line of defense, are decreased. Indeed, oxidative stress has been implicated in various age-related pathologies including cancers (39), neurodegenerative diseases (40), diabetes (41), and cardiovascular conditions (42).

Many factors are involved in the occurrence and regulation of oxidative stress. Strong evidence supports that mitochondrial dysfunction leads to oxidative stress, which is involved in age-related deteriorations in part through oxidative damage (43). Furthermore, oxidative stress is under the regulation of certain signaling pathways. The Nrf2 pathway and the NFκB pathway are considered master switch systems of oxidative stress in cells of higher organisms (37). Numerous studies have linked oxidative stress and aging with the disruptions of the aforementioned pathways (44, 45).

Compelling evidence points toward an interplay between the circadian clock and the cellular redox status (46). Circadian clocks maintain ROS at physiological levels and protect organisms from oxidative stress (47).

The function of BMAL1 is not only limited to core clock gene regulation and oscillation, but also involved in maintaining redox homeostasis and promoting cell survival against oxidative stress. Studies have pointed out that the cellular abundance of BMAL1 is a prerequisite for promoting antioxidant defense to protect cells against aging or oxidative stress (35). Global deletion of BMAL1 produces an advanced aging phenotype by increasing oxidative stress (48). In addition, there also exists evidence that BMAL1 regulates ROS in multiple independent tissue types. Deletion of BMAL1 in the brain contributes to oxidative stress-induced neurodegeneration and astrogliosis (9). Deletion of BMAL1 in the pancreas contributes to a diabetic phenotype due to oxidative stress-induced β-cell failure (49). However, the accelerated aging phenotype, produced in BMAL1 knockouts, can be rescued by using glutathione precursor NAC (50). Taken together, this evidence highlights the significance of oxidative stress in BMAL1-deficient-related aging phenotype.

Given the aforementioned mechanisms of oxidative stress, this review will summarize the role of BMAL1 in oxidative stress concerning the Nrf2 pathway, the NFκB pathway and mitochondrial dysfunction.


Deficiency of BMAL1 Leads to Oxidative Stress Through the Nrf2 Pathway

The nuclear factor erythroid 2-related factor (Nrf2) is part of one of the most important pathways for intracellular endogenous antioxidant stress. Nrf2 is a basic leucine zipper (bZIP) transcription factor, regulating the expression of antioxidant proteins and protecting cells against oxidative damage (51). Nrf2 is normally inactive in the cytoplasm and binds to Kelch-like ECH-associated protein 1 (Keap1), which sequesters Nrf2, facilitating its degradation. On activation by oxidative stress, Nrf2 dissociates from Keap1 and translocates into the nucleus through the oxidation or covalent modification of Keap1 cysteine residues (52). In the nucleus, Nrf2 binds to the antioxidant response elements (AREs) and promotes the expression of antioxidant genes, such as Hmox1, Gsr, and Nqo1 (51). A multitude of publications has shown that Nrf2 is an essential regulator of longevity. It has been reported that activation of Nrf2 prolongs the life span of mice and Caenorhabditis elegans (53, 54).

One study has pointed out that Nrf2 creates direct and reciprocal coupling between the redox state and the circadian mechanism. Previous studies have identified Nrf2 as one of the clock-controlled targets in pancreatic β cells (49) and mouse lungs (55), where mRNA levels of Nrf2, as well as several of its target genes, have been reported to show diurnal variation.

Nrf2 and BMAL1 comprise an interlocking loop that integrates cellular redox signals into circadian timekeeping. On the one hand, BMAL1 participates in the regulation of the Nrf2 pathway. BMAL1, together with CLOCK construct a complex, exerting temporal control of the E-box element in the Nrf2 gene promoter and positively regulating Nrf2 transcription. Nrf2 protein accumulates in a circadian manner and drives oscillations of ARE-regulated antioxidant genes. Mutation of the E-box sequence in the Nrf2 promoter completely abolishes its induction by CLOCK/BMAL1 complexes (55). On the other hand, Nrf2 represses CLOCK/BMAL1-mediated transcription indirectly through the regulation of Cry2 expression. Nrf2 specifically attaches to part of the gene of the clock protein CRY2. As levels of CRY rise, they repress CLOCK/BMAL1-regulated E-box transcription and switch off their production (56). Thus, these molecules rise and fall throughout the day to drive circadian rhythms just as a pendulum swings back and forth to keep a clock ticking.

Overall, the biological clock protein BMAL1 is a significant component of the regulation of the Nrf2-mediated antioxidant protective response in maintaining ROS homeostasis within the microenvironment for cellular protection and health. The role of BMAL1 in the Nrf2 pathway is summarized in Figure 2.




Figure 2 | (A) The role of BMAL1 in the Nrf2 pathway. CLOCK/BMAL1 complexes exert temporal control on the E-box element in the Nrf2 gene promoter and positively regulate Nrf2 transcription. Nrf2 protein accumulates in a circadian manner and drives oscillations of ARE-regulated antioxidant genes. On the other hand, Nrf2 regulates the expression of PER, CRY, REV-ERBα/β, which represses CLOCK/BMAL1-regulated E-box transcription and switches off their production. (B) The role of BMAL1 in the NFκB pathway. On one hand, NFκB activation is under the regulation of a loop represented by the clock genes BMAL1/CLOCK, and their transcriptional positive and negative regulators REV-ERBα and RORα. Activation of this pathway leads to enhanced NAD+ levels and SIRT1 deacetylase activity, which in turn inactivates NFκB and reduces the binding ability to DNA. CLOCK upregulates NFκB–mediated transcription by increasing p65 phosphorylation and acetylation in the absence of BMAL1, and BMAL1 downregulates the CLOCK-dependent modulation of NFκB activation. On the other hand, NFκB antagonizes transcription of the CLOCK/BMAL1 target genes by directly binding to the promoters of the core clock repressors PER and CRY, which leads to highly specific transcriptional repression of CLOCK/BMAL1.





Deficiency of BMAL1 Leads to Oxidative Stress via the NFκB Pathway

The nuclear factor kappa B (NFκB) is one of the principal transcriptional regulators, as well as a cytosolic sensor of multiple dangerous signals including oxidative stress, a process which activates and promotes its nuclear translocation and DNA binding (57). In mammals, the major cellular form of NFκB is a heterodimer consisting of the DNA binding subunit p50 and the transactivator p65. Normally, NFκB is bound to its inhibitor IκB, which retains NFκB in the cytoplasm. Upon stimulation by various NFκB activating signals, ligand recognition results in the recruitment of various adapter proteins, triggering the activation of the IκB kinase (IKK) complex followed by IκBα phosphorylation and subsequent degradation. IκB undergoes phosphorylation and degradation and frees NFκB, which is then translocated into the nucleus to bind to its consensus sites in promoters of specific genes, activating their expression (58).

NFκB characterizes the aging process; mounting evidence supports that NFκB content and its DNA binding increase with age (59, 60). Furthermore, NFκB signaling has been linked to cellular senescence. NFκB signaling is implicated in indoxyl sulfate‐induced cellular senescence via the ROS‐NFκB‐p53 pathway (61), further supporting a connection between the two conditions.

BMAL1 deficiency results in a misbalance in ROS generation/neutralization not only due to the dysregulation of downstream transcriptional anti- and pro-oxidant CLOCK/BMAL1 targets, but also through an NFκB–dependent mechanism (62). Accumulating evidence shows the presence of bidirectional links between BMAL1 and NFκB.

On the one hand, BMAL1 represses the activation of NFκB. NFκB activation is under the regulation of a loop represented by the clock genes BMAL1/CLOCK, and their transcriptional positive and negative regulators REV-ERBα and RORα (63, 64). Activation of this pathway leads to increased NAD+ levels and silent information regulator type 1 (SIRT1) deacetylase activity, which in turn inactivates NFκB and reduces its binding ability to DNA (65). In the aging process, CLOCK and BMAL1 gene expression reduce, which causes SIRT1/NAD+ dissociation and impedes SIRT1-dependent p65 subunit inhibition by deacetylation, resulting in enhanced NFκB transcriptional activity (66). The consequent enhanced NFκB binding to DNA promotes the expression of multiple proinflammatory and prooxidant molecules such as iNOS and TNFα, and pro-IL-1β, and is followed by subsequent mitochondrial impairment and oxidative stress, which are involved in the pathogenesis of most age-associated diseases (67). Another study elucidated further details about the indirect mechanism of BMAL1 in the regulation of NFκB through CLOCK. CLOCK upregulates NFκB–mediated transcription by increasing p65 phosphorylation and acetylation in the absence of BMAL1, whereas BMAL1 is crucial for reducing the scale of the inflammatory response and oxidative stress through downregulation of CLOCK-dependent modulation of NFκB activation (68).

On the other hand, NFκB also participates in the regulation of circadian proteins and circadian function. NFκB pathway activation results in suppression of BMAL1 expression and function (69). One study has reported that NFκB antagonizes transcription of CLOCK/BMAL1 target genes by directly binding to the promoters of the core clock repressors PER and CRY, which leads to a highly specific transcriptional repression signature at core clock genes (70). Another study reported that the RelB subunit of NFκB can act as a repressor of circadian transcription. In the presence of CLOCK, RelB physically interacts with BMAL1 to repress circadian gene expression at the promoter of the clock-controlled gene Dbp (71).

Collectively, these findings demonstrate bidirectional links between BMAL1 and NFκB. BMAL1 participates in the regulation of NFκB–dependent ROS generation/neutralization in the aging process. NFκB represses BMAL1 function. Given that NFκB activation may contribute to metabolic disease and aging in part through dysregulation of BMAL1 circadian systems, further study can take NFκB into consideration as a plausible target for therapeutic repression in anti-aging. The role of BMAL1 in the NFκB pathway is illustrated in Figure 2.



Deficiency of BMAL1 Leads to Oxidative Stress Through Mitochondrial Dysfunction

Mitochondria are essential organelles involved in nutrient metabolism and energy homeostasis. In mitochondria, oxidation of glucose and fatty acids releases NADH and FADH2 that carry high-energy electrons to generate ATP through the electron transport chain (ETC) coupled to the oxidative phosphorylation (OXPHOS) of ADP. In the process of mitochondrial oxidative metabolism, an unavoidable side-product is ROS that results in detrimental protein and DNA modifications and cellular senescence as mentioned above.

In senescent cells, increased oxidative stress has been associated with the accumulation of dysfunctional mitochondria. Furthermore, senescent cells are characterized by changes in mitochondrial mass, membrane potential and mitochondrial morphology (72). Mitochondria are widely considered to play a significant role in the aging process, as they are major intracellular sources of ROS as well as the primary targets of ROS oxyradical attack (73). Accumulation of ROS results in impairment of mitochondrial function, which in turn contributes to a vicious cycle with a rise in mitochondrial ROS production and triggers subsequent serious cellular senescence and cellular death (74).

A rapidly growing body of research suggests a cross-talk between BMAL1 and mitochondrial function, including mitochondrial dynamics and mitochondrial respiration. Mitochondrial dynamics and oxidative metabolism are expressed in a daily BMAL1- dependent manner (75). In vivo studies have revealed that BMAL1 mutation disrupts mitochondrial dynamics and oxidative metabolism, ultimately resulting in metabolic dysregulation and oxidative damage (18).

BMAL1 is critical for the maintenance of normal mitochondrial structure and mitochondrial dynamics. Mitochondrial fission, fusion, and mitophagy, collectively referred to as mitochondrial dynamics, are the processes through which mitochondria achieve morphological and functional adaptations to accommodate different metabolic states and energy demands. Mitochondrial dynamics have drawn much attention for clear roles in mitochondrial quality control and in the development of aging-related diseases (76).

Mitochondrial dynamics are transcriptional targets of the circadian regulator BMAL1 and exhibit a metabolic rhythm in sync with diurnal bioenergetic demands (18).

There is emerging evidence that BMAL1 loss-of-function causes mitochondrial structure and mitochondrial dynamics incapable of adapting to different nutrient conditions, accompanied by diminished respiration and elevated oxidative stress. An abnormal mitochondrial structure has been observed in BMAL1-deficient cells. Ultrastructural changes including swollen mitochondria with cristae damage and irregular shape have been reported in BMAL1-deficient hepatocytes (18), BMAL1 knockdown β-cell (77) and cardiomyocytes (78). Mitochondrial morphology impairment, ATP synthesis reduction, as well as oxidative stress product accumulation can further result in cell damage and apoptosis (79).

Disruption of mitochondrial dynamics proteins in BMAL1-deficient cells also highlights the importance of BMAL1 in mitochondrial stability. BMAL1 deficiency results in reduced fusion gene (Mfn1, Mfn2) expression and increased fission/mitophagy protein (Fis1) expression in BMAL1 knockdown β-cells (77). However, research has shown reduced levels of fission/mitophagy proteins (Fis1, Pink1, and Drp1/phospho-Drp1 s616) as well as an increase in Mfn1 in BMAL1- knockout hepatocytes (18). Indeed, fusion proteins, such as Mfn1 and Mfn2, are required for normal mitochondrial metabolism and mitochondrial remodeling (80). Lacking Mfn1 or Mfn2 causes mitochondrial fragmentation as well as deficiency in mitochondrial structure and mitochondrial fusion (81). Fission/mitophagy proteins, such as Fis1, have been reported to mediate mitochondrial quality control (82) and transmit an apoptosis signal from the mitochondria to the endoplasmic reticulum (83). Although regulation may differ for each organ, these studies provide evidence that BMAL1 participates in the manipulation of mitochondrial dynamic genes and disruption of this process induces oxidative damage and metabolic dysregulation.

In addition to mitochondrial dynamics, there also exists evidence that points toward a link between BMAL1 and mitochondrial oxidative metabolism. Deletion of BMAL1 leads to upregulation of uncoupling proteins (Ucp2) with uncoupling of mitochondrial oxidative phosphorylation (OXPHOS), causing a decreased mitochondrial membrane potential (MMP) with reduced ROS clearance and antioxidant capacity (84).

Collectively, aforementioned studies reveal that synchronization of mitochondrial biogenesis and dynamics with nutrient status by BMAL1 is crucial to sustain energy homeostasis and health span. Deficiency of BMAL1 impairs normal mitochondrial structure, mitochondrial dynamics and mitochondrial metabolism, which account for subsequent oxidative stress as well as cellular senescence and death.



Deficiency of BMAL1 Leads to Oxidative Stress Through NAD+ Regulation

NAD+ plays crucial role in intracellular redox reactions and works as a cofactor for some important enzymes, such as the DNA repair poly enzyme poly ADP-ribose polymerase (PARP) and the deacetylase Sirtuin 1 (SIRT1). Overexpression of nicotinamide phosphoribosyl transferase (NAMPT), the rate-limiting enzyme of the NAD+ salvage pathway, showed a protective effect against stress-induced premature senescence (85), demonstrating that a decline in NAD+ level can induce cellular senescence as well as organismal aging. The amount of NAD+ is altered with the aging process and shows great linkage to circadian clock, which is attributed to posttranslational modifications of acetylation and poly-ADP-ribosylation status of circadian clock proteins and decreases with aging (86). And one recent study has pointed that NAD+ levels can be a potential mechanism that links the circadian clock with aging (12).

On the one hand, the NAD+-driven pathway regulates circadian transcription patterns. Reduction in NAMPT-mediated NAD+ biosynthesis can lead to a more robust oscillation of clock target gene expression through releasing CLOCK : BMAL1 heterodimer from SIRT1-mediated suppression (87). NAD+ promotes BMAL1 transcription by SIRT1 through the deacetylation of PGC1α (88). Besides, another study has pointed that low NAD+ condition increased REB-ERBα/β and promoted PER2 to be retained in the cytoplasm through the NAD+/SIRT1 axis, which in turn repress the expression of BMAL1 gene (86).

On the other hand, BMAL1 regulates NAD+ levels. One study has observed that mice deficient in BMAL1 exhibited a significant reduction in NAD+ levels in live (87). BMAL1:CLOCK heterodimers bind to E-box elements of NAMPT to drive expression (89), thus participating in the relulation of NAD+.

NAD+ modulates the BAML1 and other circadian clock molecules, while NAMPT is under the control of the BMAL1. These facts demonstrate the bidirectional interactions between BMAL1 and NAD+, which is involved in oxidative stress and aging process.




Role of BMAL1 in the Regulation of Nutrition Metabolism

The role of metabolic regulation in aging has been the focus of extensive research. There is emerging evidence that links longevity with metabolic parameters from different organs (90). For example, in glucose metabolism, the process of glycation has been considered to cause macromolecular damage and biochemical changes that occur in aging and age-related disorders, supported by the fact that several age-related diseases show symptoms manifested by hyperglycemia (91). In fatty acid metabolism, studies have revealed a positive correlation between longevity and sphingomyelin levels as well as a negative correlation between longevity and the levels of triacylglycerols containing polyunsaturated fatty acid (PUFA) side chains and by-products of inflammatory processes (92). In amino acid metabolism, longevity also negatively correlates with the hepatic concentrations of tryptophan degradation products and with the hepatic levels of enzymatic cofactors involved in amino acid metabolism (93). Nutrient-sensing pathways are also associated with human life span and aging. Compelling evidence indicates that the function of the components of the IIS pathway (GH, IGF-1, and insulin) as well as their relevant downstream intracellular effectors (FOXO, AKT, and mTOR) play crucial roles in regulating aging and longevity in both animal models and humans (94). Moreover, premature aging in humans has been reported to be directly linked to metabolic defects (95).

Research has linked circadian rhythm with metabolic regulation. As evidenced by individuals working in the night or rotating shifts and in rodent models of circadian arrhythmia, impairment of the circadian rhythm is significantly associated with reduced longevity and metabolic imbalance (96). Glucose and fatty acid homeostasis are also known to show circadian variation and surgical destruction of the SCN impairs glucose homeostasis (97).

At the molecular level, BMAL1 is one of the crucial components of the circadian clock that controls the cyclic expression of a wide range of metabolic genes involved in glucose, lipid, and cholesterol metabolism (98, 99). The absence of BMAL1 results in not only impairment of its circadian targets but also reduced expression in a great number of metabolic genes, providing direct evidence for BMAL1 being a novel metabolic regulator that couples circadian rhythms and metabolism (100). It has been observed that BMAL1 knock-out mice show insulin resistance (101), diabetes (102), and impaired lipid homeostasis (22). Moreover, increasing evidence indicates that BMAL1 shows linkage to aging and life span through metabolic regulation. Constitutive knockout of BMAL1 in rodent models results in metabolic disturbances and early death. Astrocyte-specific deletion of BMAL1 leads to altered energy balance, impaired glucose homeostasis, acceleration of aging, and reduced lifespan (103).In this review, we summarize the role of BMAL1 in aging-associated metabolic regulation, concerning glucose, fatty acid and amino acid metabolism.


Glucose Metabolism

The circadian clock controls glucose metabolism by regulating the activity of hormones, metabolic enzymes, and transport systems. Impairment in glucose metabolism, such as reduced glucose-stimulated insulin secretion, insulin resistance, diminished β-cell proliferation and apoptosis, has been associated with asynchrony or deficiencies in circadian clock genes (104). BMAL1 participates in the regulation of glucose homeostasis. CLOCK : BMAL1 heterodimer controls hepatic gluconeogenesis and pancreatic β-cell insulin secretion by mediating the transcription of coactivators that regulate the circadian synthesis of most of the enzymes and hormones involved in glucose homeostasis (105). In skeletal muscle, muscle-specific loss of BMAL1 results in reduced glucose oxidation, disrupted systemic glucose homeostasis, and a diversion of glycolytic intermediates to alternative metabolic pathways (106, 107). Moreover, BMAL1−/− mice have showed reduced circulating insulin (100), which is associated with low levels of one or more proteins of the glucose-sensing and/or insulin secretion pathways caused by the absence of BMAL1 (108).

In addition to hormone regulation of global glucose homeostasis, BMAL1 participates in concrete glucose metabolism processes as follows.

BMAL1 is involved in a variety of energy metabolism processes, especially glycolysis. Increased glycolysis has been associated with cellular senescence. As cell cultures underwent replicative senescence, metabolic profiling showed a significant shift to a more glycolytic state (109). Loss-of function of BMAL1 leads to the disruption of metabolic gene expression associated with a rise of glycolytics. Genetic disruption of BMAL1 results in glycolytic gene expression and glucose tolerance (106). It has been reported that BMAL1-/- liver exhibits increased anaerobic glycolytic gene expression and lactate production under normoxic conditions (110). Importantly, BMAL1 overexpression restrains glycolysis levels. Elevation of BMAL1 in human astrocytes inhibits aerobic glycolysis and lactic acid release by downregulating the expression of HK1 and LDHA (111). Evidence also suggests that BMAL1 exerts a negative regulatory effect on glycolysis through the interaction of calcium binding protein S100A9 (112).

BMAL1 is also involved in pyruvate metabolism as well as the subsequent tricarboxylic acid (TCA) cycle, oxidative phosphorylation (OXPHOS) and ATP production. Pyruvate is a key metabolite at the crossroads of glycolysis and mitochondrial respiration, which determines whether a cell can produce enough energy through glycolysis upon becoming senescent. As senescent cells shift to a glycolytic phenotype, pyruvate and NADH become available substrates for lactate dehydrogenase, producing NAD+ and lactate (113). Activation of BMAL1 inhibits pyruvate dehydrogenase kinase (PDK), resulting in the disinhibition of the pyruvate dehydrogenase complex (PDC). Then PDC drives the conversion of pyruvate to acetyl-coenzyme A (acetyl-CoA) in mitochondria, thus increasing the TCA cycle, OXPHOS and ATP production (114). BMAL1 dysfunction impairs the TCA cycle, OXPHOS and ATP production. Loss of BMAL1 induces significant decreases in metabolites within the TCA cycle and a reduction in TCA cycle intermediates, such as citrate/isocitrate, has been shown in BMAL1 deficient cells (107). Besides, deletion of BMAL1 leads to defects in uncoupling of OXPHOS and glucose-stimulated ATP production (115).

Taken together, BMAL1 impairment leads to a glucose metabolism disorder including impaired glucose homeostasis, reduced ATP production, and a shift of metabolic profiling to a more glycolytic state, which is associated with cellular senescence and aging. The role of BMAL1 in glucose metabolism is shown schematically in Figure 3.




Figure 3 | (A) The role of BMAL1 in glucose metabolism. BMAL1 controls hepatic glucose metabolism and pancreatic β-cell insulin secretion. In skeletal muscle, muscle-specific loss of BMAL1 results in reduced glucose oxidation. In addition to the hormone regulation of global glucose homeostasis, BMAL1 participates in concrete glucose metabolism processes. BMAL1 restrains glycolysis levels, while activation of BMAL1 inhibits pyruvate dehydrogenase kinase (PDK), resulting in the disinhibition of the pyruvate dehydrogenase complex (PDC). Then PDC drives the conversion of pyruvate to acetyl-coenzyme A (acetyl-CoA) in mitochondria, thus increasing the TCA cycle, OXPHOS and ATP production. Loss-of function of BMAL1 leads to the disruption of the aforementioned process and cellular senescence. (B) The role of BMAL1 in lipid metabolism. In the liver, BMAL1 regulates lipid synthesis, fatty acid oxidation, lipolysis and lipid homeostasis. Hepatocyte BMAL1 is required for post-prandial de novo lipogenesis through insulin-mTORC2-AKT- ChREBP-lipogenesis. BMAL1 regulates fatty acid oxidation by activating the transcription of the PPARα gene by binding to the E-box within the gene promoter. BMAL1 also regulates homeostasis lipogenesis through CREBH. In white adipose tissue, BMAL1 regulates genes involved in lipogenesis such as SREBP-1a and REV-ERB α, resulting in the promotion of lipid synthesis and accumulation. BMAL1 regulates lipid storage through the expression of Adipoq, Retn, Nampt, AdipoR1 and AdipoR2. BMAL1 regulates lipolysis by directly and rhythmically binding to Eboxes in the promoters of Atgl and Hsl. In skeletal muscle, BMAL1 regulates oxidative capacity and fat oxidation activity through the regulation of Cacnas expression, followed by the NFAT axis. (C) The role of BMAL1 in amino acid metabolism. In muscle tissue, loss of function of BMAL1 is associated with protein catabolism. increased glucogenic amino acids (alanine, glutamine, glutamate, glycine, serine, threonine, methionine, proline, and aspartate) as well as BCAAs (leucine, isoleucine, and valine). In the liver, loss of BMAL1 leads to an increase in blood plasma amino acids, such as glutamine, glutamate, glycine, serine, proline, leucine, and valine. In SCN, loss of BMAL1 increases most neurotransmitter amino acid, such as excitatory (Aspartate, Glutamate) or inhibitory (Glycine) and precursors (Glutamine).





Lipid Metabolism

Studies using metabolomics and lipidomics have indicated that hundreds of lipid species are under the regulation of circadian clock in human plasma, including fatty acids, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids and prenol lipids (116). There is emerging evidence that disruption of the circadian clock function results in dysregulation of lipid metabolism, obesity and metabolic diseases (117).

In enterocytes, BMAL1 regulates the emulsification and absorption of dietary lipids. The CLOCK : BMAL1 heterodimer rhythmically activates the small heterodimer partner (Shp), which represses microsomal TAG transfer protein (Mtp), resulting in a diurnal regulation of the lipid transfer and apolipoprotein B-lipoproteins assembly rate (118). Besides, CLOCK : BMAL1 heterodimer regulates the expression of nocturnin (Noc), a crucial metabolic gene for normal lipid absorption and secretion in the small intestine (119).

In liver, BMAL1 regulates lipid synthesis, fatty acid oxidation, lipolysis and lipid homeostasis. BMAL1 is involved in de novo lipogenesis. Hepatocyte BMAL1 is required for post-prandial de novo lipogenesis through insulin-mTORC2-AKT signaling. By modulating AKT activity in hepatocytes, BMAL1 promotes the efficient conversion of excessive acetyl-CoA into lipids (120). There is also a functional link between BMAL1 and carbohydrate response element binding protein (ChREBP), one of the major lipogenic transcription factors in hepatic lipid biosynthesis. One of the major downstream pathways of BMAL1 in de novo lipogenesis may be AKT-ChREBP-lipogenesis (121). BMAL1 deficiency reduces liver AKT activation as well as ChREBP target gene expression which reduces insulin-stimulated de novo lipogenesis. Furthermore, BMAL1 regulates fatty acid oxidation. In the liver, all members of the PPAR family, the major regulator of fatty acid oxidation, are diurnally regulated, including PPARα which promotes mitochondrial fatty acid β-oxidation (122). PPARα has been reported to interact with the molecular clock in the liver. The CLOCK : BMAL1 heterodimer activates the transcription of the PPARα gene by binding to the E-box within the gene promoter (123). BMAL1 is crucial for maintaining the PPARα activity as studies have revealed an intimate relationship between the BMAL1-AKT-ChREBP axis-mediated de novo lipogenesis and PPARα-induced fatty acid oxidation (121). BMAL1 is also crucial in homeostasis lipid. The core clock oscillator BMAL1 and AKT/glycogen synthase kinase 3β (GSK3β) signaling pathway control cleavage/activation of CAMP-responsive element-binding protein, hepatic-specific (CREBH), a liver-enriched and endoplasmic reticulum (ER)–tethered transcription factor that maintains triglyceride (TG) and fatty acid (FA) homeostasis by regulating expression of the genes involved in lipolysis, fatty acid oxidation, and lipogenesis (124).

In white adipose tissue, BMAL1 participates in the regulation of adipocyte functions and controls lipid metabolism processes such as lipid synthesis, lipid storage and lipolysis. BMAL1 is an important transcription factor in inducing and maintaining specific aspects of the lipid synthesis function, which transcriptionally regulates genes involved in lipogenesis such as SREBP-1a and REV-ERB α (125). In BMAL1 overexpression cells, enhanced expression of SREBP-1a promotes the expression of several factors required for lipogenesis, such as fatty acid synthase (FAS), acetoacetyl-CoA synthetase(AACS), CD36, and HMG-CoA reductase, resulting in the promotion of lipid synthesis and accumulation (125). Enhanced expression of REV-ERBα has been reported to increase the expression of PPARγ target genes, such as aP2 and C/EBPα, thus significantly promoting adipogenesis (126). BMAL1 also regulates lipid storage. There is emerging evidence that BMAL1 deficiency impaired the expression of Adipoq, Retn, Nampt, AdipoR1 and AdipoR2 (127) and reduced the capacity of fat storage in adipose tissue (22), resulting in an increase in the levels of circulating fatty acids and the formation of ectopic fat in the liver and skeletal muscle. Furthermore, BMAL is crucial for lipolysis. Shostak et al. (128) indicated that CLOCK/BMAL1 directly and rhythmically binds to Eboxes in the promoters of Atgl and Hsl, which encode for two lipolysis pacemaker enzymes responsible for over 95% of TG hydrolysis activity (129).

In skeletal muscle, BMAL1 is involved in lipid pathways involved in fatty acid oxidation, lipid synthesis and hydrolysis of TAG (130). Muscle is crucial in lipid metabolism, as it works as a major consumer of lipoprotein-triacylglycerol-derived fatty acid and plasma free fatty acids (FFAs) (131). It has been reported that the level of BMAL1 expression is inversely related to the day-night shift of fat oxidation activity in human skeletal muscles [30]. Wada et al. (132) showed that lack of BMAL1 in murine skeletal muscle displays physiological hallmarks of increased oxidative capacity and fat oxidation activity through regulation of Cacnas expression, followed by activation of calcium—nuclear factor of activated T cells (NFAT) axis, indicating that BMAL1 is a vital regulator of the muscular fatty acid level and involves the control of an oxidative capacity mechanism. Moreover, genome-wide binding results showed that increased expression of major regulatory genes involved in lipid pathways has been found in skeletal muscles of muscle-specific BMAL1 knockout mice, such as mobilizing intracellular lipid stores (Atgl/Pnpla2), channeling fatty acids from lipid droplets to the mitochondria for oxidation (Plin5), fatty acid transport (Fatp-1/Slc27a1), activation of fatty acids to corresponding acyl-CoAs (Acsl1), and finally breakdown (Acadm) and oxidation (Hadha) of fatty acids (133). Therefore, BMAL1 exerts significant tissue-specific differences in regulation of lipid metabolism between muscle and liver.

Collectively, BMAL1 regulates lipid metabolism in different organs, which coordinates the emulsification and absorption of dietary lipids, lipid synthesis, and fatty acid oxidation with daily cycles. Disruption of BMAL1 function leads to dysregulation of lipid metabolism and metabolic disease, indicating the potential role of BMAL1 in accelerated aging. The role of BMAL1 in lipid metabolism is presented schematically in Figure 3.



Amino Acid Metabolism

The impact amino acids have on metabolism and life span has been increasingly investigated, revealing potential targets for aging in humans (134). Some studies have linked BMAL1 with amino acid metabolism.

BMAL1 regulates amino acid metabolism in muscle tissue and muscle tissue plays a highly dynamic role in amino acid metabolism. In the fed state, muscle tissue serves as the main destination for circulating amino acids. In a starvation and insulin deficiency state, muscle tissue serves as the main source of circulating amino acids (135). Loss of function of BMAL1 is associated with protein catabolism. Studies have demonstrated that muscle-specific loss of BMAL1 results in a significant increase of glucogenic amino acids, such as alanine, glutamine, glutamate, glycine, serine, threonine, methionine, proline, and aspartate (133). The BCAAs leucine, isoleucine, and valine, in addition to cysteine, have all been shown to be significantly increased in BMAL1-knockout muscles (133). This study pointed out that muscle-specific loss of BMAL1 can lead to loss of REV-ERBα-dependent repression and persistently increased expression of protein metabolism target genes, which likely accounted for the increased protein turnover (133).

BMAL1 regulates amino acid metabolism in the liver. The liver is the major organ for the catabolism and disposal of amino acids, and postprandial amino acids will mostly be carried to the liver from splanchnic tissues to be catabolized. Therefore, the concentration of amino acids leaving the liver via the hepatic vein is determined by liver metabolism. Systemic or liver-specific loss of BMAL1 led to an increase in blood plasma amino acids, such as glutamine, glutamate, glycine, serine, proline, leucine, valine (136).

BMAL1 also has been reported to regulate the amino acid metabolism in the suprachiasmatic nucleus (SCN). Using laser microdissected mouse SCN, significant circadian changes in amino acids were shown, indicating amino acid metabolism is orchestrated by the circadian clock (136). Variations of most amino acid levels in the SCN are independent from circadian metabolism in the liver but are strongly affected by the total loss of BMAL1. Studies have reported that most neurotransmitter amino acids, excitatory (Aspartate, Glutamate) or inhibitory (Glycine) and precursors (Glutamine), increase in the SCN of BMAL1-/- mice (136). These results indicate a link between BMAL1 and neurotransmitter metabolism in the SCN.

Collectively, muscle, liver and SCN show important tissue-specific differences in BAML1-controlled amino acid metabolism. BMAL1 impairment results in protein catabolism in muscle, reduced disposal of amino acids in the liver, and increased blood plasma amino acids, which couples the metabolism disorder with aging. The role of BMAL1 in amino acid metabolism is shown schematically in Figure 3.




Role of BMAL1 in the Genotoxic Stress Response

Genotoxic attacks can originate from extrinsically inflicted radiation damage or chemicals as well as from endogenous sources such as metabolic byproducts or ROS. These factors lead to DNA damage, which can result in either reversible (DNA-damage repair) or irreversible (senescence, transformation, cell death) changes in cell fate (137).

The DNA-damage response (DDR) refers to the mechanisms that detect DNA errors, signal their presence and promote their repair in face of threats posed by DNA damage (138). The DNA repair process involves homologous recombination (HR), nonhomologous end joining (NHEJ), base excision repair (BER), and nucleotide excision repair (NER). DNA double-strand breaks (DSBs) are repaired by HR or NHEJ, whereas single-strand breaks are repaired by BER or NER (139).

The DDR pathway is crucial in DNA repair, which exerts checkpoint functions to block cell cycle progression and prevent the propagation of impaired genetic information to daughter cells. The DDR pathway is mainly activated by the formation of DSBs (5). After DSB formation, the MRE11–RAD50–NBS1 (MRN) complex detects DNA damage sites and recruits ATM and ATR kinases, which phosphorylate the histone variant H2AX. H2AX phosphorylation is required for the assembly of checkpoint proteins and DNA repair factors, such as 53BP1, MDC1/NFBD1, NBS1 and others. γH2AX phosphorylates Chk1 and Chk2 transducer kinases. Activated Chk1 and Chk2 relay the signal to tumour suppressor p53 (140). Activation of p53 leads to transcriptional activation of a wide array of target genes such as the cyclin-dependent kinase inhibitor p21, which in turn results in cell cycle arrest or apoptosis. If repair is achievable, DDR foci disappear, usually within 24 hours, and the cell can resume proliferation (141). However, if DNA damage persists, it causes prolonged DDR signaling and protracted proliferative arrest, which are characteristic of the senescent phenotype and can be a cause of senescence themselves (142).

A multitude of publications link aging with accumulated DNA damage and an impaired DDR pathway. DDR signaling has been considered as a nuclear process as well as extranuclear processes that mediates DNA repair and cell cycle arrest, determines cell fate decisions, reinstates cellular function, counteracts the detrimental consequences of DNA damage accumulation, and extends health span (143). However, persistent DNA damage with DDR defects blocks transcription and replication, which leads to impaired cellular functionality and cellular senescence and apoptosis. As a result, stem cell compartments exhaust, tissues degenerate, and homeostasis declines. In the end, persistent DNA damage contributes to aging phenotypes and to the onset of age-associated diseases (144). For example, DDR defects have been found to display features of premature aging in DDR-defective mice and inherited-DDR-defect patients (138).

There is emerging evidence that BMAL1 plays crucial roles in the control of response to genotoxic stress, both at the cellular and organismal levels. It has been reported that the expression levels of ATM, phosphorylated Chk2, and p53 are significantly upregulated in BMAL1-overexpressing cells (145). Moreover, depletion of BMAL1 has been noted in cardiomyocytes sensitized to DNA damage and apoptosis in the presence of IR-induced conditions (146). Likewise, a study showed increased sensitivity of BMAL1–/– mice to ultraviolet radiation (UV)-induced DNA damage in the epidermis (147). These studies demonstrate the significance of BMAL1 in the regulation of DDR. In this review, we summarize the effect of BMAL1 in the genotoxic stress response involving the regulation of DDR pathway and cell cycle (G1/S transition and G2/M transition; Figure 4.).




Figure 4 | The role of BMAL1 in the genotoxic stress response. The effect of BMAL1 in the genotoxic stress response involves regulation of the DDR pathway and cell cycle (G1/S transition and G2/M transition). BMAL1 regulates the key DSB detection and signaling gene ATM by directly binding to the ATM promoter region. At the bottom of the DDR cascade, BMAL1 regulates p53 by binding to the p53 gene promoter region and transcriptionally activating p53 phosphorylation. BMAL1 regulates some key molecules in the G1/S transition such as p21, Cdk4/6, and Cyclin D. BMAL1 regulates some key molecules in the G2/M transition such as Wee1, cdc2 and Cylin B.




Ataxia-Telangiectasia Mutated Kinase (ATM)

ATM was found as the product of a gene that is lost in Ataxia-Telangiectasia, a rare genetic disease characterized by defects in the immune response, higher incidence of lymphoma development, ataxia and cerebellar neurodegeneration, and premature aging (148). ATM is generally considered a chief mobilizer of the cellular response to DNA damage, which relays a strong, wide-spread signal to numerous downstream effectors in the DDR process (149). ATM is largely linked to senescence. Activated ATM can finely promote senescence and inhibit apoptosis through promoting autophagy and in particular sustains the lysosomal-mitochondrial axis (148).

Compelling evidence points towards regulation between BMAL1 and ATM. At the cellular level, a ChIP assay showed that the key DSB detection and signaling gene, ATM, was bound by BMAL1, indicating that the BMAL1 protein directly binds to the ATM promoter region and its expression level is inversely correlated with the DNA damage levels based on the state of BMAL1 expression (146). Furthermore, BMAL1 exerts its indirect effect on ATM through the repression of its downstream PER1/PER2, which have been reported to interact with ATM in coimmunoprecipitation experiments (150).



P53

At the end of the DDR cascade, activation of the tumour suppressor p53 plays a key mediator of cellular response to genotoxic stress. Activation of p53 is achieved by increased stability and post-translational modifications of the p53 protein such as phosphorylation, methylation, ubiquitination, and acetylation, which lead to enhanced transcriptional activity of p53 (151). Activation of p53 results in transcriptional activation of a large set of p53 target genes, which in turn mediate cell cycle arrest through the transcriptional induction of cell cycle checkpoints and promote the repair of damaged DNA and subsequent resumption of cell proliferation (152).

As a DDR centerpiece, p53 shows strong interactions with DDR pathway and displays crucial effects on aging and age-associated diseases (153, 154). The p53/p21 signaling pathway is known to be involved in the regulation of cellular senescence, while cellular senescence can also induce p53/p21 activation (155). It has been reported that mice heterozygous for constitutively active p53 display an enhanced aging phenotype (156). Moreover, p53 is also under the regulation of circadian clock (12).

There is emerging evidence that BMAL1 affects the ability of p53 to induce a cell cycle arrest in the genotoxic stress response. Firstly, BMAL1 is considered to be a regulator of the p53 pathway through its control of the transcriptional activity of p53. Mullenders et al. (151) found that BMAL1 is a potential regulator of p53 transcription activity through large‐scale shRNA barcode screening. A later study proved that BMAL1 can directly bind to the p53 gene promoter region, thereby transcriptionally activating p53 phosphorylation to induce apoptosis and cell cycle arrest (157). Secondly, BMAL1 regulates p53 indirectly through the HSR pathway. The Circadian–heat-shock response (HSR) crosstalk commonly occurs in response to genotoxic stress (158). BMAL1 has been reported to be involved in the HSR pathway through BMAL1–HSF1 interaction. Then, the HSR pathway upregulates the p53 pathway HSF1–p53 interaction and subsequent nuclear entry of p53 under genotoxic stress conditions (159). In addition, p53 shows retrograde regulation effects on BAML1. Under stress conditions, stabilized p53 represses the expression of Per2 through the p53-mediated blocking of BMAL1–CLOCK binding to the Per2 promoter, which in turn modulates the expression of BMAL1 and other clock genes (160).



G1/S Transition

p53 regulates down-stream molecules to maintain the G1/S arrest. This prevents cells from entering the S phase in the presence of DNA damage through inhibition of the initiation of replication. Key factors, such as p21, Cdk2/4/6, Cyclin D/E, and Rb, are involved in the G1/S transition. Phosphorylated p53 induces accumulation of p21, which binds to the Cdk4/Cyclin D complex and prevents it from phosphorylating Rb (161), the key molecule of the G1/S transition, by releasing the E2F transcription factor and promoting transcription of the S-phase genes in its phosphorylated state (162). p21 also binds to, and inactivates, the Cdk2/Cyclin E complex, resulting in the maintenance of the G1/S checkpoint.

The cell cycle inhibitor p21 is considered to be a crucial link between the molecular clock and the cell cycle, has been proven to be under the regulation of BMAL1. p21 mRNA shows a circadian expression in mouse livers and is disrupted in the livers of BMAL1 knockout mice (163), indicating the linkage between BMAL1 and p21. Further studies have proven that loss of BMAL1 can result in a significant decreased expression of p21 in different cells and animal models (164–166).

Studies have indicated that BMAL1 could modulate the p21 expression via p53‐dependent or p53‐independent mechanisms. On the one hand, BMAL1 modulates the transcriptional activity of p53 toward its target p21 (151, 157). On the other hand, a multitude of studies have confirmed the fact that BMAL1 can regulate the p21 expression in a p53‐independent manner in different cells (151, 163, 164). Aline Gréchez-Cassiau et al. (163) attributed this manner to regulation of the expression of RORs and REV‐ERBs by BMAL1, which in turn controls the transcription of p21 gene by binding to the ROR response element within its gene promoter.

Studies have also linked the regulation of BMAL1 with other key molecules including Cyclin D (163, 167), Cyclin E (165, 168), and Rb (169). All these studies indicate that BMAL1 plays a crucial role in the G1/S transition.



G2/M Transition

The G2/M checkpoint of the cell cycle is under tight cellular regulation, which prevents cells from undergoing mitosis in the presence of DNA damage (170). Key factors, such as kinase Wee1, Cdc2, and Cyclin B, are involved in the G2/M transition. In DNA damage, checkpoint kinase Chk1 upregulates Wee1, resulting in the repression of Cdc2/Cyclin B activity and consequent inhibition of the entry into mitosis (171).

One mode of coupling between the cell cycle and BMAL1 is through the kinase Wee1 that inhibits the G2/M transition. CLOCK : BMAL1 heterodimers can induce the transcription of Wee1, which inhibits the kinases Cdc2 through phosphorylation (172). The proliferation rate in hepatocytes of adult BMAL11-/- mice is decreased as a consequence of down-regulation of Wee1 (172), which also highlights the role of BMAL1 in the G2/M transition as well as in accelerated senescence. Likewise, BMAL1 deficiency increased the protein levels of cdc2, Cyclin B1 (173), the critical cellular gatekeepers of the G2/M phase.

Cyclin B1, the critical cellular gatekeeper that regulates cell cycle arrest at the G2/M phase, is also under the regulation of BMAL1. A marked G2/M phase arrest has been noted in BMAL1-overexpressed pancreatic cancer cells, which was linked to a decreased Cyclin B1 expression after Bmal1 overexpression (157). Inactivation of BMAL1 has been shown to lead to delayed G2/M transition in mouse fibroblasts, which was also considered a result of reduced levels of Cyclin B1 (174).

Taken together, these studies demonstrate that BMAL1 is involved in the control of the G2/M transition through regulation of key molecules such as Wee1 and Cyclin B1.




Conclusion and Prospectives

The circadian rhythm regulates many behavioral, metabolic, and physiological processes, and a multitude of studies has linked the disruption of the circadian rhythm with aging and cellular senescence. BMAL1, the core component of the circadian rhythm, plays a significant role in aging and cellular senescence. In this review, we summarized how BMAL1 exerts its effects on aging through regulation of ROS homeostasis, metabolism, and the genotoxic stress response. In terms of ROS homeostasis, BMAL1 deficiency causes mitochondrial dysfunction and abnormalities in the oxidative-stress-associated pathways (Nrf2 pathway and NFκB pathway), resulting in accumulation of ROS. In terms of metabolic regulation, BMAL1 is involved in glucose, lipid and amino acid metabolism. Disruption of BMAL1 results in insulin resistance, diabetes, hyperlipidemia, increased body fat content and dysregulation of amino acid metabolism. In terms of the genotoxic stress response, BMAL1 participates in the regulation of the DDR pathway and the cell cycle transition. Disruption of BMAL1 causes failure in DNA damage repair and cell cycle arrest. As damaging factors accumulate in BMAL1-deficient organisms, cellular senescence and premature aging eventually arise.

A large body of evidence supports that BMAL1 deficiency impairs physiological processes and causes cellular senescence and premature aging (15). On the other hand, the fact that expression of BMAL1 itself declines in aging indicates that BMAL1 may serve as a potential therapeutic target (16). Therefore, understanding the relationship between BMAL1 and aging will provide a novel therapeutic platform for the study of age-related diseases. Further research is necessary on the genomic and molecular level to establish the role of BMAL1 in aging and cellular senescence. Furthermore, the functions of BMAL1 in cellular senescence are still at a relatively preliminary stage, which calls for more of the translatability to humans of the conclusions on the function of BMAL1 from cell and animal-based experiments.
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In aging society, osteoporotic fractures have become one major social problem threatening the health of the elderly population in China. Compared with conventional fractures, low bone mass, bone defect and retarded healing issues of osteoporotic fractures lead to great difficulties in treatment and rehabilitation. Addressing major concerns in clinical settings, we proposed the “three in one” bone repair strategy focusing on anti-osteoporosis therapies, appropriate bone grafting and fracture healing accelerating. We summarize misconceptions and repair strategies for osteoporotic fracture management, expecting improvement of prognosis and clinical outcomes for osteoporotic fractures, to further improve therapeutic effect and living quality of patients.
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1 Introduction

Osteoporosis is a systemic metabolic bone disease characterized by decreased bone strength and increased risk of fracture. Osteoporotic fractures refer to fractures caused by force that does not usually cause fractures (1). Data from the first epidemiological survey of osteoporosis among residents in China show that the prevalence of osteoporosis among people over 50 years old is 19.2%, and the prevalence rate over 65 years old is 32%. Among them, the prevalence of females is 5 times that of males of the same age (2). The epidemiological survey data provided by the US Preventive Medicine Working Group show that in 2020, the number of patients with osteoporosis in the population over 50 years old in the United States is expected to reach 12 million (3).

Osteoporotic fractures are the inevitable outcome of long-term and sustained bone loss, which is a major cause of death and disability among the elderly, and brings huge social and economic burdens. In aging society, one osteoporotic fracture occurs every 3 seconds in the world, and about 50% of women and 20% of men have their first osteoporotic fracture after the age of 50 (1). Due to abnormal bone metabolism, compromised bone healing, and relatively long-time immobilization for osteoporotic fractures patients, secondary bone loss and complications including pneumonia, pressure ulcers and thrombosis have brought great difficulties to clinical diagnosis and treatment. According to statistics, 21%~30% of elderly hip fracture patients die within 1 year after injury (3).

Osteoporotic fractures are often dealt with surgeries. But there are three major misconceptions currently popular among orthopedic surgeons in China: insufficient understanding of the primary disease osteoporosis, lacking concept of abnormal bone metabolism environment in osteoporosis, and underestimating bone grafting in surgery. Thus, the clinical outcome is often unsatisfactory.

The author summarized over 20 years of experience in diagnosis and treatment of osteoporotic fractures, and proposed the “Three-in-one” bone repair strategy, emphasizing the concept of vigorous anti-osteoporosis, proper bone grafting and promoting bone healing, and expects to further improve the diagnosis and treatment efficacy and the quality of life of patients.



2 Difficulties in Diagnosis and Treatment of Osteoporotic Fractures

Compared with fractures due to high-every trauma, osteoporotic fractures show following features: (1) It is more common in the elderly, has more complications, and is difficult to manage and recover; (2) During the fracture, immobilization or reduced exercise results in rapid secondary bone loss; (3) Common bone defects due to compression lead to difficulty in surgical reduction and stability; (4) Improper internal fixation leads to loss of internal fixation failure; (5) The risk of delayed fracture union or nonunion is higher; (6) The risk of re-fracture is significantly increased. However, there are three major misconceptions in the current clinical treatment of osteoporotic fractures.


2.1 Cognition Misconception: Insufficient Understanding of Osteoporosis

Osteoporotic fractures result from chronic bone loss due to osteoporosis. Abnormal bone metabolism and weakening of bone formation ability in the body substantially delay the healing of fractures. In the process of diagnosis and treatment of elderly osteoporotic fractures, orthopedic surgeons should fully pay attention to the negative effects of osteogenesis/osteoclastogenesis imbalance on fracture healing. At present, the Chinese people’s awareness of osteoporosis is generally insufficient. Among those >50 years old, the proportion of people who have undergone bone density testing is 3.7%, and the proportion of people with low bone mass is 57.4% (2). In addition, orthopedic surgeons’ attention to the bone mass and quality needs to be improved. More than 50% of patients with osteoporotic fractures have not received systematic anti-osteoporosis treatment, and only <10% of orthopedic doctors choose bone mineral density examinations for patients with first fractures.



2.2 Concept Misconception: Neglect of Bone Micro-Environment

Bone maintains dynamic balance coordinated by osteoclast-mediated bone resorption and osteoblast-mediated bone formation (4). Fluctuations in estrogen levels in postmenopausal women lead to excessive activation of osteoclasts, and the bone formation ability by mesenchymal stem cells (MSCs) and osteoblasts gradually decreases with aging (5). The second stage of fracture healing includes the recruitment of MSCs, cartilage callus formation, hard callus formation, and bone remodeling (6). In the case of osteoporosis, the key steps such as blood vessel ingrowth and bone remodeling are compromised, which needs to be regulated by local physical or biochemical factors (7–9). When dealing with osteoporotic fractures, orthopedic surgeons often focus on the alignment and internal fixation of the fracture, while ignore the local abnormal bone metabolism environment.



2.3 Technique Misconception: Ignorance of Bone Grafting

In patients with osteoporosis, the weakening of bone density and the binding force of the bone-implant interface directly leads to the decrease of screw holding, which increases the risk of internal fixation failure. Abnormal bone metabolism around the screw increases the incidence of internal implant cutting. In addition, low-strength cortical bone and high-porosity cancellous bone structures tend to form large-area bone defects when fractures occur, which also poses challenges to the initial stability of internal fixation. At present, orthopedic surgeons have not paid enough attention to the concept of bone grafting in reduction and fixation, and the stability by internal fixation is insufficient, which is likely to cause the later internal fixation failure and even a second fracture (10).

In the context of chronic bone loss and decreased bone formation ability, the healing rate of osteoporotic fracture patients decreases. Immobilization-related complications by delayed union also inhibit fracture healing. In order to break this vicious circle, orthopedic surgeons should focus on maintaining bone quality, repairing bone defect and promoting bone healing, which will systematically optimize the diagnosis and treatment of osteoporotic fractures.




3 “Three in One” Bone Repair Strategy


3.1 Core Ideology

Osteoporotic fracture is the most severe complication of osteoporosis. The treatment is to promote and accelerate fracture healing. In the past decade, 915 cases of hip fracture aged over 80 years old have been treated in the department of orthopedic trauma of the First Affiliated Hospital of PLA Naval Medical University. All patients achieved a satisfactory prognosis with the guidance of systematic and personalized treatment, including general status adjustment, appropriate implant and enhanced fracture union during the perioperative period (11).

To solve this, the authors summarized the “Three in one” bone repair strategy based on clinical experiences and basic researches, focusing on the baseline bone mass, bone deficiency management and fracture union, and correcting misconceptions in cognition, concept and technique. It is believed that patients with osteoporotic fracture could obtain a better quality of life and a better prognosis through vigorous anti-osteoporosis, appropriate bone grafting and accelerated fracture healing, which are the three core matters of “Three in one” bone repair strategy (Figure 1).




Figure 1 | “Three in One” bone repair strategy for osteoporotic fractures. The “Three in one” strategy consists of anti-osteoporosis, bone implantation and fracture healing acceleration.





3.2 Anti-Osteoporotic Fracture


3.2.1 Prevent Perioperative Period Bone Loss

Intervention of perioperative period bone loss has been well recognized by surgeons all around the world (12, 13). Bone senses mechanical signals during metabolism and converts them into biological signals to adapt biomechanical requirements. During bone remodeling, bone resorption occurs at the site of less stress and bone formation occur at the site of more stress (14). Proper mechanical stimulation regulates bone metabolism through complex signaling pathways such as nerve growth factor-tyrosine kinase receptor 1 (NGF-TrkA), transforming growth factor-beta (TGF-beta). Lacking load results in rapid bone loss at rates of up to 1% per week, compared to physiological bone loss of only 1% per year in normal adults (15, 16). Rapid bone loss exacerbates osteoporosis, prolongs the duration of bed rest and restricts functional exercise, which aggravates the bone loss process in a vicious circle. The assessment of clinical osteoporosis status mainly includes symptoms, laboratory tests, imaging tests and bone density tests. Among the laboratory tests for bone metabolic indicators are mainly the bone formation marker N-terminal propeptide of type I procollagen (P1NP) and the bone resorption marker collagen type-I crosslinked C-peptide (S-CTX). Dual-energy X-ray assay (DXA) is used for bone density test. The difference of T value is used as a standard. It is usually considered that T value ≥ -1.0 SD represents normal bone mass, -1.0 SD > T value > -2.5 SD represents reduced bone mass, and T value ≤ -2.5 SD is osteoporosis, and those with fragility fracture on this basis are severe osteoporosis (1). In addition, muscle impairment and pain that significantly affect disability status in osteoporotic patients and that might be improved by anti-osteoporotic drugs, particularly those with fragility fractures (17, 18).



3.2.2 Focus on Internal Fixation Stability

Factors affecting the stability of internal fixation in osteoporotic fractures mainly include screw holding force and bone healing rate (19, 20). Studies have shown that the level of T-value in DXA examination or the level of bone density in quantitative CT testing is directly related to the risk of internal fixation failure, with a significant increase in the rate of internal fixation failure in patients with local osteoporotic bone density values <95 mg/cm3 (19). In a study of elderly osteoporotic proximal femur fractures, the incidence of screw cut-out was found to be significantly higher in the femoral bone density value <250 mg/cm3 group (21). Interestingly, cortical bone thickness is a key factor affecting screw holding, and a 1 mm decrease in cortical bone thickness is associated with a subsequent decrease in screw holding force of 1000 N (or 50%) (22).



3.2.3 Apply a Systematic Anti-Osteoporosis Therapy

Perioperative anti-osteoporosis treatment has become a consensus worldwide (Figure 2) (25). Perioperative anti-osteoporosis treatment mainly consists of both basic supplements and anti-osteoporotic drug therapy. The average daily intake of elemental calcium in the elderly population is approximately 400 mg, and still need an additional supplementation of about 600 mg calcium carbonate and calcium citrate (26). Active vitamin D is routinely used with calcium, guidelines and expert consensus recommend an osteoporosis treatment dose of approximately 800 to 1200 IU daily (1). As for anti-osteoporosis drugs, the first-line drugs commonly used in clinical practice are bisphosphonates (27). Bisphosphonates inhibit the bone resorption effect of osteoclasts after binding to hydroxyapatite and are more effective in the treatment of postmenopausal osteoporosis characterized by excessive osteoclast activation (28). Currently, a novel osteoclastic activity inhibitor, Denosumab, has been used clinically as a monoclonal antibody to nuclear factor-κB (NF-κB) receptor activator ligand (RANKL) that specifically inhibits osteoclasts differentiation, thereby reducing bone resorption and improving bone quality (29, 30). It is worth noting that, recent advances have shown that the nuclear factor-κB receptor-ligand (RANK-RANKL) signaling pathway promotes osteoclast maturation while inhibiting the osteogenic differentiation process of mesenchymal cells (31–33). In response to age-related osteoporosis, in which decreased osteogenic capacity is the main pathological factor, the efficacy of drugs that modulate MSC osteogenic differentiation is relatively favorable (34–36). Teriparatide, a parathyroid hormone analog, can promote new bone formation and enhance bone healing efficiency when administered intermittently at low doses (37).




Figure 2 | Treat osteoporosis. (A) Bedridden leads to accelerated bone loss (23). (B) Current drug treatment. 1. Estrogen & SERM, 2. Calcitonin, 3. Bisphosphonate, 4. Sclerostin antibody, 5. Denosumab (24).






3.3 Emphasize on Bone Grafting


3.3.1 Provide Sufficient Bone Grafting

Appropriate compressive stress should be applied to promote fracture healing in accordance according to the classic AO theory (38, 39). Sufficient bone grafting is vital for anatomical reduction, stability and microenvironment improvement. Reliable initial stability and cross-sectional compressive stress are difficult to obtain because the local cancellous bone is sparse and the strength of cortical bone is low in the fracture site of patients with osteoporosis and thus bone grafting is commonly used. The intraoperative bone grafting is helpful to restore and maintain the normal anatomy and alignment of the limb and articular surface, and increase the holding force of the internal fixation. Autologous fibular segment transplantation is helpful in internal fixation of comminuted proximal humeral fractures with insufficient medial support (40). The application of artificial bone and allograft bone filling in internal fixation of tibial plateau fractures has been recognized (41, 42).



3.3.2 Improve Bone Grafting Techniques

Compared with conventional fractures by high energy trauma, osteoporotic fractures have larger bone defects and are more difficult to maintain stability after internal fixation, which laid higher requirements for the volume and technology of bone grafting materials (43). Autologous bone is the best bone grafting material with low immunogenicity, good bone induction and mechanical conduction. Nevertheless, a large number of autologous bone increase risks of infection, pain and even iatrogenic fracture (44). To improve the utilization rate of autologous bone, clinicians are supposed to take some measures to promote the success of bone grafting which requires reliable fixation and sufficient blood supply. The cushion method enhances the holding force of the screw end and the stability of internal fixation by inserting the screw into the contralateral cortical bone. In order to fully repair bone defects and achieve early postoperative functional exercise and rehabilitation, various bone grafting skills can be used when dealing with huge bone defects (Figure 3).




Figure 3 | Emphasize proper internal fixation and bone implantation. (A) Improvement in bone grafting method. a cushion method; b splint method; c seeding method (45). (B) A 74-year-old patient with proximal humerus fractures treated with open reduction and internal fixation with allograft bone graftings. a preoperative image; b immediate postoperative image; c 12 months after surgery (46). (C)a. A 55-year-old male patient with humeral shaft fracture, nonunion occurred 6 months after internal fixation using a dynamic compression plate due to screw breakage; (b) Four months after implantation of shape memory Ni-Ti alloy swan-like bone connector fixation and autologous bone grafting (45).





3.3.3 Develop New Grafting Biomaterials

Currently, a large number of available allogeneic bone and artificial bone materials in clinical application can be selected by orthopedic surgeons based on specific demands (47, 48). Biomaterials could promote fracture healing by stimulating the bone formation ability of skeletal stem cells as well as providing tissue growing scaffolds. The new biological mesoporous materials are absorbed and degraded by osteoclasts, followed by the formation of hydroxyapatite and bone matrix mineralization (49). Bone cement reinforcement technology can reduce the occurrence of internal fixation loosening and reduction loss in the decompression, reduction and pedicle screw internal fixation of osteoporotic vertebral compression fracture (50). Non-self-heating phosphate bone cement materials is worthy of attention (51). The new inorganic mesoporous microsphere material can promote the growth and effective integration of bone tissue locally, which promote fracture healing while realizing mechanical filling (52).




3.4 Accelerate Fracture Healing


3.4.1 Select Appropriate Internal Fixations

The stability of the traditional internal fixation depends on the friction between the internal fixation and the bones (53). However, the stability is significantly compromised in osteoporosis, and complications such as screw cutting and loosening are often. The principle of choice of internal fixation for osteoporotic fractures is to increase stability and preserve bone mass. In terms of plates selection, the locking plate is preferred due to less dependence on the holding force of the screw. The multi-angle fixation based on the anatomical shape further increases the stability. When dealing with fractures such as proximal humeral fractures, the cement intensifying technology of the screw channel can effectively increase the screw holding force, and relatively reduce the risk of humeral head collapse and screw cutting (54, 55). When dealing with non-load-bearing diaphyseal fractures, the new shape memory alloy bone connector provides continuous and effective axial stress stimulation for the fracture end while resisting shear, bending and rotation, which is conducive to fracture healing (56).



3.4.2 Apply Bioactive Factors

Apart from the nature of the biomaterial itself, the biologically active factors loaded also play an important role in the process of fracture healing (57, 58). Biomaterials loaded with bone morphogenetic protein-2 (BMP-2) can promote osteogenic differentiation and bone repair (59). In addition, the problem that the drug concentration continues to decrease when the carrier releases biological factors locally cannot be avoided, and new bone-targeted drug carriers such as exosomes show considerable therapeutic potential, and the local biological microenvironment regulation of fractures can be achieved through targeted drug delivery. The effect of metal ions on local stimulation of fracture healing has been confirmed. The novel magnesium-based bone cement material can activate the osteoblast signal pathway while filling the defect to improve the bone repair effect (60, 61).



3.4.3 Guide Postoperative Rehabilitation

The functional recovery of patients with osteoporotic fractures is restricted by multiple factors, and the reduced stability of internal fixation renders higher risks to functional exercise. Appropriate rehabilitation aids allow the fracture site to withstand less shear stress and improve safety (62, 63). Under the concept of accelerating bone healing, perioperative functional exercises protected by rehabilitation aids are essential to break the vicious circle and accelerate bone healing. The rigid support provided by the spinal orthosis can assist patients with vertebral compression fractures to walk after surgery, reducing the load and pain of the spine. Foot rehabilitation aids have good results in postoperative applications of calcaneal fractures and ankle fractures (64). Some elderly patients with osteoporotic fractures have more complications and relatively high surgical risks. When choosing non-surgical treatment, attention should be paid to weight-free exercise under the protection of rehabilitation aids to speed up the process of bone healing.





4 Inspirations by Three in One Strategy


4.1 Explore Pathogenic Mechanisms of Osteoporosis

The pathogenic mechanism is the basis of developing novel drugs or interventions. The understanding of osteoclastogenesis has led to the development and application of bisphosphonates and RANKL inhibitors. Although the osteoclasts inhibiting strategies have been used in clinical experience for decades, there are still side effects unsolved. For example, untypical fractures and osteonecrosis brought by bisphosphonates might be well handled by latest candidate of anti-osteoclastogenesis drug (65). So far, interesting progresses have been reported by surgeons and researchers.


4.1.1 L-Plastin Mediates Osteoclasts Fusion and Bone Resorption

The actin-bundling protein L-plastin (LPL) mediates the resorption activity of osteoclasts, but its therapeutic potential in pathological bone loss remains unexplored. Here, we report that LPL regulates osteoclasts fusion, and targeting LPL serves as a novel anabolic therapy for pathological bone loss. (Targeting actin-bundling protein L-plastin as an anabolic therapy for bone loss (Figure 4A) (35).




Figure 4 | Explore pathogenic mechanism of osteoporosis. (A) Targeting L-plastin prevents pre-osteoclasts fusion and promotes PDGF-BB secretion (35). (B) RANKL signaling inhibits osteoblastic differentiation of BMSCs (31). (C) Bone marrow adipocyte-derived RANKL controls trabecular osteoclastogenesis (66). (D) PGC-1α controls skeletal stem cell fate and bone-fat balance in osteoporosis and skeletal aging (67).





4.1.2 RANKL Signaling Negatively Regulate Osteogenic Differentiation of BMSC

RANKL signaling is essential for osteoclastogenesis (68). Its role in osteoblastic differentiation and bone formation is unknown. Our results reveal that RANKL signaling regulates both osteoclasts and osteoblasts by inhibition of osteogenic differentiation of BMSCs and promotion of osteoclastogenesis. This study interprets the underlying mechanisms of unexpected bone formation by RANKL blocking and explains the sustained bone volume increase among patients taking RANKL antibodies (Figure 4B) (31).



4.1.3 RANKL From Bone Marrow Adipocytes Controls Bone Resorption

Receptor activator of NF-κB ligand (RANKL) is essential for osteoclast formation and bone remodeling (69, 70). Nevertheless, the cellular source of RANKL for osteoclastogenesis has not been fully uncovered. BM adipose lineage cells therefore represent an essential source of RANKL for the formation of trabecula osteoclasts and resorption of cancellous bone during remodeling under physiological and pathological conditions. Targeting bone marrow adiposity is a promising way of preventing pathological bone loss (Figure 4C, D) (66, 67).




4.2 Develop Bone Grafting Biomaterials


4.2.1 Target Osteoclasts to Inhibit Bone Resorption

Various mesoporous biomaterials are exploited and applied as efficient nanocarriers to loading drugs by virtue of their large surface area, high porosity, and prominent biocompatibility. Herein, recent progress and assembly mechanisms on mesoporous inorganic biomaterials are summarized systematically, and typical functionalization methods for nanocarriers are also discussed in depth. Particularly, structure-activity relationship and the effect of physicochemical parameters of mesoporous biomaterials in DDS application are overviewed. As one of the important development directions, advanced stimuli-responsive DDSs are highlighted. Finally, the prospect of mesoporous biomaterials in disease therapeutics is stated, and it will open a new stage for the development of mesoporous nanocarriers (Figure 5A) (71).




Figure 5 | Develop bone grafting biomaterials. (A) The advantages of tailored mesoporous nanocarriers (71). (B) Endothelial cell-secreted exosomes could be internalized by bone marrow-derived macrophages and inhibit osteoclastogenesis (61). (C) The bone-targeted hybrid nanoparticle that promotes osteoclastogenesis and inhibits adipogenesis of BMSCs (72). (D) The potential applications of bone organoid (73).



Though the relationship between vascular and bone homeostasis has been recognized recently, the role of vascular endothelial cell (EC)-secreted exosomes (EC-Exos) in bone homeostasis is not well understood. Herein, we found that EC-Exos inhibit osteoclast activity in vitro and inhibit osteoporosis in an ovariectomized mouse model. Our findings suggest that EC-Exos may be utilized as a bone targeting and nontoxic nanomedicine for the treatment of bone resorption disorders (Figure 5B) (61).



4.2.2 Target Mesenchymal Stem Cell Niches to Promote Osteoblastic Bone Formation

The differentiation shift from osteogenesis to adipogenesis of bone marrow mesenchymal stem cells (BMSCs) characterizes many pathological bone loss conditions (74, 75). Stromal cell-derived factor-1 (SDF1) is highly enriched in the bone marrow for C-X-C motif chemokine receptor 4 (CXCR4)-positive hematopoietic stem cell (HSC) homing and tumor bone metastasis. In this study, we fused CXCR4+ exosomes with liposomes carrying antagomir-188 to produce hybrid nanoparticles (NPs). The hybrid NPs promoted osteogenesis and inhibited adipogenesis of BMSCs and thereby reversed age-related trabecular bone loss. Taken together, this study presents a novel way to obtain bone-targeted exosomes via surface display of CXCR4 and a promising anabolic therapeutic approach for age-related bone loss (Figure 5C) (72). Based on the above study, we summarized strategies of engineered extracellular vesicles for bone therapy (76, 77).



4.2.3 Build Bone Organoids to Promote Defect Repair

Bone regeneration is a key issue in the clinics. Bone tissue engineering technology provides various types of functional scaffold materials and seed cells for bone repair (78, 79). However, the bone metabolism mechanism is complicated. Organoids as a new concept, which is built in vitro with the help of tissue engineering technology, can simulate the complex biological functions of organs in vivo. Once proposed, it shows broad application prospects in the research of organ development, drug screening, mechanism study, and so on. As a complex and special organ, bone organoid construction itself is quite challenging. In this study, we introduced the characteristics of bone microenvironment, the concept of organoids, focused on the research progress of bone organoids, and proposed the strategies for bone organoid construction, study direction, and application prospects (Figure 5D) (73).





5 Outcomes of Implementation of the Three in One Bone Repair Strategy

“Three in one” bone repair strategy reflects and summarizes the wisdom of dealing with osteoporotic fractures. Wang et al. reported that bisphosphonate and non-bisphosphonate medications for osteoporosis were significantly associated with decreased mortality after fragility hip fracture (80). Tai et al. showed that anti-osteoporosis treatment after hip fracture is associated with lower all-cause mortality (81). A longer duration of treatment was also associated with lower mortality. Besides, studies reported that muscle impairment and pain significantly affecting disability in osteoporotic patients might be improved by anti-osteoporotic drugs, particularly those with fragility fractures (17, 18). Although bone morphogenetic proteins (BMPs) show their potential roles in promoting fracture healing by increasing osteoblastic formation in osteoporotic patients, there has been no current published clinical data (82). Limited evidence of animal studies suggests that BMPs could stimulate fracture healing in ovariectomized rats (83). Therefore, the therapeutic effects of BMPs in osteoporotic fractures should be verified with further clinical trials. As for rehabilitation, although currently there has been no conclusion on the intensity, frequency and duration of postoperative rehabilitation, many studies reported positive effects of early activity and rehabilitation on functional recovery (84). These studies are somewhat consistent with the “Three in one” strategy stressing on anti-osteoporosis therapy, intraoperative bone grafting and rehabilitation, although reported independently.

Based on the “Three in one” bone repair strategy, we drafted three experts on important clinical problems in the treatment of osteoporotic fractures: Expert consensus on bone repair strategies for osteoporotic fractures in China (2019) (Consensus 1) (85), Chinese expert consensus on perioperative management of osteoporotic fractures (2018) (Consensus 2) (86), Expert consensus on lower limp periarticular osteoporotic fractures (Consensus 3 and 4) (2020) (87, 88).

We believe that the perioperative period is critical for orthopedic surgeons to manage osteoporosis and osteoporotic fractures. In view of the current misconceptions in osteoporotic fracture treatment, our team published Consensus 2, which elaborates the surgical protocols, rehabilitation time points and complication management of osteoporotic fracture treatment, and emphasizes the necessity and strategies of perioperative anti-osteoporosis treatment widely recognized in clinical practices (86). With regards to technical misconceptions, the team further established Consensus 1, which focused on the features of bone defects, clinical bone repair materials and repair strategies for common fractures based on Consensus 2, to promote the clinical application of proper bone grafting for osteoporotic fractures (85). As for the treatment of the most prevalent fractures, especially hip and vertebral fracture, the team developed Consensus 3, aiming to summarize the experience of clinical treatment of osteoporotic fracture to provide a systemic rehabilitation treatment plan, and promote the individualized fracture management (2020; 2020).



6 Conclusion and Prospect

Osteoporotic fracture is not just a simple local fracture, but a manifestation of abnormal systemic bone metabolism. In the clinical diagnosis and treatment of osteoporotic fractures, the lack of understanding of the primary disease, bone metabolism environment, and the technical underestimation of bone grafting leads to unsatisfactory prognosis.

Osteoporotic fractures heal slowly, and long-term bed rest accelerates bone loss, forming a vicious circle. The key to breaking the vicious circle is to accelerate bone healing. China has entered an aging society. With the aging of the population and the improvement of quality of life, elderly patients with osteoporotic fractures urgently need faster and better treatment. Orthopedic surgeons need to understand the abnormal state of bone metabolism, choose the appropriate implants for fracture fixation, and appropriately use bone healing materials and rehabilitation aids to accelerate fracture healing under the concept of “Three in One” bone repair strategy. The purpose is to improve the clinical prognosis of elderly patients with osteoporotic fractures.
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Background

Osteoporosis is one of the most common systemic metabolic bone diseases, especially in postmenopausal women. Circular RNA (circRNA) has been implicated in various human diseases. However, the potential role of circRNAs in postmenopausal osteoporosis (PMOP) remains largely unknown. The study aims to identify potential biomarkers and further understand the mechanism of PMOP by constructing a circRNA-associated ceRNA network.



Methods

The PMOP-related datasets GSE161361, GSE64433, and GSE56116 were downloaded from the Gene Expression Omnibus (GEO) database and were used to obtain differentially expressed genes (DEGs). Gene ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were applied to determine possible relevant functions of differentially expressed messenger RNAs (mRNAs). The TRRUST database was used to predict differential transcription factor (TF)-mRNA regulatory pairs. Afterwards, combined CircBank and miRTarBase, circRNA-miRNA as well as miRNA-TF pairs were constructed. Then, a circRNA-miRNA-TF-mRNA network was established. Next, the correlation of mRNAs, TFs, and PMOP was verified by the Comparative Toxicogenomics Database. And expression levels of key genes, including circRNAs, miRNAs, TFs, and mRNAs in the ceRNA network were further validated by quantitative real-time PCR (qRT-PCR). Furthermore, to screen out signaling pathways related to key mRNAs of the ceRNA network, Gene Set Enrichment Analysis (GSEA) was performed.



Results

A total of 1201 DE mRNAs, 44 DE miRNAs, and 1613 DE circRNAs associated with PMOP were obtained. GO function annotation showed DE mRNAs were mainly related to inflammatory responses. KEGG analysis revealed DE mRNAs were mainly enriched in osteoclast differentiation, rheumatoid arthritis, hematopoietic cell lineage, and cytokine-cytokine receptor interaction pathways. We first identified 26 TFs and their target mRNAs. Combining DE miRNAs, miRNA-TF/mRNA pairs were obtained. Combining DE circRNAs, we constructed the ceRNA network contained 6 circRNAs, 4 miRNAs, 4 TFs, and 12 mRNAs. The expression levels of most genes detected by qRT-PCR were generally consistent with the microarray results. Combined with the qRT-PCR validation results, we eventually identified the ceRNA network that contained 4 circRNAs, 3 miRNAs, 3 TFs, and 9 mRNAs. The GSEA revealed that 9 mRNAs participate in many important signaling pathways, such as “olfactory transduction”, “T cell receptor signaling pathway”, and “neuroactive ligand-receptor interaction”. These pathways have been reported to the occurrence and development of PMOP. To sum up, key mRNAs in the ceRNA network may participate in the development of osteoporosis by regulating related signal pathways.



Conclusions

A circRNA-associated ceRNA network containing TFs was established for PMOP. The study may help further explore the molecular mechanisms and may serve as potential biomarkers or therapeutic targets for PMOP.





Keywords: postmenopausal osteoporosis (PMOP), circular RNA (circRNA), transcription factor (TF), competing endogenous network (ceRNA) network, bioinformatics analysis



Introduction

As one of the most common types of primary osteoporosis, postmenopausal osteoporosis (PMOP) is characterized by bone density reduction and bone microstructure deterioration, contributing to increased bone fragility and fracture risk (1, 2). PMOP-related fractures can affect individuals’ quality of life, increase the disability and mortality of patients, and cause high and rising economic and social burdens (3). PMOP is mainly caused by estrogen deficiency (4), which disrupts the homeostasis between bone formation facilitated by osteoblasts and bone resorption regulated by osteoclasts (5). However, the complex molecular biology mechanisms underlying PMOP have not been fully elucidated, and the potential therapeutic targets are limited. These factors hinder progress in the prevention and treatment of PMOP (6). Underlying molecular mechanisms need to be further explored and identify novel PMOP targets or biomarkers.

Notably, in recent years, various studies have indicated the promise of exosomes as affect therapies in osteoporosis (7). Exosomes are small, single-membrane organelles with diameters ranging from ∼40 to ∼160 nm (8). Exosomes carry diverse cargos, such as proteins, lipids, nucleic acids, and glycoconjugates (9). By releasing these substances, exosomes can remodel the extracellular matrix, and transmit signals or molecules between cells (10). In exosomes, circular RNAs (circRNAs) were recently identified as crucial cargos (11). CircRNAs are a vital class of non-coding RNAs, who are formed a close loop structure by reverse splicing of the 3′ end and 5′ end in the pre-mRNA (12). Highly conserved and widely expressed circRNAs can mediate protein translation, regulate gene transcription, and act as microRNA (miRNA) or protein sponges to inhibit their functions (13, 14). By modulating cell metabolism (15), cell proliferation (16), cell apoptosis (17), and other functions (18), circRNAs are involved in the incidence and development of some diseases, such as cancers (19), neurological diseases (20), heart diseases (21), and endocrine diseases (22), and circRNAs can function as therapeutic targets and biomarkers. Meanwhile, emerging researches indicated that circRNAs are also potential regulators of osteoporosis (23). For example, some studies revealed that hsa_Circ_0001275, hsa_circ_0002060, and hsa_circ_0006859 are recognized as potential novel diagnostic biomarkers of osteoporosis (2, 24, 25). CircFOXP1 can promote osteogenic differentiation of adipose-derived mesenchymal stem cells and bone regeneration by miR-33a-5p (26). Circ_0007059 can inhibit bone marrow stromal cells differentiation into osteoclasts by mRNA‐378/BMP‐2 axis (27). However, the functional roles of most circRNAs have not been clarified. Therefore, it is urgent and imperative to further explore the association between circRNAs potential functions and the mechanisms of osteoporosis.

Besides circRNA, microRNA (miRNA) is also one type of non-coding RNAs (ncRNAs) that contain about 22 nucleotides, who can repress stability and translation of downstream messenger RNAs (mRNAs) by binding to them (28, 29). Moreover, miRNAs also can regulate the expression of transcription factors (TFs), which in turn affect their corresponding target mRNAs (30). Some researches in vivo and in vitro have demonstrated that miRNAs are associated with the occurrence and development of osteoporosis (31–33). CircRNAs can act as competitive endogenous RNAs (ceRNAs) to competitive adsorb miRNA, thereby eliminating repressive effects of miRNA on its target mRNAs or TFs, regulating the expression of mRNA positively (34, 35). This mechanism is also known as the ceRNA hypothesis. So far, based on the ceRNA hypothesis, only a few studies have uncovered the functions of circRNA-related networks in osteoporosis (36, 37). And there is no report exploring the roles of circRNA-miRNA-TF-mRNA networks in osteoporosis. Therefore, systematic characterization of circRNA-miRNA-TF-mRNA regulatory networks may help further understand the molecular mechanisms and identify potential biomarkers of PMOP.



Methods


Data Acquisition and Processing

CircRNA microarray dataset (GSE161361), miRNA microarray dataset (GSE64433), and mRNA microarray dataset (GSE56116) were downloaded from Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). GSE161361 were obtained from GPL28148 Agilent-084217 CapitalBio Technology Human CircRNA Array v2, GSE64433 were obtained from GPL18402 Agilent-046064 Unrestricted Human miRNA V19.0 Microarray and GSE56616 were obtained from GPL11097 Custom Affymetrix Glyco v4 GeneChip.

GSE161361 contained serum samples of 3 PMOP patients and 3 matched healthy controls. GSE64433 contained 6 whole blood samples isolated from postmenopausal Chinese women with osteopenia or osteoporosis. GSE56116 contained peripheral blood samples from 10 patients with PMOP and 3 healthy postmenopausal controls.

The probe IDs of the original data were converted to official gene symbols by using data tables of microarray platforms with R software. Raw expression values were log 2 transformed with Aaffy package encoded by R. Finally, gene expression values were normalized using the normalize Between Arrays function of the R package limma.



Identification of Differentially Expressed Genes

All samples were from serum and the samples were classified as PMOP and control groups (CON). The Limma package was utilized to screen DE circRNAs, DE miRNAs, and DE mRNAs between the PMOP group and CON group. The cutoff was set as |logfold change (FC)| > 2 and P value < 0.05 to identify DE circRNAs in GSE161361. To assess DE miRNAs in GSE64433, transcripts with a cut-off point of |logFC| > 0.5 and P value <0.05 were retrieved. In the analysis of DE mRNAs in GSE56616, |logFC| > 0.5 and P value <0.05 were implemented. Heatmaps and volcano maps of DE circRNAs and DE miRNAs were visualized using the “pheatmap” and “ggplot2” packages of R software, respectively.



Functional Enrichment Analysis of DE mRNAs

Based on up-and downregulated DE mRNA transcripts, functional Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were performed, respectively. Enrichment analysis and drawing of bar graphs of GO and KEGG pathways were performed using the “org.Hs.eg.db” and “clusterProfiler” packages in R. GO terms and KEGG pathways were filtered at P < 0.05.



Construction of TF-mRNA Network

The TF-mRNA relationship pair data were downloaded from the TRRUST database (https://www.grnpedia.org/trrust/). Findings of the RNA differential analysis were intersected with the TFs and corresponding mRNAs in the relationship pairs to obtain a differential TF-miRNA network. Mulberry mapping of differential TF-mRNA network was performed using the “ggalluvial” and “ggplot2” packages in R.

The miRNA-mRNA regulatory relationship pairs were downloaded from miRTarBase (https://mirtarbase.cuhk.edu.cn/). Then, target mRNAs of DE miRNAs were intersected with TFs and mRNAs of the TF-mRNA network that had been constructed in the previous step. Then, the miRNA-mRNA/TF regulatory relationship network was obtained.



Construction of circRNA-miRNA-TF-mRNA Interaction Network

Information about circRNAs can be obtained in circBase (http://www.circbase.org/). For each DEcircRNA, all predicted target miRNAs were obtained by the circBank database (http://www.circbank.cn/). Next, miRNAs that overlapped with predicted and miRNAs in the miRNA-mRNA/TF network were gathered and the relative circRNAs in DE circRNAs were obtained. Finally, a ceRNA regulatory network in PMOP was constructed based on circRNA-miRNA pairs, miRNA-mRNA/TF pairs, and TF-mRNA pairs. The ceRNA network was visualized by Cytoscape version 3.8.0 software (https://cytoscape.org/).



Verification of Selected mRNAs by CTD

Candidate mRNAs were further validated by Comparative Toxicogenomics Database (CTD) (http://ctdbase.org/) using the keyword “postmenopausal osteoporosis”. The inference score and reference count of candidate mRNAs were obtained.



Patients and Samples

A total of 12 samples were collected in this study for candidate genes verification, including 6 PMOP patients and 6 healthy controls. Samples with other associated metabolic diseases, such as hyperparathyroidism, osteoarthritis, and diabetes were excluded. All the subjects underwent scanning of the total lumbar spine (L1–L4), total hip, femoral neck by dual X-ray absorptiometry (DXA). According to the WHO diagnostic classification, osteoporosis is defined by BMD at the hip or lumbar spine T-score≤ -2.5 SD. And the BMD diagnosis of normal is based on T-score of lumbar spine or hip at -1.0 SD and above. The detailed characteristics of the study subjects are summarized in Supplementary Table 2. The study was approved by Gansu Provincial Hospital.



Verification of Candidate Genes by qRT-PCR

Peripheral blood was taken from each sample, and mononuclear cells were isolated. Total RNAs from mononuclear cells were extracted using TRIzol reagent (Takara, Japan), following the manufacturer’s protocol. 1 μg RNA from each sample was reverse-transcribed into cDNA using M5 Sprint qPCR RT kits with gDNA remover (Mei5 Biotech, Beijing, China) and miRNA 1st strand cDNA synthesis kits (Accurate Biology, Changsha, China). The qPCR reactions were performed with 1x Hieff qPCR SYBR Green Master Mix (Yeasen, Shanghai, China) on the ABI7500 Real-Time System (Applied Biosystems, American) according to standard protocols. Specific primers for mRNAs were synthesized by Sangon Biotech (Shanghai, China), and miRNA primers and circRNA primers were synthesized by Accurate Biology (Changsha, China). All specific primer sequences are listed in Table 1.


Table 1 | Sequences of gene-specific primers used for qRT-PCR.



Relative transcript levels of circRNAs and mRNAs were normalized with β-actin, and U6 was employed as an internal control of miRNAs. The expression level of each mRNA, miRNA, and circRNA was calculated using the 2−ΔΔCt method.



Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) was performed with the “clusterProfiler (v4.2.2)” package in R software. The annotated gene set (c2.cp.kegg.v7.5.1.entrez.gmt) was downloaded from the GSEA website (http://www.broadinstitute.org/gsea/index.jsp) as the reference gene set. “Ggplot2” and “enrichplot” R packages were applied to visualize the GSEA results. FDR (q value) < 0.25 and P < 0.05 were considered statistically significant.




Results

The general scheme of the method used in this study is shown in Figure 1. The three datasets were used for differential analysis of mRNA, miRNA, and circRNA, respectively, and a circRNA-miRNA-TF-mRNA network was constructed based on the database interaction results.




Figure 1 | Schematic presentation of the analysis process.




Data Download

We downloaded the gene expression profile of PMOP with the accession number GSE56116 from the GEO database, which contained 10 peripheral blood samples from patients with PMOP, and 3 healthy postmenopausal controls. Peripheral blood miRNA expression matrices of 3 PMOP patients and 3 matched controls were downloaded from the GSE64433 dataset for miRNA analysis. Serum samples of 3 PMOP patients and 3 matched healthy controls were downloaded from the GSE161361 dataset for exosomal circRNA analysis.



Results of the DEGs Analyses

The results for all DEGs analyzed are shown in Table 2. Results of mRNA and miRNA differential analysis are shown in the heatmap and the volcano plot (Figures 2A, B). A total of 1201 DE mRNAs and 44 DE miRNAs were obtained by filtering at P < 0.05 and log2FC > 0.5, respectively. Results of circRNA differential analysis are shown in the heatmap and the volcano plot (Figure 2C), filtered by P < 0.05 and log2FC > 2 to obtain 1613 DE circRNAs.


Table 2 | Statistical analysis of all differentially expressed ncRNAs and mRNAs.






Figure 2 | Results of differential analysis and volcano plot for mRNA, miRNA, and circRNA. (A) Heat map showing differential mRNA expression levels on left. Volcano plot showing fold differences in gene expression and P value relationship for the significance test on the right. (B) Heat map showing differential miRNA expression levels on left. Volcano plot showing fold differences in miRNAs expression and P value relationship for the significance test on the right. (C) Heat map showing differential circRNA expression levels on left. Volcano plot showing fold differences in circRNAs expression and P value relationship for the significance test on the right. Red represents upregulated expression, and blue represents downregulated gene expression in all volcano plots.





Functional Enrichment Analysis

GO and KEGG enrichment analyses for DE mRNAs were performed. Bar graphs represent the top 10 most significantly enriched biological processes (BPs), cell components (CCs), and molecular functions (MFs) (Figure 3A). In the PMOP group, BPs of DE mRNAs determined by GO analysis were mainly “positive regulation of cytokine production”, “active regulation of IL-6 production”, “regulation of chemotaxis”, and “regulation of peptidase activity”.




Figure 3 | GO enrichment analysis and KEGG enrichment analysis of differential mRNA in PMOP and control groups. (A) The top 10 GO enrichment analyses of biological processes, cellular components, and molecular functions. (B) KEGG enrichment analysis of differential mRNA in the PMOP and control groups.



The mainly enriched cell components (CCs) included “secretory granule”, “endocytic vesicle”, “tertiary granule”, and “lysosomal membrane”. The molecular functions (MFs) were mainly enriched “Toll-like receptor binding”, “endopeptidase regulator activity”, “endopeptidase inhibitor activity”, and “chemoattractant activity”.

KEGG pathway analysis (Figure 3B) revealed that the DE mRNAs were mainly enriched in pathways, involving “osteoclast differentiation”, “rheumatoid arthritis”, “hematopoietic cell lineage”, and “cytokine-cytokine receptor interaction”.



Identification of TF-mRNA Regulatory Pairs

A total of 118 TF-mRNA regulatory pairs were obtained after intersecting with differentially expressed mRNAs from the TRRUST database. A Sankey diagram shows the relationships between 26 TFs and their target mRNAs (Figure 4A). The heatmap shows the relative gene expression levels in the TF-mRNA regulatory network (Figure 4B).




Figure 4 | Construction of TF-mRNA network. (A) A Sankey diagram showing the predicted differential TF-mRNA regulatory relationships according to the TRRUST database. (B) The heatmap for the gene transcripts expression in the TF-mRNA regulatory network in the PMOP group and CON group.





Construction of miRNA-mRNA/TF Network

Based on DE miRNAs, target genes were predicted using the miRTarBase databases. The predicted genes were intersected with the above differential TF-mRNA network to obtain 12 differential miRNAs and their corresponding target mRNAs (containing TF). A Sankey diagram shows the differential miRNA-mRNA/TF regulatory relationship pairs (Figure 5).




Figure 5 | A Sankey diagram showing results of miRNA -TF/mRNA (containing TF) regulatory pairs.





Construction of the circRNA-Related Network

With bioinformatics prediction from circBank, circRNAs that can target miRNAs of the above miRNA-mRNA/TF regulatory relationship were obtained. Combining DE circRNAs from dataset GSE161361, we identified 18 circRNAs. According to the above regulatory pairs, the Cytoscape software was used to map and construct the circRNA-related network (Figure 6A). Then regulatory relationship pairs that did not contain TFs were excluded. Finally, we built a circRNA-miRNA-TF-mRNA network, which contains 6 circRNAs, 4 miRNAs, 4 TFs, and 12 mRNAs (Figure 6B).




Figure 6 | Construction of circRNA regulatory network. (A) circRNA-miRNA-TF/mRNA regulatory network. (B) circRNA-miRNA-TF-mRNA regulatory network.





CTD Analysis of Candidate mRNAs

By mining the CTD using the keywords “postmenopausal osteoporosis”, a total of 14,521 potential target genes of PMOP were obtained. 12 mRNAs and 4 TFs in the above circRNA-related network were also identified in the database. We found that these genes were associated with PMOP with different inference scores and reference counts (Table 3).


Table 3 | The candidate genes associated with PMOP in CTD.





qRT-PCR Verification of the Key Genes of the ceRNA Network

We verified the relative gene expression levels of the key genes in the ceRNA network by qRT-PCR. There was no statistically significant difference in the expression of hsa_circ_0039035 and hsa_circ_0086166 between the PMOP and the control group. Other circRNAs, such as hsa_circ_0023417, hsa_circ_0078309, hsa_circ_0063533, and hsa_circ_0036760 were up-regulated, which were consistent with microarray data (Figure 7A). The qPCR results showed the expression levels of hsa-miR-566, hsa-miR-623, hsa-miR-629-3p, and hsa-miR-4768-3p were generally consistent with the microarray results (Figure 7B). The qRT-PCR results also showed similar expression trends of TFs to microarray analysis (Figure 8A). Of the 12 mRNAs examined with qRT-PCR, 3 miRNAs did not match the results of the microarray: HMOX1, SPI1, and SLC19A1(Figure 8B).




Figure 7 | qRT-PCR experiment validation. (A) The expression levels of circRNAs. (B) The expression levels of miRNAs.






Figure 8 | qRT-PCR experiment validation. (A) The expression levels of TFs. (B) The expression levels of mRNAs.





Construction of the circRNA-miRNA-TF-mRNA Network

By combining the qRT-PCR validation results, the circRNAs and mRNAs that did not agree with the microarray analysis trend were excluded. Finally, a ceRNA network containing 4 circRNAs, 3 miRNAs, 3 TFs, and 9 mRNAs was obtained (Figure 9).




Figure 9 | Construction of circRNA-miRNA-TF-mRNA regulatory network.





Gene Set Enrichment Analysis

GSEA is a method that confirms whether a given set of genes shows statistically obvious differences between two biological states (38). To further understand the underlying mechanisms of the 9 key mRNAs, such as CYP17A1 and TFPI2, in the ceRNA network, GSEA was performed. Firstly, we divided samples from the GSE56166 dataset into two groups based on the median expression level of these key mRNAs. Then, according to the normalized enrichment score (NES), false discovery rate (FDR) q-value, and nominal (NOM) P value, the five most significantly enriched signaling pathways associated with key genes, respectively, were identified (Figure 10).




Figure 10 | Barcode plots showing the presentative results of GSEA.



GSEA results suggested that ASNS and CYP17A1 might participate in “complement and coagulation cascades”, “drug metabolism-cytochrome P450”, “drug metabolism-other enzymes”, “metabolism of xenobiotics by cytochrome P450”, and “PPAR signaling pathway”. DAPK1 might be related with “complement and coagulation cascades”, “drug metabolism-cytochrome P450”, “olfactory transduction”, and “PPAR signaling pathway”. HBB might participate in “neuroactive ligand-receptor interaction” and “olfactory transduction”. HGF might only participate in “neuroactive ligand-receptor interaction”. PRL might be related with “gap junction”, “neuroactive ligand-receptor interaction”, “olfactory transduction”, and “systemic lupus erythematosus”. TFPI2 also might related with “complement and coagulation cascades”, “drug metabolism-cytochrome P450”, “neuroactive ligand-receptor interaction”, “olfactory transduction”, “PPAR signaling pathway”. VWF might associate with “complement and coagulation cascades”, “drug metabolism-other enzymes”, “neuroactive ligand-receptor interaction”, “PPAR signaling pathway”, and “prion disease”. TNFAIP6 might be involved in “allograft rejection”, “cytokine-cytokine receptor interaction”, “drug metabolism-other enzymes”, “primary immunodeficiency”, and “T cell receptor signaling pathway”.




Discussion

Osteoporosis is one of the most common systemic metabolic bone diseases (39), especially in postmenopausal women (40). Osteoporosis occurs due to excessive bone resorption and impaired bone formation (41). Accumulating evidences have suggested that dysregulated circRNAs are associated with the occurrence and progression of osteoporosis (42, 43). However, the specific role of the circRNA-related network remains mostly undescribed in osteoporosis. Furthermore, various studies nowadays are assessing the circRNA-miRNA or TF-mRNA regulatory networks, but fewer studies focus on the miRNA-TF co-regulatory network. Herein, we constructed a circRNA-miRNA-TF-mRNA regulatory network using bioinformatics analysis approaches. The network may help to elucidate the key roles of circRNAs in the pathogenesis of PMOP and may help to guide the diagnosis and treatment of PMOP.

We first downloaded PMOP-related datasets, GSE161361, GSE64433, and GSE56116, from the GEO database, which were used for analysis to obtain differentially expressed circRNAs, miRNAs, and mRNAs. A total of 1201 differentially expressed mRNAs were identified in PMOP patients compared with the control group, including 935 upregulated and 266 downregulated mRNAs. We applied GO enrichment analysis on selected differentially expressed mRNAs, the results showed that enriched mRNAs were involved in many biological processes, which included “positive regulation of cytokine production”, “active regulation of IL-6 production”, and “regulation of chemotaxis”, “regulation of peptidase activity”. Besides, the most common molecular functions for these DE mRNAs included “Toll-like receptor binding”, “endopeptidase regulator activity”, “endopeptidase inhibitor activity”, and “chemoattractant activity”. Most of the biological processes and the main molecular functions are related to inflammatory responses. Previous studies also suggested that inflammation plays a crucial role in the progression of OP. Human and animal experiments have shown pro-inflammatory cytokines are crucial mediators of the accelerated bone loss in PMOP, such as interleukin-6 (44). Some proinflammatory cytokines, pathogen-associated molecular patterns, or endogenous pathogenic factors can induce osteoporosis by binding to the Toll-like receptors (TLRs) (45).

The results of the KEGG pathway enrichment analysis illustrated that DE mRNAs were mainly related to some pathways, such as “osteoclast differentiation”, “rheumatoid arthritis”, “hematopoietic cell lineage”, and “cytokine-cytokine receptor interaction”. Previous studies have also supported the roles of these pathways in osteoporosis. Hyper-differentiation of osteoclasts is the hallmark of PMOP (46). Osteoclasts are specialized cells derived from hematopoietic cell lineage, specifically from the monocyte/macrophage lineage, which adhere to the bone matrix and resorb the bone (47). Genes enriched in the hematopoietic cell lineage pathway, such as the CSF-1 receptor (CSF-1R) can regulate the development of osteoclasts (48). In addition, osteoporosis is generally common in patients with rheumatoid arthritis which is a systemic inflammatory disease, and inflammation is also mediated by the Toll-like receptor signal (49). The other significant pathway was cytokine-cytokine receptor interaction, which is involved in inflammatory host defenses, cell growth, differentiation, and angiogenesis aimed at restoration of homeostasis (50). Some studies have confirmed genes enriched in this pathway contribute to the development of osteoporosis (51).

Transcription factors (TFs) are proteins that can bind to gene-specific sequences, also known as promoters of genes, and thus mediate genes transcription and expression (52). Numerous studies have demonstrated that several transcription factors play a regulatory role in the pathogenesis of OP (53). Hence, to further identify key transcription factors in PMOP, we obtained human TF-mRNA pairs among differentially expressed mRNAs by TRRUST v2 database, which is now believed to be the most comprehensive database based on manual curation for TF-target interactions in humans and mice (54). Here we first identified 26 transcription factors and their target mRNAs. MiRNAs could target TF and form miRNA-TF gene expression regulatory circuits to regulate target gene expression. Combining DE miRNAs, we next obtained miRNA-TF/mRNA pairs, which include 9 miRNAs and 12TF/mRNAs. Combining DE circRNAs, we constructed the ceRNA network containing 6 circRNAs, 4 miRNAs, 4 TFs, and 12 mRNAs.

CTD is a powerful public database that aims to improve understanding of how environmental exposure affects human health (55). The results of CTD further suggested that these 4 TFs and 12 mRNAs are associated with postmenopausal osteoporosis. Furthermore, we verified the expression of candidate genes in the network in PMOP and control samples using qRT-PCR. Except for hsa_circ_ 0039035, hsa_circ_ 0086166, HMOX1, SPI1, and SLC19A1, the expression levels of other circRNAs, miRNAs, mRNAs, and TFs were consistent with the microarray results. Combined with the PCR validation results, the ceRNA network was finally constructed containing 4 circRNAs, 3 miRNAs, 3 TFs, and 9 mRNAs. The core mRNAs in the ceRNA network may contribute to osteoporosis. For example, hepatocyte growth factor (HGF) has been highlighted to relieve bone loss in the early stages of PMOP mouse models (56). Previous studies have reported that prolactin (PRL) is related to osteoporosis risk (57). TNF alpha induced protein 6 (TNFAIP6) is implicated in bone loss and the pathology of osteoporosis in aging (58). As a target gene of lncRNA SNHG5, hemoglobin subunit beta (HBB) may be involved in the development of male osteoporosis (59). Cytochromes P450 (CYPs) are important for bone homeostasis (60), and cytochrome P450 family 17 subfamily A member 1(CYP17A1) is thought to be a susceptibility loci for altered BMD in PMOP patients (61). In previous studies, there was no direct evidence for the role of other genes, such as VWF, TFPI2, ASNS, and DAPK1 in PMOP.

Next, to further understand the underlying mechanisms of the 9 key mRNAs in the ceRNA network, GSEA was performed. The Gene set enrichment analysis (GSEA) revealed that these differentially expressed genes participate in many important signaling pathways. Previous studies have shown that the occurrence and development of PMOP are related to “olfactory transduction” (62), “systemic lupus erythematosus” (63), and “T cell receptor signaling pathway” (64). Besides, the pathway of neuroactive ligand-receptor interaction may involve in osteoclastogenesis (65). In GC-induced osteoporosis, PPAR-γ could affect osteogenic differentiation (66). Gap junctions play a significant role in bone development and function, research showed that gap junction modulation may be a promising new target for osteoporosis therapy (67). In summary, key mRNAs in the ceRNA network may participate in the development of osteoporosis by regulating related signal pathways.

The core transcription factors in the ceRNA network, NFIC, BACH1, CEBPB, and POU2F2, might be related to osteoporosis. NFIC (nuclear factor I C) is a member of the nuclear factor I family of transcription proteins (68). NFI-C serves as one of the vital transcription factors for postnatal bone formation and bone homeostasis (69). A previous study found the expression of NFIC was decreased in osteogenic cells from human osteoporotic patients (70). The deficiency of NFIC inhibited osteoblast differentiation and bone formation in vivo (70). CEBPB, also called CEBPβ (CCAAT/enhancer-binding protein β), belongs to the transcription factors family of the CCAAT/enhancer-binding proteins (71). Previous studies have proven that the C/EBPB is involved in lytic bone diseases, especially osteoporosis (72). C/EBPB can promote osteoblast differentiation (72). C/EBPB is also known as a switch in osteoclast differentiation (72). Moreover, as an adipogenic transcription factor, C/EBPB also can participate in adipogenic differentiation of bone marrow mesenchymal stem cells (73). POU2F2 (POU-2 Homeobox 2) belongs to the POU transcription factor family (74). There is no direct evidence that POU2F2 is involved in osteoporosis. Recent studies have shown that POU2F2 could promote glioblastoma progression by regulating glycolysis (74). The pathogenesis of osteoporosis is related to the dysregulation of glycolysis (75). Furthermore, POU2F2 expression is related to fracture healing, and overexpression of POU2F2 promoted protein and mRNA expression of Colla1, Runx2, Osterix, and Osteocalcin (76) in osteoporosis. These genes are associated with bone formation and osteoblastic differentiation. Combined with these previous studies, our results demonstrated correlations between these core TFs and PMOP. Further work will focus on the exact contribution of NFIC, BACH1, CEBPB, and POU2F2 to osteoporosis pathogenesis.

MiRNAs are key components in forming a ceRNA regulatory network (77). Undoubtedly, identifying the relationship between miRNAs and diseases can not only improve the understanding of molecular mechanisms and disease pathogenesis, but also be beneficial to clinical diagnosis and treatment (78). In our study, 4 miRNAs were finally identified in this circRNA-miRNA-TF-mRNA regulatory network, and they were hsa-mir-566, hsa-mir-4768-3p, hsa-mir-629-3p, and hsa-mir-623. No direct studies have addressed the roles of the 4 miRNAs in osteoporosis to date. Therefore, in our study, the association between miRNAs and PMOP was further validated by qRT-PCR experiments. Our results corroborated the involvement of these miRNAs in PMOP and shed new light on the role of these miRNAs in PMOP pathogenesis. However, how these miRNAs are involved in PMOP requires further carrying out experiments. In addition, as a complement to the experimental approaches, computational methods, such as the unsupervised deep learning model of the variational autoencoder for MiRNA–disease association prediction (VAEMDA) (78), and the computational model of random walk with restart for MiRNA–disease association (RWRMDA) (79) may also provide more help in probing PMOP-related candidate miRNAs in the following study.

Finally, we identified 4 circRNAs in the ceRNA network associated with the above miRNAs, which were hsa_circ_0023417, hsa_circ_0078309, hsa_circ_0063533, and hsa_circ_0036760. CircRNA is believed to be a new and promising hotspot in the field of non-coding RNA research, compared with known miRNA and LncRNA (80). Some circRNAs have been identified, but their specific regulatory roles are often poorly understood (81). Thefour circRNAs of the ceRNAnetwork identified in our research have not been presently reported to be associated with PMOP. Estrogen receptor 1(ESR1) is the host gene of hsa_circ_0078309, which is an estrogen receptor subtype widely expressed in bone tissue (82). Studies have illustrated that estrogen plays a role in regulating bone metabolism mainly by interacting with ESR1 (83). So, has_circRNA_0078309 may regulate bone metabolism of PMOP. Currently, no direct studies are reporting the role of hsa_circ_0023417, hsa_circ_0063533, and hsa_circ_0036760 in osteoporosis. Our data further support the possibility that the four circRNAs maybe important regulators of osteoporosis development. However, the precise mechanism of these circRNAs and their related network requires further study.To sum up, we constructed the ceRNA network jointed by 4 circRNAs, 3 miRNAs, 3 TFs, and 9 mRNAs. To our knowledge, this is the first time that a ceRNA network containing TFs has been established in osteoporosis., Combined with experimental validation and bioinformatics analysis, the findings suggest that the circRNA-miRNA-TF-mRNA regulatory network may be involved in PMOP and may be potential therapeutic targets of PMOP.
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Introduction

Osteonecrosis of the femoral head (ONFH) is a progressive and disabling disease with severe socioeconomic burdens. In the last 30 years, a growing number of publications have reported significant advances in understanding ONFH. However, only a few studies have clarified its global trends and current status. Thus, the purpose of our study was to summarize the global trends and current status in ONFH through bibliometrics.



Materials and Methods

Publications related to ONFH from 1991 to 2020 were searched from the Web of Science (WOS) core collection database. The data were analyzed with bibliometric methods. Microsoft Excel was used for statistical analysis and to draw bar charts. SPSS was applied to perform linear regression analysis. VOSviewer was used to conduct bibliographic coupling analysis, co-authorship analysis, co-citation analysis and co-occurrence analysis.



Results

A total of 5,523 publications were covered. The United States consistently ranked first in total publications, sum of times cited, average citations per item and H-index. Kyushu University was the main contributor to ONFH. Clinical Orthopaedics and Related Research was the major publishing channels for ONFH-related articles. Takuaki Yamamoto published the most ONFH-related articles. Studies regarding ONFH could be divided into five clusters: 1) mechanism study, 2) treatment study, 3) complication study, 4) radiological study and 5) etiological study. Mechanism study might become a hot spot in the future.



Conclusions

The total number of publications in ONFH has generally increased over the last three decades. The United States was the leading country in ONFH research. Transplantation, engineering, cell and molecular biology, pharmacology and endocrinology have gradually increased and become hot topics in ONFH research. Mechanism study in ONFH including mesenchymal stem cells, apoptosis, oxidative stress, adipogenesis, osteogenic differentiation and endothelial progenitor cells, have attracted more attention and will become a hot spot in the future.
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Introduction

Osteonecrosis of the femoral head (ONFH) is a disease in which local death of osteocytes and bone marrow components occurs due to venous stasis or impaired arterial blood supply or disruption of the femoral head (1). ONFH can be divided into two major types: traumatic and nontraumatic ONFH (1). Traumatic ONFH is mainly caused by femoral head and neck fracture, acetabular fracture, hip dislocation, and severe hip sprain or contusion (2–5). The main etiology for nontraumatic ONFH is long-term or excessive glucocorticoid (GC) administration, alcohol overconsumption, hemoglobin diseases and autoimmune diseases (1, 6, 7). However, the detailed pathogenesis of ONFH is not fully understood (8). Severe ONFH can lead to the collapse of subchondral bone and eventually damage to the hip joint, resulting in labor capacity losses for themselves and substantial economic losses for their families (9). It is estimated that 20,000 new cases of osteonecrosis are diagnosed in the United States each year, and the cumulative number of patients with ONFH ranges from 300,000 to 600,000 (10). Patients with advanced ONFH often do not respond well to medical treatment and require total hip arthroplasty (THA). However, THA, especially for young people, may lead to a series of complications, including dislocation, periprosthetic fracture, infection and prosthesis loosening (11). Therefore, the severe socioeconomic burdens and limited treatment options have forced us to continue to study the pathogenesis of ONFH and develop effective treatments for ONFH.

In the last 30 years, a growing number of publications have reported significant advances in the pathogenesis and treatment of ONFH worldwide. However, to the best of our knowledge, only a few studies have clarified the global trends and current status in ONFH. Bibliometrics is a method to cognize the global trends and current status of a certain field and evaluate the contributions of a collection of research results such as all publications of the same scholar, institution or country, by collecting the metrology characteristics of the publications (12–14). In addition, bibliometrics can also be used to guide policy formulation (15). Currently, bibliometric analysis has been used in a wide range of fields, including anesthesia, cancer, orthopedics and neurology, to compare the contributions of different research findings (13, 16–18). Therefore, the purpose of our study is to evaluate and summarize the global trends and current status in ONFH by analyzing ONFH-related publications in the last 30 years with bibliometrics to help researchers understand the research perspectives, hot spots and trends of ONFH.



Materials and Methods


Data Sources

The search was conducted using the Web of Science (WOS) Core Collection database, including Science Citation Index Expanded (SCI-Expanded), Social Sciences Citation Index (SSCI), Arts and Humanities Citation Index (A&HCI), Conference Proceedings Citation Index-Science (CPCI-S), Conference Proceedings Citation Index-Social Science and Humanities (CPCI-SSH), Book Citation Index-Science (BKCI-S), Book Citation Index-Social Science & Humanities (BKCI-SSH), Emerging Sources Citation Index (ESCI), Current Chemical Reactions Expanded (CCR-Expanded) and Index Chemicus (IC). The journal impact factors (IF) came from the 2020 version Journal Citation Reports except for Journal of Bone and Joint Surgery-British Volume from the 2014 edition and Proceedings of the Institution of Mechanical Engineers. Part H-Journal of Engineering in Medicine from 2002 edition.



Search Strategy

All the literature was retrieved in WOS on September 2, 2021. The search terms were TS = (osteonecrosis of femoral head OR necrosis of femoral head OR femoral head necrosis OR femoral head necrosis) AND LANGUAGE: (English) AND DOCUMENT TYPES: (Article OR Review). For the time span, we chose the 30 years between 1991 and 2020.



Data Collection

Full records and cited references were extracted from the retrieved literature for bibliometric analysis, such as titles, years of publications, authors, nationalities, institutions of authors, funding sources, journals of publications, abstracts, keywords, total number of publications, sum times of cited, average citations per item and H-index. The information based on bibliometric characteristics was downloaded from WOS and imported into Microsoft Excel 2017 and VOSviewer (v.1.6.17) for analysis.



Bibliometric Analysis

Microsoft Excel 2017 was used for statistical analysis and graphing of all the bar charts in the study. In addition, SPSS (v.26.0, IBM, New York, USA) was applied to perform linear regression analysis on the trends of total publications in the last 30 years. Any p values P < 0.05 were considered statistically significant. R2 represents the degree to which the linear regression model explains the overall variance (19).

VOSviewer is a software for plotting maps based on network data. In the network visualization, items are represented by circles. The size of the circle is determined by the number of publications of the item. The distance between two circles approximately indicates the relatedness of the items. The color of an item is determined by the cluster to which the item belongs. In this study, VOSviewer was used for conducting bibliographic coupling analysis, co-authorship analysis, co-citation analysis and co-occurrence analysis.




Results and Discussion


Global Trends of Publications in ONFH

A total of 5,523 ONFH-related literature published between 1991 and 2020 were identified in our study. The total publications of ONFH generally increased over time (R2 = 0.872, P < 0.001). The annual publications regarding ONFH have grown nearly sevenfold over the three decades from 61 in 1991 to 481 in 2020 (Figure 1A). A total of 98 countries/regions published ONFH-related literature, with the top twenty countries/regions shown in Figure 1B. Among them, the United States published the most literature (1,369, 24.787%), followed by China (1,246, 22.560%), Japan (544, 9.850%), Germany (303, 5.486%), England (283, 5.124%) and South Korea (281, 5.088%). The United States and China published more than twice as many articles as Japan. Moreover, the total number of ONFH publications in each country or region also increased over time: the United States (R2 = 0.732, P < 0.001), China (R2 = 0.661, P < 0.001), Japan (R2 = 0.525, P < 0.001), Germany (R2 = 0.755, P < 0.001), England (R2 = 0.679, P < 0.001) and South Korea (R2 = 0.805, P < 0.001) (Figure 1C). Figure 1D shows the number of publications from individual countries or regions visually in the heatmap.




Figure 1 | Global trends of publications on osteonecrosis of the femoral head (ONFH) in the last 30 years. (A) Annual ONFH-related publications worldwide. (B) The total number and percentage of ONFH-related publications from the top twenty countries/regions. (C) ONFH-related publications of the top six countries/regions over time. (D) Heatmap displaying the distribution of ONFH-related publications globally.



Bibliometric analysis could be used to evaluate the current status and forecast future directions (20). Therefore, our study was conducted to evaluate and summarize the global trends and current status of ONFH in the last 30 years. As demonstrated in this study, the number of ONFH-related publications has increased significantly over the past three decades from 1991 to 2020. We could predict that ONFH-related publications would continue to increase over time in the coming years. It was easy to conclude from the heatmap that researchers from all over the world were involved in ONFH research, particularly in North America, East Asia and Europe. Highly developed economies and the prevalence of ONFH in these regions may explain this result. China’s contribution was lower than that of the United States before 2013 and gradually surpassed the United States after 2013, even though the total number of publications of the United States in the last 30 years was still more than that of China. This reasonable explanation might be attributed to the rapid national development and the corresponding annually increased research funding for ONFH.



Quality Analysis of Global Publications


Country

Figure 2A illustrates the sum of times cited, average citations per item and H-index of the top ten countries with the most publications associated with ONFH. Among the top ten countries, the sum of times cited (45,314), average citations per item (33.1) and H-index (94) of the United States, the first-ranked country regarding total publications, were all higher than those of the other nine countries. In terms of the total publications, China ranked second. However, China ranked ninth in average citations per item (11.33), just above India. Other developed countries, including Japan, Germany, England, South Korea, France, Canada and Italy, all had relatively high average citations per item and H-index despite the small number of publications.




Figure 2 | Quality analysis of global publications in ONFH in the last 30 years. (A) Total publications, sum of times cited, average citations per item, and H-index of the top ten countries by contributions. (B) Total publications, sum of times cited, average citations per item, and H-index of the top ten institutions by contributions. (C) Total publications, sum of times cited, average citations per item, and H-index of the top ten authors by contributions.



In terms of total publications, the sum of times cited, average citations per item and H-index, the United States ranked first in the world and is the leading country in ONFH. China was in second place by the number of total publications and the sum of times cited, ranking third in the H-index, while it only surpassed India in average citations per item among the top ten countries. This means that while China held a leading position in the contributions of ONFH, there was still a significant gap between China and developed countries with regard to the academic level of ONFH research. This situation may be caused by the scientific evaluation system of China favoring the number rather than the quality of publications in the past.



Institution

Over the past three decades, approximately 3,721 institutions worldwide have published ONFH-related literature. Figure 2B details the top ten most contributing institutions all over the world. Of the ten institutions, five were in China (Shanghai Jiao Tong University, Dalian University, Guangzhou University of Chinese Medicine, Huazhong University of Science and Technology and Xi’an Jiaotong University), two were in Japan (Kyushu University and Osaka University), two were in the United States (Hospital for Special Surgery and Duke University) and one was in South Korea (Seoul National University). The institution making the greatest contribution to ONFH research is Kyushu University, with 115 publications, 2,675 citations, 23.26 average citations and an H-index of 27. Shanghai Jiao Tong University came in second place (107 publications, 1,676 citations, 15.66 average citations and H-index of 20), followed by Osaka University (74 publications, 1,982 citations, 26.78 average citations and H-index of 27), Seoul National University (66 publications, 1,381 citations, 20.92 average citations and H-index of 22) and Dalian University (61 publications, 992 citations, 16.26 average citations and H-index of 16). Interestingly, the top ten most contributing institutions were all from the top ten countries, indicating that the establishment of outstanding institutions was the prerequisite to improve the academic level of a country.



Author

Analyzing the quality of publications by the author, the top ten contributors to ONFH are presented in Figure 2C. Of the ten authors, five were from Japan (Takuaki Yamamoto, Yukihide Iwamoto, Goro Motomura, Nobuhiko Sugano and Yasuharu Nakashima), two were from China (Dewei Zhao and Changqing Zhang), two were from the United States (Michael A. Mont and Harry K. W. Kim) and the remaining author was from South Korea (Kyung-Hoi Koo). Moreover, eight of these authors were from the top ten institutions: four were from Kyushu University (Takuaki Yamamoto, Yukihide Iwamoto, Goro Motomura and Yasuharu Nakashima), Nobuhiko Sugano was from Osaka University, Dewei Zhao was from Dalian University, Changqing Zhang was from Shanghai Jiao Tong University and Kyung-Hoi Koo was from Seoul National University. The greatest contributor was Takuaki Yamamoto, with 94 publications, 2,379 citations, 25.31 average citations and an H-index of 29. Michael A. Mont, who ranked second in publications, had the greatest number of citations, average citations and highest H-index among the top ten authors (79 publications, 4,927 citations, 62.37 average citations and H-index of 36).

In other words, the top ten authors who contributed most to ONFH were also from the top ten countries and eight of them worked for the top ten institutions. This interesting finding suggested a win–win situation between excellent scientific platforms and first-class scholars. The excellent scientific platforms provided sufficient scientific funds and advanced experimental equipment for top scholars, who were likely to make great contributions to the advancement of such platforms.




Quality Analysis of Journal and Funding Agency


Journal

The top ten journals publishing the most ONFH-related literature are shown in Figure 3A. Clinical Orthopaedics and Related Research (IF = 4.291, 2020) was the most active journal in ONFH research, with 348 articles, followed by International Orthopaedics (IF = 3.075, 2020), with 186 articles; Journal of Bone and Joint Surgery-American Volume (IF = 5.284, 2020), with 183 articles; Journal of Arthroplasty (IF = 4.757, 2020), with 154 articles; Journal of Pediatric Orthopaedics (IF = 2.324, 2020), with 132 articles; and Archives of Orthopaedic and Trauma Surgery (IF = 3.067, 2020), with 129 articles. From the top ten journals, we could track the latest advances in ONFH by monitoring the latest research of these journals.




Figure 3 | Analysis of highly contributing journals and funding agencies in ONFH in the last 30 years. (A) Total publications, sum of times cited, average citations per item, and H-index of the top ten journals. (B) Total publications, sum of times cited, average citations per item, and H-index of the top ten funding agencies.



Among the top ten journals, Clinical Orthopaedics and Related Research published the most ONFH-related articles, nearly twice as many as the publications of the second-ranked journal, International Orthopaedics. Additionally, Clinical Orthopaedics and Related Research (13,092 citations, 37.62 average citations and H-index of 58) had the most total citations, although the average citations per item were relatively low among the top ten journals. In contrast, the third-ranked journal, Journal of Bone and Joint Surgery-American Volume, had the highest average citations and H-index (13,072 citations, 76.9 average citations and H-index of 71). In addition, Journal of Bone and Joint Surgery-British Volume had relatively high average citations per item and H-index (8,602 citations, 70.51 average citations and H-index of 51). The higher average citations per item and H-index to some extent indicated the high quality of their publications.



Funding Agency

Figure 3B presents the top ten funding agencies with the most ONFH-related articles. Globally, the National Natural Science Foundation of China (NSFC, China) funded the most articles with the maximum number of citations (528 publications, 6,739 citations, 12.69 average citations and H-index of 37). The United States Department of Health Human Services (HHS, the United States) ranked second (168 publications, 6,712 citations, 39.95 average citations and H-index of 43), followed by the National Institutes of Health (NIH, the United States) (165 publications, 6,338 citations, 38.41 average citations and H-index of 43), Ministry of Education Culture Sports Science and Technology (MEXT, Japan) (99 publications, 1,216 citations, 11.92 average citations and H-index of 19), Japan Society for the Promotion of Science (JSPS, Japan) (92 publications, 1,156 citations, 12.17 average citations and H-index of 18) and National Institute of Arthritis Musculoskeletal Skin Diseases (NIAMS, the United States) (72 publications, 2,613 citations, 36.29 average citations and H-index of 28). Thanks to the substantial funding from NSFC, China ranked second in terms of the number of ONFH-related publications.




Top Ten Most Cited Publications in ONFH

Table 1 shows the top ten most cited publications in ONFH. The top ten publications were published from 1992 to 2012 and the number of citations ranged from 372 to 892. The second, fourth and seventh most cited publications were written by Mont et al., Mankin, and Assouline-Dayan et al. (22, 24, 27). They all comprehensively summarized the etiology, pathogenesis, pathology, diagnosis and treatment of ONFH. Moreover, the ninth most cited publication was written by Steinberg et al., which introduced the Steinberg classification system for ONFH diagnosis, staging and treatment (29). Other literature in the top ten most cited publications involved other topics related to ONFH, such as hip surgery, fracture and trauma. In addition, the vast majority of the top ten most cited publications were published before 2010 and only one article was published in 2012, which was to be expected, as recently published articles take time to be widely cited.


Table 1 | Top ten most cited publications in osteonecrosis of femoral head (ONFH) in the world.





Research Areas Analysis

The ONFH-related articles published from 1991 to 2020 were categorized into 83 different research areas on WOS. However, to more intuitively show the changes in the research areas over time, we merged the areas of similar significance and finally selected 12 research areas. Figure 4A presents all the research areas and the corresponding number of ONFH-related articles, among which the orthopaedics area received the most attention (1,568, 28.390%), followed by surgery (945, 17.110%), medical imaging (567, 10.266%), transplantation (534, 9.669%), engineering (402, 7.279%), cell and molecular biology (390, 7.061%), pharmacology (271, 4.907%), endocrinology (264, 4.780%), pathology (240, 4.345%), pediatrics (139, 2.571%), oncology (111, 2.010%) and rheumatology (92, 1.666%). Figure 4B shows the distribution of ONFH-related research areas during 1991-2000, 2001-2010 and 2011-2020, from which we could obviously find the changes in ONFH-related research areas. Orthopaedics, surgery and medical imaging have always been the research areas of greatest concern, even though the popularity of medical imaging has decreased to some extent. Over time, research in transplantation, engineering, cell and molecular biology, pharmacology, and endocrinology has increased considerably. Pathology, pediatrics, oncology and rheumatology have not received much attention all the time.




Figure 4 | Research area analysis of global publications in ONFH in the last 30 years. (A) Research areas in ONFH. (B) Radar map of research areas in ONFH during 1991-2000, 2001-2010 and 2011-2020.



Orthopaedics, surgery and medical imaging have been extensively and intensively studied due to their focus on the risk factors, etiology, diagnosis and treatment of ONFH. With the development of vascularized bone grafts, bone marrow mesenchymal stem cell transplantation and endothelial progenitor cell transplantation, an increasing number of studies have been conducted to test the efficacy and safety of transplant therapy for ONFH through animal experiments or clinical trials. Furthermore, researchers combined transplantation with cell and molecular biology to enhance the efficacy of transplant therapy for ONFH. For example, Hang et al. evaluated the efficacy of vascular endothelial growth factor 165 (VEGF165) transgenic bone marrow mesenchymal stem cells in mongrel dogs with ONFH (31). In the engineering area, novel biomechanical analysis, materials and implants related to ONFH are hotspots in this field. For example, Wang et al. developed a device referred to as the super-elastic cage for the treatment of Ficat and Arlet stage II and III ONFH (32). In addition to surgical treatment, researchers explored drug therapy, which we classified into pharmacology. In recent years, some traditional Chinese medicines have gradually been studied for ONFH treatment, such as Panax notoginseng saponin, bone-strengthening pills and Huogu I formula (33–35). Endocrinology focused on the effects and mechanisms of long-term or excessive GC administration on ONFH. Pediatrics, oncology and rheumatology mainly studied the role of Legg-Calvé-Perthes disease, leukemia and systemic lupus erythematosus in the pathogenesis of ONFH, respectively. Legg-Calvé-Perthes disease is the most prevailing juvenile form of idiopathic ONFH, affecting children 2-14 years old (36). ONFH is one of the most common and debilitating therapy-related side effects of antileukemic treatment and is associated with the treatment of GCs, asparaginase (ASP) and methotrexate (MTX), genetic factors and age (37). Similarly, ONFH is also one of the serious and well-recognized complications of SLE and the use of GCs, an impaired immune microenvironment and the complex pathogenesis of SLE are synergistically involved in the pathogenesis of ONFH (38).



Bibliographic Coupling Analysis

Bibliographic coupling analysis is a method exhibiting the relatedness of items based on the number of references they share, which is established when two items cited the same article. Bibliographic coupling analysis was used in this study to establish the similarity relationship among publications from the three dimensions of country, institution and journal. To some extent, the total link strength of a particular item can explain its worldwide influence. Items with higher total link strength indicate that the countries/institutions/authors are more globally influential.


Country

Figure 5A shows the relationship of 59 identified countries (the minimum number of documents of a country is over five) in total link strength using VOSviewer. The top six countries by total link strength were as follows: the United States (total link strength = 1,066,241 times), China (total link strength = 737,151 times), Japan (total link strength = 427,254 times), South Korea (total link strength = 280,129 times), Germany (total link strength = 273,705 times) and England (total link strength = 214,591 times). Therefore, the United States was the leading country in ONFH worldwide according to bibliographic coupling analysis, corresponding to the highest total publications, sum of times cited, average citations per item and H-index of the United States in ONFH described earlier.




Figure 5 | Bibliographic coupling analysis of global publications in ONFH in the last 30 years. (A) Network visualization of the 59 identified countries in ONFH. (B) Network visualization of the 405 identified institutions in ONFH. (C) Network visualization of the 189 identified journals in ONFH. In the visualized network, each item is represented by a circle. The size of the circle is determined by the number of publications of the item. The distance between two circles approximately indicates the relatedness of the items. The color of an item is determined by the cluster to which the item belongs.





Institution

Figure 5B details the relationship of 405 identified institutions (the minimum number of documents of an institution is over five) in total link strength using VOSviewer. The top six institutions by total link strength were as follows: Kyushu University (total link strength = 137,084 times), Johns Hopkins University (total link strength = 130,922 times), Sinai Hospital (total link strength = 108,755 times), Shanghai Jiao Tong University (total link strength = 94,142 times), Dalian University (total link strength = 91,473 times) and Seoul National University (total link strength = 84,178 times). Therefore, Kyushu University was the leading institution in ONFH globally according to bibliographic coupling analysis, corresponding to the highest total publications, sum of times cited and H-index of Kyushu University in ONFH introduced above.



Journal

Figure 5C presents the relationship of 189 identified journals (the minimum number of documents of a journal is over five) in total link strength using VOSviewer. The top six journals by total link strength were as follows: Clinical Orthopaedics and Related Research (total link strength = 308,010 times), Journal of Bone and Joint Surgery-American Volume (total link strength = 208,262 times), International Orthopaedics (total link strength = 135,281 times), Journal of Arthroplasty (total link strength = 132,289 times), Journal of Bone and Joint Surgery-British Volume (total link strength = 119,992 times) and Archives of Orthopaedics and Trauma Surgery (total link strength = 96,174 times). Therefore, Clinical Orthopaedics and Related Research was the leading journal in ONFH globally according to bibliographic coupling analysis, corresponding to the highest total publications and sum of times cited of Clinical Orthopaedics and Related Research in ONFH presented earlier.




Co-Authorship Analysis

Co-authorship analysis is a measure to determine the connectivity of items based on the number of co-authored publications. Co-authorship analysis was used to evaluate the cooperation between items in our study by counting the number of co-authored publications. In a way, the total link strength of a particular item can reflect the extent to which they are willing to cooperate with others. Items with higher total link strength indicate that the countries/institutions/authors are more willing to collaborate with others.


Country

Figure 6A shows the relationship of 59 identified countries (the minimum number of documents of a country is over five) in total link strength using VOSviewer. The top six countries by total link strength were as follows: the United States (total link strength = 353 times), England (total link strength = 179 times), Germany (total link strength = 149 times), China (total link strength = 144 times), France (total link strength = 112 times) and Italy (total link strength = 86 times). Therefore, authors from the United States were more cooperative than those from other countries according to co-authorship analysis.




Figure 6 | Co-authorship analysis of global publications in ONFH in the last 30 years. (A) Network visualization of the 59 identified countries in ONFH. (B) Network visualization of the 405 identified institutions in ONFH. (C) Network visualization of the 629 identified authors in ONFH. In the visualized network, each item is represented by a circle. The size of the circle is determined by the number of publications of the item. The distance between two circles approximately indicates the relatedness of the items. Item color is determined by the cluster to which the item belongs.





Institution

Figure 6B details the relationship of 405 identified institutions (the minimum number of documents of an institution is over five) in total link strength using VOSviewer. The top six institutions by total link strength were as follows: Seoul National University (total link strength = 125 times), Kyungpook National University (total link strength = 104 times), Stanford University (total link strength = 97 times), Osaka University (total link strength = 95 times), Fukuoka University (total link strength = 91 times) and John Hopkins University (total link strength = 88 times). Therefore, Seoul National University was more cooperative than the others according to co-authorship analysis.



Author

Figure 6C exhibits the relationship of 629 identified authors (the minimum number of documents of an author is over five) in total link strength using VOSviewer. The top six authors by total link strength were as follows: Goro Motomura (total link strength = 328 times), Takuaki Yamamoto (total link strength = 272 times), Satoshi Ikemura (total link strength = 226 times), Yukihide Iwamoto (total link strength = 272 times), Yasuharu Nakashima (total link strength = 218 times) and Dewei Zhao (total link strength = 186 times). Therefore, Goro Motomura was the most cooperative author according to co-authorship analysis.




Co-Citation Analysis

Co-citation analysis refers to a method presenting the relatedness of items based upon the number of times they are cited together, which is established when two items are both cited in another article. Compared with bibliographic coupling analysis, co-citation analysis can more scientifically highlight the influence of items. Items with higher total link strength indicate that the journals/publications are more influential globally.


Journal

Figure 7A displays the relationship of 841 identified journals (the minimum number of citations of a journal is over twenty) in total link strength using VOSviewer. The top six journals by total link strength were as follows: Clinical Orthopaedics and Related Research (total link strength = 625,944 times), Journal of Bone and Joint Surgery-American Volume (total link strength = 582,344 times), Journal of Bone and Joint Surgery-British Volume (total link strength = 415,827 times), Journal of Arthroplasty (total link strength = 162,360 times), Journal of Pediatric Orthopaedics (total link strength = 125,262 times) and Radiology (total link strength = 114,859 times). Therefore, Clinical Orthopaedics and Related Research was the predominant journal in ONFH globally according to co-citation analysis.




Figure 7 | Co-citation analysis of global publications in ONFH in the last 30 years. (A) Network visualization of the 841 identified journals in ONFH. (B) Network visualization of the 1,184 identified publications in ONFH. In the visualized network, each item is represented by a circle. The size of the circle is determined by the number of publications of the item. The distance between two circles approximately indicates the relatedness of the items. Item color is determined by the cluster to which the item belongs.





Publication

Figure 7B reveals the relationship of 1,184 identified publications (the minimum number of citations of a publication is over twenty) in total link strength using VOSviewer. The top six publications by total link strength were as follows: Mont et al. (22) (total link strength = 10,027 times), Ficat (39) (total link strength = 9,686 times), Steinberg et al. (29) (total link strength = 7,134 times), Harris (40) (total link strength = 6,067 times), Mont et al. (41) (total link strength = 5,983 times) and Mankin (24) (total link strength = 5,523 times). Therefore, Mont et al. was the most influential publication in ONFH globally according to co-citation analysis.




Co-Occurrence Analysis

The co-occurrence network visualization is created by analyzing the number of articles in which keywords occurred together in titles or abstracts. The aim is to determine the hot research directions and topics critical for tracking the development of science (20). As illustrated in Figure 8A, 515 identified keywords (the minimum number of occurrences of a keyword in titles and abstracts is over ten) are classified into five clusters: “Mechanism study”, “Treatment study”, “Complication study”, “Radiological study” and “Etiological study”. In the “Mechanism study” cluster, the most used keywords were nontraumatic osteonecrosis, steroid-induced osteonecrosis of the femoral head, mesenchymal stem cell and apoptosis. For the “Treatment study” cluster, the frequently used keywords were core decompression, follow-up, total hip arthroplasty and replacement. In the “Complication study” cluster, the most used keywords were children, femoral neck fracture, complication and management. For the “Radiological study” cluster, the major keywords were MRI, diagnosis, bone marrow edema and transient osteoporosis. In the “Etiological study” cluster, the main keywords were risk factor, natural history, systemic lupus erythematosus and bone mineral density. Our results suggested that nontraumatic osteonecrosis drew the most attention worldwide, which was consistent with the reality that long-term or excessive GC administration was the main pathogenesis of ONFH. Beyond that, other keywords with higher total link strength were of great significance in their respective fields. These results could provide novel insights into the hot research directions and topics of ONFH, which indicated the promising fields need further attention and high-quality research in the future.




Figure 8 | Co-occurrence analysis of global publications in ONFH in the last 30 years. (A) Network visualization of 515 identified keywords in ONFH. All the keywords are divided into 5 clusters: “Mechanism study”, “Treatment study”, “Complication study”, “Radiological study” and “Etiological study”. (B) Overlay visualization of the 515 identified keywords in ONFH based on the average time they appeared in the publications. The blue keyword appeared earlier, while the yellow keyword appeared later.



The overlay visualization is identical to the network visualization except for the colors of items, highlighting their average appearing time. As presented in Figure 8B, keywords are colored differently depending on the average time they appear in the publications. The blue keywords appeared earlier, while the yellow keywords appeared later. The results of co-occurrence analysis indicated that “Mechanism study” might become the hot spot of future ONFH research, while before 2010, most studies focused on the “Complication study” and “Radiological study”. Furthermore, several cutting-edge keywords related to the pathogenesis of ONFH, including mesenchymal stem cells, apoptosis, oxidative stress, adipogenesis, osteogenic differentiation and endothelial progenitor cells, appeared in the overlay visualization (11, 42–45). Recent studies indicated that GCs played a significant role in the shift between adipogenic and osteogenic differentiation of mesenchymal stem cells via Runx2, TAZ, PPARγ and C/EBP signaling pathways, which was a pivotal pathogenesis of ONFH (46). In addition, oxidative stress is also involved in regulating the adipogenesis and osteogenesis of mesenchymal stem cells to influence the progression of ONFH (46). Endothelial progenitor cells play an essential role in maintaining the normal structure and function of bone vessels, and the impaired angiogenesis, thrombosis and fat embolism caused by abnormal apoptosis and dysfunction of bone endothelial cells are involved in the pathogenesis of ONFH (47). Therefore, these directions deserve more time and funds for more in-depth and comprehensive research in the future. Moreover, our research results are expected to provide some theoretical basis for several countries or funding agencies to make more scientific and reasonable investment plans or talent introduction plans.



Strengths and Limitations

Our study provided novel insight into the global trends and current status of ONFH-related publications by using bibliometric methods. However, there are some limitations to the study that must be acknowledged. First, bibliometric analysis measures the quality of publications mainly by comparing the sum of times cited and average citations per item. However, there is no absolute equivalence between them. In other words, highly cited publications are not equivalent to high scientific quality. Second, considering that WOS is one of the most commonly used databases worldwide and is convenient for bibliometric analysis, we chose WOS as our only database for literature retrieval. Due to the differences in the publications covered by the major databases, including WOS, PubMed, and the Cochrane Library, we may have omitted several publications from the analysis, leading to database bias. Third, we only analyzed publications written in English and excluded non-English publications, which might result in language bias. Moreover, we did not screen the 5,523 publications to ensure that they were relevant to ONFH because we limited the document type to articles or reviews, which might lead to some error in the accuracy of our results. We made this choice because we limited the document type to articles or reviews and excluded books, corrections, letters, meeting abstracts, meeting summaries and retractions in the search terms to avoid retrieving publications irrelevant to ONFH from the WOS database. Finally, the effect of publication time on the sum of times cited was not considered. Several of the latest articles with high quality may not attract our attention because of the low sum of times cited. Therefore, it is also essential to pay attention to the latest publications.




Conclusion

This study identified ONFH-related publications in the last 30 years and presented their global trends and current status. The total publications of ONFH generally increased over time in the last three decades. The United States consistently ranked first in total publications, sum of times cited, average citations per item and H-index. Kyushu University, Osaka University, Hospital for Special Surgery and Duke University were the main contributing institutions to ONFH. Clinical Orthopaedics and Related Research, Journal of Bone and Joint Surgery-American Volume and Journal of Bone and Joint Surgery-British Volume were the major publishing channels for ONFH-related articles. Takuaki Yamamoto and Michael A. Mont were the main contributors to ONFH. Transplantation, engineering, cell and molecular biology, pharmacology and endocrinology have gradually increased and become hot topics in ONFH research. Furthermore, mechanism study in ONFH including mesenchymal stem cells, apoptosis, oxidative stress, adipogenesis, osteogenic differentiation and endothelial progenitor cells, have attracted more attention and will become a hot spot in the future.
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Senile osteoporosis is a chronic skeletal disease, leading to increased bone brittleness and risk of fragile fractures. With the acceleration of population aging, osteoporosis has gradually become one of the most serious and prevalent problems worldwide. Bone formation is highly dependent on the proper osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) in the bone marrow microenvironment, which is generated by the functional relationship among different cell types, including osteoblasts, adipogenic cells, and bone marrow stromal cells in the bone marrow. It is still not clear how osteoporosis is caused by its molecular mechanism. With aging, bone marrow is able to restrain osteogenesis. Discovering the underlying signals that oppose BMSC osteogenic differentiation from the bone marrow microenvironment and identifying the unusual changes in BMSCs with aging is important to elucidate possible mechanisms of senile osteoporosis. We used 3 gene expression profiles (GSE35956, GSE35957, and GSE35959) associated with osteoporosis. And a protein-protein interaction (PPI) network was also built to identify the promising gene CD137. After that, we performed in vivo experiments to verify its function and mechanism. In this experiment, we found that significant bone loss was observed in aged (18-month-old) mice compared with young (6-month-old) mice. The adipose tissue in bone marrow cavity from aged mice reached above 10 times more than young mice. Combining bioinformatics analysis and vivo experiments, we inferred that CD137 might be involved in the p53 and canonical Wnt/β-catenin signaling pathways and thereby influenced bone mass through regulation of marrow adipogenesis. Importantly, osteoporosis can be rescued by blocking CD137 signaling in vivo. Our research will contribute to our understanding not only of the pathogenesis of age-related bone loss but also to the identification of new targets for treating senile osteoporosis.
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Introduction

Nowadays, osteoporosis has become a major public health problem worldwide (1), with more than 200 million people suffering from osteoporosis. Primary osteoporosis can be divided into two major categories: postmenopausal osteoporosis, which stems from estrogen deprivation (2), and senile osteoporosis. In line with population aging, the number of senile osteoporosis will also increase (3). The incidence of senile osteoporosis has shown to increase with advancing age. Senile osteoporosis is a health problem that commonly affects the elderly with an increased risk of hip fracture (4, 5). Its action mechanism is that osteoporosis alters the trabecular microstructure of cancellous bone, which increases the fracture risk. There are two types of bone structure in the skeleton: external cortical bone and internal cancellous bone. The “trabecular” or trabeculae bone is the primary anatomical and functional part of internal cancellous bone. There is a highly porous network of struts and rods in the trabecular bone that houses bone marrow (6). During the elderly bone turnover, bone marrow elements represent the most important factor which influences the microscopic structure of cancellous trabecular bone.

The bone homeostasis of microscopic structure in bone marrow is finely maintained by a harmony of osteogenesis (bone formation) and osteoclastogenesis (bone resorption) (7). In the bone marrow, osteoblasts and osteoclasts are both derived from bone marrow stromal cells (BMSCs) (8). There have been dozens of studies showing that indicate that inhibiting the osteoclast differentiation and promoting the osteogenic differentiation of BMSCs can help delay the development of osteoporosis (9). Because BMSCs exhibit a multipotent differentiation capacity, the relationship between osteogenic and adipogenic lineage differentiation of BMSCs is mutually inhibitory (10). So investigating the mechanisms of promoting osteogenesis and suppressing adipogenic differentiation is critical for senile osteoporosis.

As is well known, BMSCs are unspecialized and multipotential cells related to senile osteoporosis.BMSCs are located in specific microenvironments within the bone marrow, which modulate their proliferation, differentiation, and population (11). The bone marrow microenvironment, a versatile dynamic system with an extraordinarily complex and heterogeneous environment, is generated by the interaction of different types of bone marrow cells via topically produced soluble factors that have an autocrine, paracrine, and endocrine function (11, 12). It plays a critical role for osteogenesis and bone homeostasis in the context of the physiological bone marrow microenvironment. In such a case, BMSCs could inhibit osteoclast and adipocyte differentiation by a series of events. Meanwhile, they could also enhance osteoblast differentiation (13). It is known, however, that the bone marrow microenvironment changes significantly and provides signals that repress osteogenesis with increasing age (14). Finding the signals that inhibit BMSCs osteoblast differentiation and identifying the changes that appear in BMSCs with aging are a crucial step toward elucidating the molecular mechanisms of senile osteoporosis.

As high-throughput screening techniques evolve, RNA microarray analysis is becoming a revolutionary tool for identifying differentially expressed genes (DEGs). Public, large-scale gene expression data sets, such as Gene Expression Omnibus (GEO), have made it possible to identify a wide range of disease biomarkers (15). A number of studies have investigated the molecular mechanisms and hub genes of senile osteoporosis by bioinformatics technology (16). Based on bioinformatics analysis and a previous study (17), we found that the CD137 gene was a crucial gene for senile osteoporosis and was associated with adipogenic-related signaling pathways.

The tumor necrosis factor receptor (TNFR) superfamily member CD137 (also known as 4-1BB or TNFRSF9) was identified as an inducible costimulatory molecule for activated T cells and innate lymphoid cells. There is only one known ligand of CD137 (TNFRSF9), and that is CD137-Ligand (CD137L), which is expressed on macrophages, activated B cells, and dendritic cells. At present, CD137 receptor agonists-targeted therapeutics are rapidly being investigated and developed to promote antitumor T-cell responses in cancer immunotherapy.

Nevertheless, very few studies have looked at CD137 role in the senile osteoporosis, and these researches only examine how CD137 affects osteoclast formation and function. Thus, CD137 was selected for further verification and study. By using vivo experiments in mice, CD137 influenced bone mass through the regulation of marrow adipogenesis. In addition, blocking CD137 signaling could rescue the development of osteoporosis. Researchers hope that our study will contribute to a better understanding of bone loss associated with aging and find out better therapeutic options for senile osteoporosis.



Materials and Methods


Microarray Dataset Selection

The present study selected GSE35956, GSE35957, and GSE35959 gene expression profiling data (18), which were never systemically studied, from the GEO database. Essential information of the included datasets was shown in Table 1. This study wasn’t conducted on human tissue specimens, and 3 sets of microarray data were downloaded from GEO. Due to this, consistent with any current decree in China, the analysis didn’t need associate Institutional ethical review board or Human Research Ethics Committee approval or patient consent.


Table 1 | Basic information of the microarray datasets.





Identification of DEGs

GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r) is a Web-based (WEB) interactive instrument with R (R Core Team, version 3.6.3) and is used to identify DEGs between osteoporotic patient’s bone marrow and nonosteoporotic donor’s bone marrow. Based on the statistical significance threshold of adj. p-value < 0.05 and |log2 fold‐change| > 1, the significant DEGs between groups were screened. Volcano plots were made by using R language and packages ggplot2 in R and Venn diagrams were generated by using the same tool. Next, to help us better understand DEGs, correlation analysis was applied and conducted by using Spearman correlation analysis and visualized by adopting the ggplot2 package. Lastly, the ggplot2 package was employed to create the heatmap.



Analysis of DEGs Concerning GO and KEGG Pathway Enrichment

The Gene Ontology (GO) term analysis consists of three parts: Cell component (CC), biological process (BP), and molecular function (MF), while gene functions and enriched pathways can be analyzed with the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. DEGs enrichment analysis using GO enrichment analysis and KEGG pathway analysis was conducted by the clusterProfiler (19) R package. Afterward, we used the org.Hs.eg.db (version 3.4.0) and GOplot R (version 1.0.2) packages for analysis and visualization of the results by generating cluster plots (20). A GO term analysis and a KEGG pathway analysis were carried out for DEGs (p-value cutoff =0.05, q value cutoff =0.2).



Construction of the Predicted PPI Network and Hub Gene Identification

STRING(https://string-db.org/), a well-known online biological tool for the prediction of Protein-protein interaction (PPI), comprises direct (physical) and indirect (functional) associations (21). With the help of version 11.0 of the PPI database STRING, we identified the DEGs involved in the PPI. In this PPI network, the required interaction score for determining a significant interplay was medium confidence (0.400) as the cut-off criteria. Second, the PPI network was visualization with Cytoscape software (22) (version 3.8.2). Finally, the plug-in cytoHubba was used to find out the hub genes among the screened DEGs. Through the use of cytoHubba, we selected hub genes based on the top 5 nodes ranked by degree.



Animals

A group of male C57BL/6 mice was housed under SPF conditions (SIPPR-BK Laboratory Animal Co.Ltd, Shanghai, China). We obtained approval for all animal operations from the Animal Ethics Committee of Tongji Hospital affiliated with Tongji University School of Medicine.

A total of 10-12 animals were included in each group. Anesthesia was administered with isoflurane, followed by cervical dislocation, before the animals were euthanized. A micro-computed tomography (micro-CT) scan of the right tibia was performed. The left femurs separated from mice were fixed with paraformaldehyde, then frozen sections were performed after decalcification.

Animals received 100 µg/animal per week of neutralization anti-CD137 mAb (BioLegend, San Diego, CA, USA) intraperitoneally in 0.9% saline. In the eighth week, the animals were euthanized for micro-CT and morphometric analysis.



Micro-CT

An ethanol solution of 70% was used for preserving tibiae. A micro-CT scanner (SkyScan 1172; Bruker-micro-CT, Kontich, Belgium) was used to scan the bones. The American Society for Bone and Mineral Research recommended standard nomenclature and guidelines for assessment of bone microstructure (23).

A scan of the cortex was taken at the midpoints of the tibias with an isotropic pixel size of 21 μm and a slice thickness of 21 μm. Using this data, the average cross-sectional area (mm2), bone area (mm2), and cortical bone thickness (Ct.Th) can be calculated. An energy level of 55 kVp, intensity of 145 μA, and a fixed threshold of 220 were used for the scan of the trabecular bones of the proximal tibia. In the secondary spongiosa where the growth plate is 0.6mm proximal and extends 1.5mm distally, we assessed the bone volume fraction and microarchitecture. We made 230 consecutive slices along the growth plate and extended in a distal direction, and we selected 100 contiguous slices for analysis. In this study, the key bone parameter was BV/TV (the ratio of calcified to uncalcified tissue in the selected area of interest), TbN (trabecular number), and TbSp (trabecular bone separation).



Oil Red O Staining

The decalcified and paraffin-embedded fixed tissues were followed by a micro-CT scan. Mounting serial sections of embedded specimens to slides, deparaffinizing and rehydrating them in a graduated manner were performed. After decalcification, frozen sections of the specimens were cut and stained with Oil Red O.



Statistical Analysis

Bioinformatic data analyses were conducted by R statistical software and p-values < 0.05 were regarded to be statistically significant. Student’s t-test was used to calculate statistical significance for two-sample comparisons. SPSS 16.0 was used to perform the ANOVA for multiple comparisons. When ANOVA is used to find significant differences, Tukey’s test is used. The Spearman correlation analysis was used to determine the relationship between CD137 and CD137L levels and trabecular bone volume fraction. The significance level was set at p < 0.05. Selected data were obtained from three independent experiments. Unless otherwise stated, all figures are the mean ± SEM.




Results


Identification of DEGs in CD137

We selected three microarray gene expression datasets (GSE35956, GSE35957, and GSE35959) associated with osteoporosis from the GEO database. By comparing an osteoporotic patient’s bone marrow with that of a nonosteoporotic donor, we performed gene differential analysis. Based on the identification of the microarray results of the GSE35956 datasets, 1664 up-regulated and 267 down-regulated genes were identified in GSE35956. 1788 DEGs were identified in the GSE35957 dataset (827 upregulated, 961 downregulated), while 1683 were identified in the GSE35959 dataset (1315 upregulated, 368 downregulated). The volcano plots of each dataset are depicted for the visualization of DEGs in Figures 1A, C, E. When plotting volcanoes, blue indicates downregulation while red indicates upregulation. And the top 20 up-or down-regulated DEGs were selected for Spearman correlation analysis. Figures lB, D, F showed a heatmap of the correlation analysis between the DEGs. To study the genetic basis of biological processes, studying DEGs has become crucial.




Figure 1 | Identification of DEGs in osteoporosis patients and non-osteoporotic donors. (A–F) Three volcano plots and Heat maps show all the expressed genes from GSE35956, GSE35957 and GSE35959. Blue and red in (A–F) respectively represent the down and up regulated genes. Each column represents a probe, and each row represents a gene. DEGs, differentially expressed genes.





GO and KEGG Enrichment Analysis of DEGs

In this heatmap, blue indicated down-regulation, while red indicated up-regulation. The Venn diagram showed a total of 241 overlapping DEGs in Figure 2A. Then we analyzed overlapping DEGs based on GO and KEGG pathway enrichment. Based on the GO analysis, 241 overlapping DEGs were enriched for 126 BP terms, 41CC terms, and 1 MF term. Under BP terms (Figure 2B), DEGs were primarily enriched in chromosome segregation, nuclear chromosome segregation, and mitotic sister chromatid segregation. For CC terms (Figure 2B), DEGs were primarily enriched in chromosome, centromeric region, chromosomal region, and cyclin-dependent protein kinase holoenzyme complex. It was revealed from Enrichment analysis of MF terms (Figure 2B) that most DEGs were enriched in cyclin-dependent protein serine/threonine kinase regulator activity. The enrichment analysis of KEGG pathways (Figure 2B) included 3 KEGG pathways, and most of the DEGs were enriched significantly in the Cellular senescence, p53 signaling pathway, and Cell cycle. The relationship between DEGs and KEGG pathways was exhibited in Figure 2B. Mechanisms behind senile osteoporosis may be closely related to the enrichment of GO or KEGG.




Figure 2 | (A) An extended range of DEGs were selected from GSE35956, GSE35957 and GSE35959. |log FC| > 1, P value < 0.05. (B). GO and KEGG enrichment analysis of DEGs. (C) PPI network construction and analysis of hub genes. (D) Hub genes were selected according to the top 5 nodes ranked by degree using cyto-Hubba. DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein–protein interaction.





PPI Network Construction and Analysis of Hub Genes

In the PPI network, a total of 241 DEGs were included, which originated from the STRING database. The construction of the PPI network aimed to further understand the interactions of DEGs correlated with osteoporosis risk, consisting of 43 nodes and 218 edges (Figure 2C). The cytoHubba plugin additionally selected the top five genes from the PPI network (Figure 2D) as hub genes, including Assembly Factor for Spindle Microtubules (ASPM), Cyclin A2 (CCNA2), Cyclin B2 (CCNB2), TNF Receptor Superfamily Member 9 (CD137), Discs Large Homolog Associated Protein 5 (DLGAP5). The results of our study agree well with those of the previous study (17). Based on the above findings, we inferred that CD137 might be involved in the p53 and canonical Wnt/β-catenin signaling pathways and thereby influenced bone mass through regulation of marrow adipogenesis.



Bone Loss and Bone Marrow Adipogenic Differentiation in Aged Mice

During the first five to six months of a mouse’s life, they reach their maximum bone mass. Therefore, in the current study, senile mice were 8-18 months of age and 6-month-old mice were used as young mice. We separated the femurs and tibiae and collected them. An analysis of the bone microstructure was performed using micro-CT, and a measurement of the bone marrow adipose tissue volume was performed using Oil red-O staining. Compared with 6-month-old mice, Oil red O staining results showed that the adipose tissue of the medullary cavity of the femur in 18-month-old mice was significantly increased (Figure 3A). Morphometric data showed that the volume of adipose tissue in the femur intra-bone marrow increased more than 10 times in 18-month-old mice compared with 6-month-old mice (Figure 3B). Comparing 18-month-old mice with 6-month-old mice, there was a significant decrease in BV/TV, a decrease in Tb. N, and an increase in Tb.S in the proximal tibiae (Figure 3C). The same pattern was also seen in micro-CT 3D reconstruction images of the trabecular bone (Figure 3D). It has been shown that p53 Wnt/β-catenin signaling pathways can contribute to adipogenic differentiation of senile osteoporosis.




Figure 3 | Bone loss and bone marrow adipogenic differentiation in aged mice. (A) Oil red-O stain of the medullary cavity of femur for intra-bone marrow in mice. (B) A morphometric analysis in the volume of bone marrow adipose tissue (BMAT). (C) Bone volume fraction (BV/TV), trabecular bone number (Tb.N) and trabecular bone space (Tb.Sp) of the proximal tibia from 6- and 18-month-old mice were determined by micro-CT. (D) Representative 3D reconstruction images of the proximal tibia Tb. All the data were obtained from three independent experiments. Data are shown as the means ± SEMs. **p < 0.01, ***p < 0.001, 18 mo vs. 6 mo.





Alleviation of Trabecular Bone Loss and Inhibition of Bone Marrow Adipogenic Differentiation in Aged Mice via Blocking of CD137 Signaling In Vivo

Weekly injections of neutralization antibody against CD137 were given intraperitoneally to sixteen-month-old mice (Figure 4A). Control recordings were made prior to the injection.The animals were euthanized after eight weeks to perform micro-CT scanning and Oil red O staining. There was no obvious difference between 16-month-old mice and 18-month-old mice on the basis of the Oil red O staining.Compared with IgG control, Oil red O staining results showed that the adipose tissue of the medullary cavity of the femur in mice administered neutralization antibody against CD137 was significantly decreased (Figure 4B). By morphometric analysis, we found a 30% decrease in adipose tissue volume in femur intra-bone marrows of mice that received neutralization antibodies against CD137 compared with mice that received IgG control antibodies (Figure 4C). In comparison with mice treated with IgG, neutralization antibodies against CD137 significantly increased BV/TV, a markedly increased Tb. N, and a marginally decreased Tb.Sp in the tibia (Figure 4D). Three-dimensional reconstruction images of micro-CT also showed the same pattern (Figure 4E). The results of these studies strongly suggest that the CD137 is important in the regulation of adipogenic capacity in senile osteoporosis.




Figure 4 | Alleviatation of trabecular bone loss and inhibition of bone marrow adipogenic differentiation in aged mice via blocking of CD137 signaling in vivo. (A) The 16-month-old C57BL/6 mice were intraperitoneally injected with neutralization antibody against CD137 once a week for 8 weeks. (B) Oil red-O stain of the medullary cavity of femur for intra-bone marrow in mice. (C) A morphometric analysis in the volume of bone marrow adipose tissue. (D) BV/TV, Tb.N, and Tb.Sp of the proximal tibia from 18-month-old mice with and without neutralization antibody against 4-1BB were determined by micro-CT. (E) Representative 3D reconstruction images of the proximal tibia Tb. All the data were obtained from three independent experiments. Data are shown as the means ± SEMs. *p < 0.05.






Discussion

Osteoporosis is a kind of systemic metabolic disease that is characterized by reduced degeneration of bone density, loss of bone mass, and degradation of bone microstructure (24). In the next decade, increasing numbers of people will suffer from osteoporosis (25). Osteoporosis is one of the most common chronic diseases which is accompanied by bone fragility, bone pain, and fracture (26). It has been considered as a serious worldwide health problem.

Molecular pathways and genes interact to cause senile osteoporosis, which is a complicated, multifactorial disease (27, 28). In the present study,241 DEGs were analyzed and screened from 3 gene expression profiles (GSE35956, GSE35957, and GSE35959) containing osteoporosis and normal tissue samples. Then, GO and KEGG analyses of DEGs were performed to understand the potential underlying pathways associated with osteoporosis. Cell component enrichment analysis showed that the DEGs significantly enriched in chromosome. The enrichment of GO assays is also in line with the literature (29). Based on the results of the KEGG pathway analysis, the Cellular senescence, p53 signaling pathway, and Cell cycle were significantly enriched pathway term. Osteoporosis were associated with cellular senescence in the current study, as predicted by the KEGG analysis. Previous studies have shown similar results (30). Cell cycle pathway also play an important role in osteoporosis progression (31). The p53 signaling pathway, in particular, appear to be more complex than initially anticipated.Previous studies showed that the p53 signal favored adipogenesis and lost osteogenic ability by the Wnt/ß-catenin signaling pathway (32). This supports our initial hypothesis. In order to explore the specific molecular mechanism, we constructed a PPI network and screened CD137, DLGAP5, ASPM, CCNA2 and CCNB2 as hub genes. Importantly, we found that these hub genes had been reported in previous studies. For example, CCNB2 as hub nodes plays an essential role in regulating bone remodeling of osteoporosis (33). CCNA2 also has important roles in initiating osteogenesis, adipogenesis, and chondrogenesis (34). In particular, CD137 not only has a high degree score in the PPI network but also are closely related to osteoclasts based on Feng’s study (35). CD137L and CD137 expressed on BMSCs promote the osteogenic differentiation through p53 Wnt/β-catenin signaling.What is more, we speculated that CD137 expression was up-regulated in BMSCs isolated of aged mice, affecting the osteogenic differentiation of BMSCs by the p53 Wnt/β-catenin pathway. Therefore, we eventually selected CD137 from potential hub genes to further develop this hypothesis. In rodent models of osteoporosis, decreased bone mineral density is closely correlated with bone marrow adipocytes’ accretion in the femur. What is more, the blockade of CD137 proved able to radically reverse age-related osteoporosis in vivo. These findings were consistent with our bioinformatics analysis researches.

Senescent cells accumulate with age and secrete senescence-associated molecules into the bone marrow microenvironment (36). Promoting adipogenic differentiation of BMSCs by these molecules was shown to inhibit osteogenic differentiation, which is responsible for the majority of osteoporotic bone loss (37). CD137 as one of the members of TNFRSF exists both as a membrane-bound and as a soluble cytosolic molecule. CD137’s ligand (CD137L) is a transmembrane polypeptide of the TNF ligand superfamily and exists in either a membrane-bound or a soluble form. CD137L is expressed on the surface of hematopoietic progenitor cells. The soluble form of CD137/CD137L seems to be produced by differential splicing. CD137 is an intracellular costimulatory receptor expressed by natural killer cells, T cells, and dendritic cells (26). Through reverse signaling, a combination of the two stimulates the activity of hematopoietic progenitor cells promoting their myeloid differentiation during aging functionally (26). Currently, osteoporosis is diagnosed based on the corresponding clinical symptoms and doctors’ experiences, mainly by following the radiographic changes in bone (38). However, clinical signs and symptoms are usually absent in the early stages of the disease. So, it has been proposed that biochemical markers involved in increased bone turnover can serve as potential indicators of the degree of bone loss. So, osteoporosis can be treated by monitoring bone turnover markers. Our study based on bioinformatics analysis found that the measurement of CD137/CD137L might provide a biomarker for identifying osteoporosis early and guiding osteoporosis treatment.

For interpretation of CD137 effects, it is important to understand its mechanism of action. According to bioinformatics analyses, CD137 plays a critical role in the p53 Wnt/β-catenin pathway that controls adipogenic differentiation. We tested this hypothesis by measuring the amount of trabecular bone loss in aged mice. As a result of the in vivo results, we have determined that young mice have a higher osteogenic differentiation potential than old mice by microarchitectural changes in trabecular bone. There also was a significant increase in adipogenic differentiation of aged mice compared with the control group. We find this interesting and in line with our previous work and hypothesis. Further experiments were conducted in vivo to validate the CD137 function. To block CD137 in BMSCs following CD137 signaling activation by CD137L, CD137 neutralizing antibody was employed. We found that CD137 enhanced osteogenic differentiation potential by inhibiting adipogenic differentiation in18-month-old mice. Combined with previous studies, CD137 might be a central factor in the impaired osteogenesis of aged mice. Trabecular bone loss in aged mice could be prevented by the CD137 antibody. In the past and present, there have been many efforts to treat inflammatory diseases with TNF-blocking antibodies such as adalimumab, etanercept, and golimumab (39). This study is the first of its kind to show that the CD137 antibody could alleviate trabecular bone loss by suppressing adipogenic differentiation.

As a result of the present study, several major conclusions have been drawn. CD137 is the hub gene for osteoporosis based on the bioinformatics analysis. What’s more, we speculated that CD137 inhibited osteogenic differentiation by promoting adipogenic differentiation of BMSCs via the p53 Wnt/β-catenin pathway (Figure 5). Despite Oil red-O stain evidence, some of the specific mechanisms are still unclear and more research is required. Next, a further confirmation of the above conclusion can be found in the in vivo experiments by CD137 neutralization which could prevent trabecular bone loss in aged mice through suppression of adipogenic differentiation. However, it remains unclear the specific role CD137 deficiency plays in the p53 Wnt/β-catenin pathway. This mechanism needs to be verified in vitro through further experiments. Our research will contribute to our understanding not only of the pathogenesis of age-related bone loss but also to the identification of new targets for treating senile osteoporosis.




Figure 5 | Diagram of the possible mechanism of bone loss via the CD137-p53 Wnt/β-catenin signaling pathways in aged mice. When CD137L binds to CD137 on BMSCs from aged mice, CD137 signaling is activated so that p53 Wnt/β-catenin signaling pathway is activated, then promotes the BMSC adipogenic differentiation potential of aged mice.
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Study Design

Retrospective radiological analysis.



Objective

To assess bone mineral mass distribution within cervical vertebrae based on Hounsfield unit (HU) measurement, and explore its correlation with intervertebral disc degeneration.



Method

Three hundred and twenty-four patients with degenerative cervical spine disease were retrospectively reviewed and divided into six groups according to age. HU measurement of the whole vertebrae from C3 through C7 was obtained, then HU measurement within upper and lower part of the vertebrae on sagittal plane were obtained from C3 through C7. Disc degeneration on MRI was graded from I to V using the Pfirrmann classification.



Results

There was a significant difference in the HU value from C3 to C7 among Group II to Group VI, the HU value presented consistently decreasing trend from young patients to old patients. In C6 and C7 vertebrae, there were significant differences in HU values between upper and lower parts of the vertebrae. More importantly. In all groups, HU values were highest in the upper part of the C4 vertebrae and then gradually decreased towards C3 and C7. HU value of both upper and lower vertebrae presented decreasing trend along with the aggravation of the disc degeneration.



Conclusion

HU values are not typically consistent throughout all levels of the cervical spine and the distribution within the vertebrae is not homogeneous. Decreased vertebral BMD and vertebral osteoporosis may trigger or exacerbate the adjacent intervertebral disc degeneration.





Keywords: Hounsfield unit, bone mineral density distribution, intervertebral disc degeneration, cervical vertebrae, osteoporosis



Introduction

Osteoporosis is a systemic bone disease caused by a decrease in bone density and quality, destruction of bone microstructure and increased bone fragility, which puts patients at increased risk of fracture. It is most common in the elderly and postmenopausal women. The bone mineral density(BMD) of cancellous bone is more susceptible to osteoporosis than that of cortical bone (1). Low BMD increases the difficulty of spinal surgery and increases the incidence of complications because the pullout strength of pedicle screws is highly correlated with BMD (1–3).

Dual-energy X-ray absorptiometry (DEXA) is the most commonly used method to determine BMD, and the World Health Organization (WHO) defines a T-scores of less than -2.5 as the gold standard for the diagnosis of osteoporosis. However, DEXA has limitations in assessing the condition of the vertebrae. It cannot distinguish between cortical and cancellous bone, and it also affected by vertebral osteophytes and calcifications that occur in the surrounding vascular wall. This may bias the assessment of localised BMD of the vertebrae in the elderly (4–6). Therefore, it is clinically important to accurately determine the BMD of the vertebral body, especially in cancellous bone. The Hounsfield Unit (HU) is a density metric on computed tomography (CT). Previous studies have shown that the HU values of vertebrae obtained on CT can be representative of the BMD of the vertebral body (5–11). It has the advantage that the average HU value of the vertebral region of interest can be measured in CT, which can improve the accuracy of the measurement. Therefore, CT can be used as a simple and effective way to evaluate BMD of the spine. What’s more, a correlation between vertebrae BMD and degenerative diseases of lumbar spine has been established (12). Whether the same is true in the cervical spine is not known.

The objectives of this study were: firstly, to explore the characteristics of cancellous BMD distribution in cervical vertebrae based on HU measurements; and secondly, to investigate the correlation between BMD in cervical vertebrae and adjacent intervertebral disc degeneration.



Methods


Patients

Inclusion criteria: 1. Degenerative cervical spine disease patients. 2. Full cervical spine Postero-Anterior (P/A) X-ray, cervical CT was available for HU measurement, cervical MRI was available for disc degeneration evaluation. 3. Age between 21 and 80 years old. Exclusion criteria: 1. Ossification of the posterior longitudinal ligament, spondylolisthesis, spinyal deformity, developmental spinal stenosis, tuberculosis, tumors, fractures, inflammation. 2. Coronal and sagittal imbalance, previous cervical surgery. 3. Addiction to alcohol and tobacco (smoking more than 2 cigarettes/day, drinking more than 50 mL/day).

By retrieving the medical records from January 2017 to December 2020 in our hospital, 324 patients who met both the inclusion and exclusion criteria were retrospectively reviewed, they were divided into six groups according to age: Group I(21-30 years old), Group II (31-40 years old), Group III (41-50 years old), Group IV (51-60 years old), Group V (61-70 years old), Group VI (71-80 years old).



Data Collection and Assessment

Patient demographics including age and gender were recorded. All radiographic parameters were measured by two independent observers (first and second author). The C2–C7 Cobb angle was defined as the angle between the C2 inferior endplate and the C7 superior endplate.

The HU measurement for each vertebra was obtained by using a protocol described similar to Schreiber on CT examination (11). All subjects were scanned with a 64 slice multi-detector CT scanner (Siemens Sensation 64, Erlangen, Germany) according to the following parameters:slice thickness 1.5 mm, distance 1.5 mm, tube voltage 120 kV. Two-dimensional reconstructions were obtained in the sagittal plane. HU measurements were obtained from PACS (Picture Archiving and Communication Systems) Imaging System for C3 to C7. The region of interest for whole vertebraes were measured on Mid-sagittal images of the vertebrae, the largest possible elliptical region of interest was drawn, excluding the cortical margins to prevent volume averaging. Then HU measurement within the different region on mid-sagittal images of the vertebrae were obtained separately from C3 through C7: immediately inferior to the upper endplate (upper 1/2 part),and superior to the lower endplate (lower 1/2 part). Basivertebral vein foramen should not be included in the measurement of the whole vertebrae and different region of the vertebrae (Figure 1).




Figure 1 | Computed tomography scan illustrating the method of determining the HU value with use of an elliptical region of interest.



Disc degeneration on MRI was rated from grade I to V by using the Pfirrmann classification. Grade I: the structure of the disc is homogeneous, with bright hyperintense white signal intensity and normal disc height. Grade II: the structure of the disc is inhomogeneous, with the hyperintense white signal. Grade III: the structure of the disc is inhomogeneous, with an intermittent gray signal intensity. Grade IV: the structure of the disc is inhomogeneous, with a hypointense dark gray signal intensity. Grade V: the structure of the disc is inhomogeneous, with a hypointense black signal intensity. If the two independent observers presented different Pfirrmann Grade evaluation in the same disc, then the third author was invited to make the final decision (Figure 2).




Figure 2 | Cervical disc rating on MRI by using the Pfirrmann classification from grade I to grade V.





Statistical Analysis

Data were analyzed using Statistical Product and Service Solutions software (version 26; SPSS, Chicago, IL). Continuous variables were recorded as mean ± standard deviation, and categorical variables were expressed as frequency or percentages. Analysis of Variance (ANOVA) was used to compare the HU value among multi-subgroups. The rank sum test is used to compare samples with uneven variances. Paired samples t-test was used to compare the intravertebrae HU values. The association between the Pfirrmann grade of the disc and the HU values of the adjacent vertebrae were assessed using Spearman’s correlation coefficient. The statistical significance was set at p < 0.05.




Results


Characteristics of the Subjects

A total of 324 patients were included in this research, of whom 162 (50%) were male and 162 (50%) were female, with an average of 53.3 ± 12.7 years old. The minimum age 26 years old and the maximum age 79 years old. The C2–C7 Cobb angle was statistically different among subgroups(F=10.229 P<0.01), it presented consistently increasing trend from young (21-30 years old) subgroup to old (71-80 years old) subgroup (Table 1).


Table 1 | Comparison of general data and Cobb among the six different age subgroups.





HU Value Within the Cervical Vertebrae Among Six Different Age Subgroups

There was a significant difference in the HU value from C3 to C7 among Group II to Group VI, the HU value presented consistently decreasing trend from Group I to Group V (Table 2).


Table 2 | HU value of cervical vertebrae from C3 to C7 in all of the six different age subgroups.



A two-by-two comparison between the individual vertebrae of the different subgroups showed statistically significant differences between Group I-III and Group IV-VI, but no statistically significant differences between the individual vertebrae of Group V and Group VI (Table 3).


Table 3 | P values for comparison of HU values of respective vertebrae among different subgroups.



From C3 to C5, there were no significant differences in HU values between the upper and lower parts of the vertebrae. However, there were significant differences in HU values between the upper and lower parts of the vertebrae in C6 and C7 vertebrae, respectively (Table 4). More importantly. In all groups, HU values were highest in the upper part of the C4 vertebrae and then gradually decreased towards C3 and C7. (Figure 3)


Table 4 | HU value distribution within cervical vertebrae from C3 to C7.






Figure 3 | Outline of mean HU values of vertebrae from upper part of C3 to lower part of C7 in different subgroups.





Correlation of Cervical Vertebrae HU Value With the Intervertebral Disc Degeneration

Among the 1296 discs in the 324 patients, 1 disc was classified as Pfirrmann Grade I, 7 discs were classified as Pfirrmann Grade II, 524 discs were classified as Pfirrmann Grade III, 576 discs were classified as Pfirrmann Grade IV, 188 discs were classified as Pfirrmann Grade V. The HU value of both the upper vertebrae and lower vertebrae of the disc presented consistently decreasing trend along with the aggravation of the disc degeneration. (Table 5)


Table 5 | Comparison of vertebrae HU value adjacent to discs of different Pfirrmann Grade. (* means significant difference was detected when compared to Grade II, & means significant difference was detected when compared to Grade III, # means significant difference was detected when compared to Grade IV).



When compared according to the different disc segments, the HU value of both the upper vertebrae and lower vertebrae of the disc still presented consistently decreasing trend along with the aggravation of the disc degeneration (Figures 4, 5).




Figure 4 | Outline of mean HU values of the upper vertebrae of different discs.






Figure 5 | Outline of mean HU values of the lower vertebrae of different discs.



Correlation analysis between different disc Pfirrmann grades and HU values of adjacent vertebrae demonstrated that there was a negative correlation between disc degeneration grades and HU values of adjacent vertebrae, p < 0.01 (Table 6).


Table 6 | Correlation between different disc Pfirrmann grades and HU values of adjacent vertebrae.






Discussion


The Effect of Age on HU Values of Cervical Vertebrae

With the ageing of the body, the functions of all the organs in the body deteriorate. The same trend applies to the skeletal system. Studies have shown that human cancellous bone loss with age begins in early adulthood (13). In our study, we stratified our patients by age and also confirmed that the HU values of the cancellous bone of the cervical vertebrae declined progressively with age. We consider that there may be several reasons for this. Firstly, older people tend to spend less time outdoors compared to younger people, which may affect calcium metabolism. Secondly, the dynamic balance between osteoblasts and osteoclasts may change with age, especially in postmenopausal women, leading to a decrease in cancellous bone density. In addition, both previous studies and our data suggest that the Cobb of the cervical spine gradually increases with age (14, 15), which can produce changes in cervical force lines that may affect the BMD of the cervical vertebrae.

The mean HU of Group VI was greater than that of Group V, but statistical analysis showed no significant difference between the two groups. We believe that the reason for this phenomenon may be that the decline in HU values reaches a cutoff value with increasing age. In addition, the sample size was small, thus creating a selection bias.



Characteristics of the Distribution of HU Values in the Cervical Vertebrae

Previously, Ordway NR et al. (16) proved that there were no significant differences in HU values from C3 to C7 in eight cadavers. Anderst WJ et al. (17) studied 10 patients with cervical radiculopathy and 12 asymptomatic controls (aged 35-61) and found that C5 had the highest HU values in C3-C7. Zhang Y et al. (18) reported a cohort of 598 healthy adults between the ages of 20 and 64 years, with gradual decrease in HU values from C2 to C7, except for C3. Salzmann SN et al. (19) reported a cohort of 194 patients underwent ACDF with a mean age of 55.9, the mean HU value within C1 was 253.3, C2 was 276.6, C3 was 272.2, C4 was 283.5, C5 was 265.1, C6 was 235.3, C7 was 216.8, T1 was 184.4. In our study, we measured HU values from C3 to C7 vertebrae and found that C4 had the highest HU values among all subgroups, with a gradual decrease toward C3 and C7. We consider there are three possible explanations for the inconsistent results of these studies. First, the sample size may have had an impact on the final results. There were only 8 members in our Group I. Although the measured HU values were the highest in C4, the statistical differences between vertebrae were not significant. Similarly, the sample size in the study by Ordway NR et al. was 8 (16). Second, both the selection of the region of interest and the measurement methods were different. We measured the HU values of cancellous bone within the vertebral body, whereas Anderst WJ et al. divided the entire cervical vertebrae into 11 regions for measurement and calculated their mean values (17). In addition, ethnic may also be a reason. Salzmann SN et al. (19) had 91.2% Caucasian in their study, while Zhang Y et al. (18) and our study individuals were all Chinese.

To our knowledge, this study reveal the BMD characteristics of the cervical spine by separating the upper and lower parts of the vertebrae firstly. We found that in the cervical spine, the HU values within the vertebrae was not uniform, in particular, the differences were statistically significant between upper and lower parts of C6 and C7. In all our subgroups, the highest point of HU values was in the upper part of C4 and gradually decreased toward the upper part of C3 and the lower part of C7 (except for Group I, probably because of its small sample size). We consider two possible explanations for this feature. Firstly, the direction of force on each cervical vertebra is not vertically downward due to the presence of cervical lordosis. According to Wolff’s law, we know that the structure of the bone is affected by the direction of mechanical stimulation. In the sagittal position of the cervical spine, C4 tends to be located at the apex of the cervical lordosis, which is also the site of stress concentration. Therefore, the highest HU values are found in the C4 vertebrae. Secondly, the volume of the cervical vertebrae gradually increases from C3 to C7. Therefore, the pressure per unit volume is different in different vertebrae. In particularly, the C6 and C7 vertebrae are significantly larger and have a larger cross-sectional area (20). Therefore, the BMD of the C6 and C7 vertebrae is lower than that of the vertebrae above.



Correlation of Cervical Vertebrae HU Value With the Intervertebral Disc Degeneration

Anatomically, the vertebrae and intervertebral discs combine into bundles to form the motor segments of the spine. Mechanically and biologically, they are closely linked and are considered to be a functional unit (21–23). The vertebral endplate is a thin layer of cartilage structure between the vertebrae and the intervertebral disc, which plays an important role in the nutrient supply and stress transmission to the disc (24). Intervertebral disc degeneration and osteoporosis are the most common degenerative diseases of the spine, and the two structural degenerative processes often occur together. However, the detailed relationship between them is not clear. Disc degeneration is the weakening of disc structure and function due to various causes, such as genetics, aging, malnutrition, trauma, high loading, etc (25). Previous studies have shown that inadequate nutrient supply to intervertebral disc cells is a major event in the initiation and progression of disc degeneration (26). The intervertebral disc is the largest non-vascular structure in the body, and the material exchange of the disc depends mainly on the nutrient pathways of the upper and lower endplates, and damage to the endplate nutrient pathways will cause disc degeneration (27–29). Therefore, the integrity of the endplate, which serves as a bridge between the vertebral body and the disc, may be a key factor in disc degeneration.

Osteoporosis can cause endplate thinning and microfractures, which will affect the healing of the injured endplate, further reducing the vascularity near the degenerating endplate and increasing endplate calcification. The increased endplate calcification and decreased vascularity will affect the material exchange of the intervertebral disc, further promoting disc degeneration (28, 30). In addition, endplate fracture produces abnormal stress distribution in the adjacent disc, increasing the risk of internal damage and degeneration (22). In the current study, the grade of cervical discs degeneration were negatively correlated with the HU values of the adjacent vertebrae, and the HU values of the vertebrae above and below the disc showed a tendency of decrease with the aggravation of the disc degeneration. This result suggests that reduced vertebral BMD and vertebral osteoporosis may trigger or exacerbate adjacent disc degeneration. Another feature of this study is the first demonstration that cervical disc degeneration is strongly correlated with vertebral BMD based on HU value measurements, which is superior to DEXA scans in determining osteoporosis.

Interestingly, cervical disc herniation occurs most frequently in C45 and C56, whereas our study showed a progressive decrease in HU values in C4-C7 vertebrae. This is because we considered the cervical spine as a whole and considered the effect of gravity. In contrast, the C45 and C56 discs were also subjected to lateral shear forces, which did not conflict with our results. When each disc was analyzed separately, the HU values of the upper and lower vertebrae of the disc remained on a decreasing trend with increasing disc degeneration (Figures 4, 5).




Limitations

There are some limitations to the current study. Firstly, we collected data on patients with degenerative cervical spine disease requiring hospitalization, and further investigation is needed to examine whether the same trend exists in the normal population. Secondly, the samples collected in our study were all Asian, and whether the results are the same for samples from other ethnic groups requires further investigation.



Conclusions

HU values are not typically consistent throughout all levels of the cervical spine and the distribution within the vertebral body is not homogeneous. Decreased vertebral bone mass and vertebral osteoporosis may trigger or exacerbate the adjacent intervertebral disc degeneration.
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Background

Osteoporosis often occurs with carotid atherosclerosis and causes contradictory calcification across tissue in the same patient, which is called the “calcification paradox”. Circulating monocytes may be responsible for this unbalanced ectopic calcification. Here, we aimed to show how CD14+ monocytes contribute to the pathophysiology of coexisting postmenopausal osteoporosis and carotid atherosclerosis.



Methods

We comprehensively analyzed osteoporosis data from the mRNA array dataset GSE56814 and the scRNA-seq dataset GSM4423510. Carotid atherosclerosis data were obtained from the GSE23746 mRNA dataset and GSM4705591 scRNA-seq dataset. First, osteoblast and vascular SMC lineages were annotated based on their functional expression using gene set enrichment analysis and AUCell scoring. Next, pseudotime analysis was applied to draw their differentiated trajectory and identify the key gene expression changes in crossroads. Then, ligand–receptor interactions between CD14+ monocytes and osteoblast and vascular smooth muscle cell (SMC) lineages were annotated with iTALK. Finally, we selected calcification paradox-related expression in circulating monocytes with LASSO analysis.



Results

First, we found a large proportion of delayed premature osteoblasts in osteoporosis and osteogenic SMCs in atherosclerosis. Second, CD14+ monocytes interacted with the intermediate cells of the premature osteoblast and osteogenic SMC lineage by delivering TGFB1 and TNFSF10. This interaction served as a trigger activating the transcription factors (TF) SP1 and NFKB1 to upregulate the inflammatory response and cell senescence and led to a retarded premature state in the osteoblast lineage and osteogenic transition in the SMC lineage. Then, 76.49% of common monocyte markers were upregulated in the circulating monocytes between the two diseases, which were related to chemotaxis and inflammatory responses. Finally, we identified 7 calcification paradox-related genes on circulating monocytes, which were upregulated in aging cells and downregulated in DNA repair cells, indicating that the aging monocytes contributed to the development of the two diseases.



Conclusions

Our work provides a perspective for understanding the triggering roles of CD14+ monocytes in the development of the calcification paradox in osteoporosis- and atherosclerosis-related cells based on combined scRNA and mRNA data. This study provided us with an elucidation of the mechanisms underlying the calcification paradox and could help in developing preventive and therapeutic strategies.





Keywords: CD14+ monocyte, calcification paradox, osteoporosis, carotid atherosclerosis, single cell sequence



Introduction

With the aging of the population, osteoporosis and carotid atherosclerosis have become common degenerative problems affecting people’s health and undermining quality of life (1, 2). Clinical observations show that osteoporosis often occurs with carotid atherosclerosis in the same patient, especially in postmenopausal women, causing reduced osteogenic bone mass and excessive calcification in blood vessels, which is called the “calcification paradox” (3). Recent studies have shown that the cytologic basis of the development of the calcification paradox of osteoporosis and atherosclerosis is generally unbalanced calcification across tissues, in which osteogenesis of the bone marrow osteoblast lineage is suppressed when the vascular intima suffers from excessive calcification due to an osteogenic phenotype of vascular smooth muscle cells (SMCs) (4, 5).

In recent decades, substantial evidence has shown that the calcification paradox involves multiple biological factors in the bone-vascular axis, including hormones, cytokines, ectoenzymes, inflammatory factors and exosomes (6, 7). A chronic inflammatory state contributes to the pathogenesis of both osteoporosis and atherosclerosis, in which circulating monocytes may act as a common trigger and cause unbalanced ectopic calcification (8–10). It remains unclear whether monocytes serve as a common trigger disturbing the cell state transition in the osteoblast and vascular SMC lineages, and the mechanism underlying unbalanced cross-tissue calcification has not yet been reported. In light of recent advancements, single-cell sequencing technology has enabled a comprehensive understanding of the roles of monocytes within environments related to the calcification paradox, namely, the bone marrow and blood vessels, at single-cell resolution (11, 12). Here, we aimed to elucidate the role of monocytes in the dysregulated differentiation of cells of the osteoblast lineage in osteoporosis and vascular SMC lineage in vascular calcification based on a combination of single-cell data and mRNA data.

In this study, we integrated the scRNA and mRNA data of postmenopausal patients with osteoporosis and carotid atherosclerosis. First, we elucidated the landscape of the bone environment in osteoporosis and the vascular environment in atherosclerosis based on scRNA data. Then, we undertook a more thorough analysis of the osteoblastic lineage in the osteoporotic environment and the vascular SMC lineage in the atherosclerotic environment. On the one hand, we revealed the pseudotime trajectory of cell state transitions for the osteoblast and vascular SMC lineages. We also explored the internal and external factors driving the cell state transition at the pseudotime trajectory crossroads. Next, we explored the underlying cellular interaction between the osteoblast and vascular SMC lineages in the calcification paradox environment, especially the role of CD14+ monocytes. Finally, we compared the scRNA markers of monocytes with the mRNA expression patterns of circulating monocytes in osteoporosis and carotid atherosclerosis. We identified calcification paradox-related markers and established a calcification paradox-related risk scoring model based on the circulating monocyte expression profile. The workflow used in our study is summarized in Figure 1.




Figure 1 | Design of the experiment and workflow of this study.





Material and Methods


Single-Cell Sequencing Data Sources

The single-cell data in our study were obtained from the Gene Expression Omnibus (GEO) database, and the data sources are summarized in Table 1. We obtained osteoporosis scRNA transcriptome sequencing data from GSM4423510 (https://ftp.ncbi.nlm.nih.gov/geo/samples/GSM4423nnn/GSM4423510/) (12, 13), which was derived from a bone marrow biopsy from a 67-year-old postmenopausal osteoporotic patient. CD271+ bone marrow-derived mononuclear cells (BM-MNCs) were extracted from the tissue and sequenced on an Illumina NovaSeq 6000 system. Carotid atherosclerosis scRNA transcriptome sequencing data were obtained from GSM4705591 (https://ftp.ncbi.nlm.nih.gov/geo/samples/GSM4705nnn/GSM4705591/) (11, 14), which was derived from the carotid artery obtained from an endarterectomy of a 76-year-old postmenopausal patient with carotid atherosclerosis. Single cells were digested from atherosclerotic plaques of carotid arteries and sequenced on an Illumina NovaSeq 6000 system.


Table 1 | Data sources.





scRNA-seq Data Processing and Cell Annotation

The osteoporosis and carotid atherosclerosis scRNA-seq data were processed with the Seurat package in two separate pipelines (15). First, low-quality cells were excluded based on the types of genes detected, total number of detected genes, and percentage of mitochondrial genes. Second, the eligible data were normalized with the LogNormalize method, and 5000 hypervariable gene features were selected using the variance-stabilizing transformation (VST) method. Then, the single-cell expression profiles were scaled, and batch effects were removed. Next, principal component analysis (PCA) with 50 presumptive principal components (PCs) was applied, and a curve of the cumulative percent of variation was generated to obtain the final number of PCs. Finally, the profile was subjected to uniform manifold approximation and projection (UMAP) analysis and dimension reduction with a resolution of 1.0. We obtained markers of different clusters using the FindAllMarkers function with an adjusted p value (with the Benjamin & Hochberg method) threshold of 0.05 and log fold change (logFC) threshold of 0.25. Cell types of different clusters were annotated based on known cell markers.



Differentiation Trajectory Analysis of Osteoblast and Vascular SMC Lineages

The differentiation trajectories of the osteoblast lineage in osteoporosis and the vascular SMC lineage in carotid atherosclerosis were evaluated with gene expression patterns and pseudotime analysis. For the gene expression pattern analysis, we used the AUCell score to assess the expressed gene sets of osteoblast lineage and vascular SMC lineage to infer the cell state and the transition order (16). Based on the inferred cell state, we used the Monocle2 package to calculate cell state transition and pseudotime orders among different clusters (17). First, we filtered out genes used for clustering cells along the pseudotime trajectory. We computed the mean-variance relationship for each expressed gene among different cell clusters, and the following gene fitting criteria were included in the candidate list: (1) average expression ≥ 0.5 and (2) dispersion empirical ≥ 1*dispersion fit. The differentialGeneTest function was utilized to select the genes significantly altered along pseudotime order, with a q value threshold of 0.0001. Then, we performed dimension reduction using the discriminative dimensionality reduction with trees (DDRTree) method and ordered cells along the pseudotime trajectory. Next, we further investigated abnormal branch points for the osteoblast lineage and vascular SMC lineage. Generally, an abnormal branch point refers to a branch point of delayed osteoblastic differentiation in the osteoblast lineage and a branch point of osteogenic differentiation in the vascular SMC lineage. Branch-dependent expression was identified via branched expression analysis modeling (BEAM) with a q value threshold of 0.0001. Finally, we focused on the bifurcations of gene expression along the branches. Gene set enrichment analysis and transcriptional regulator analysis were performed with Metascape analysis (18).



Ligand–Receptor Interactions Between Osteoblast Lineage and Vascular SMC Lineage and the Calcification Paradox Environment

The abnormal differentiation of osteoblast lineage and vascular SMC lineage is closely associated with the calcification paradox environment. We performed ligand–receptor (LR) interaction analysis to investigate the interaction between the osteoblast lineage and vascular SMC lineage in the calcification paradox environment using the iTALK package (19). Expressed genes were selected for LR interaction analysis according to the following criteria: (1) the top 20 highly expressed genes and (2) marker genes in corresponding clusters. Then, we selected the LR interactions that were biologically relevant to the calcification environment.



Identification of Calcification Paradox-Related Markers in Circulating Monocytes and Construction of a Calcification Paradox-Related Risk Scoring Model Based on Circulating Monocytes

The mRNA data in this section are summarized in Table 1. We obtained osteoporosis mRNA transcriptome array data from GSE56815 (https://ftp.ncbi.nlm.nih.gov/geo/series/GSE56nnn/GSE56815) (20, 21). These data were derived from circulating monocytes isolated with a Monocyte-Negative Isolation Kit (Miltenyi Biotec, Inc.) from 20 postmenopausal patients with low bone mass and 20 postmenopausal patients with normal bone mass. The mRNA data were sequenced on the Affymetrix Human Genome U133A Array platform. Carotid atherosclerosis transcriptome sequencing data were obtained from GSE23746 (https://ftp.ncbi.nlm.nih.gov/geo/series/GSE23nnn/GSE23746) (22). These data were derived from circulating monocytes, which were also isolated with a Monocyte-Negative Isolation Kit, from 19 patients without carotid atherosclerosis and 76 patients with carotid atherosclerosis. The expression profiles were generated on the Sentrix HumanRef-8 Expression BeadChip platform. Since the mRNA data of circulating monocytes were generated on different platforms, we adjusted and removed batch effects between the two expression profiles based on the empirical Bayes framework using the sva package (23).

First, we obtained scRNA-based monocyte markers by intersecting the gene markers of monocyte clusters in osteoporosis and atherosclerosis data. Second, scRNA-based monocyte markers were used in univariate analysis of mRNA data from circulating monocytes in the context of osteoporosis and atherosclerosis to identify the common expression patterns between circulating monocytes and local monocytes in osteoporosis and atherosclerosis. Then, we identified calcification paradox-related markers among the commonly expressed genes of circulating monocytes based on the least absolute shrinkage and selection operator (LASSO) using the glmnet package (24). LASSO analysis was repeated 1000 times to achieve a satisfactory fit to the circulating monocyte features of osteoporosis and atherosclerosis. Finally, these predictors were utilized to develop a binary logistic regression model for scoring calcification paradox-related risk in osteoporosis and atherosclerosis based on circulating monocytes. The calcification paradox-related risk score was calculated with the following formula:   , where “coefi” and “X” denote the coefficient and expression level of each predictor. Ultimately, a receiver operating characteristic (ROC) curve was utilized to examine the performance of the predictive model, and an area under the curve (AUC) value of >0.70 indicated good performance.




Result


scRNA-seq Data Quality Control and Annotation

The 10x Genomics scRNA-seq data of postmenopausal osteoporotic bone marrow (GSM4423510) and atherosclerotic carotid tissue (GSM4705591) were used in our study (13, 14). For the osteoporosis scRNA data, we found 5014 eligible single cells with data fitting the following criteria: (1) types of genes detected > 800; (2) total RNA counts between 500 and 45000; and (3) percentage of mitochondrial gene expression <30% (Figure 2A). First, the expression profile was normalized and scaled. Then, we set 20 dimensions in PCA and UMAP analysis, which yielded a 67.1% cumulative percentage of variation and 0.03% change in variation between neighboring PCs (Figure 2B). The cells were classified into clusters based on the UMAP algorithm (Figure 2C). Based on marker genes (listed in Table 2, the cluster annotation showed in Supplementary Table 1), the clusters were annotated as osteoblast lineage, dendritic cells (DCs), macrophages, CD14+ monocytes, erythrocytes, T cells and B cells. For the carotid atherosclerosis scRNA data, we identified 2767 eligible single cells with data fitting criteria: (1) types of genes detected > 700; (2) total RNA counts between 700 and 14000; and (3) percentage of mitochondrial gene expression <10% (Figure 2D). First, the expression profile was normalized and scaled. Then, we set 20 dimensions in PCA and UMAP analysis, which yielded a 63.4% cumulative percentage of variation and 0.03% change in variation between neighboring PCs (Figure 2E). The cells were classified into clusters based on the UMAP algorithm (Figure 2F), the cluster annotation showed in Supplementary Table 2). The clusters were annotated as vascular SMC lineage, vascular endothelium, macrophages, monocytes, mast cells and T cells.




Figure 2 | Overview of data processing and cell annotation in scRNA data. (A, D) Dot plot of data quality control in scRNA data. (B, E) elbow plot showing the percent of variation and cumulative percentages associated with each PC in scRNA data. (C, F). UMAP plot showing clusters of main cell types from osteoporosis and atherosclerosis scRNA-seq datasets.




Table 2 | The canonical markers for the cell types.





Differentiated Trajectory of Osteoblast Lineage in Osteoporosis

We further investigated osteoblast lineage clusters in the osteoporosis data (Figure 3A). First, based on osteogenic markers, we further annotated C4 as primitive osteogenic bmMSCs, which expressed low levels of osteogenic markers; C1, C2, C6, and C15 as premature osteoblasts, which expressed ALPL and low levels of SPP1 and IBSP; and C9 as mature osteoblasts, which expressed RUNX2, SPP1 and IBSP (Figure 3B) (25). To our surprise, premature osteoblasts accounted for the vast majority (76.3%) of osteogenic bmMSCs, and the transitional cells between premature osteoblasts and mature osteoblasts were absent on the UMAP plot. Additionally, we noticed that the osteoblast lineage highly expressed PDGFRA/PDGFRB, which is a hallmark of adipocyte differentiation, and apolipoprotein APOB and APOD, which participate in local lipoprotein particle accumulation (Figure 3B) (26). Using AUCell (Figures 3C–J), we found that inflammatory response expression was increased in C2 and C6. The lipoprotein particle gene set was significantly upregulated in the premature osteoblast clusters C1, C2, C6 and C15. The premature osteoblast clusters C1, C2, C6 and C15 also showed upregulated expression of genes involved in cell senescence and apoptosis compared with that of the primitive osteogenic bmMSC cluster C4.




Figure 3 | Osteoblast lineage expression in osteoporosis. (A) UMAP plot showing osteoblast lineage clusters. (B) Violin plot for the osteogenic gene (ALPL, RUNX2, SPP1, IBSP) and fat cell differentiation gene (PDGFRA, PDGFRB, APOB, APOE) expression markers in osteoblast lineage clusters. (C, E, G, I). Scatter plot showing the distribution of AUCell scores of gene sets, including inflammatory response (C), lipid accumulation (E), cell aging (G) and apoptosis (I), in the osteoblast lineage. Yellow indicates a high score, and purple indicates a low score. (D, F, H, J) Violin plots exhibiting the AUCell scores of gene sets including inflammatory response (D), lipid accumulation (F), cell aging (H) and apoptosis (J) in the osteoblast lineage.



Second, we performed pseudotime analysis to comprehensively explore the abnormal gap between premature osteoblasts and mature osteoblasts along the differentiation trajectory. The cell-state transition from primitive osteogenic bmMSCs (C4) to premature osteoblast clusters (C1, C2, C6 and C15) was consecutive, while the transition from premature osteoblast clusters to mature osteoblasts (C9) was discontinuous along the pseudotime trajectory (Figures 4A, B). The differentiation trajectory was interrupted at branch nodes 2 and 3 (BEAM result in Supplementary Table 3). At node 3 (Figures 4C–E), we found an increase in ossification and ribosomal protein expression along the branches toward node 2, while the inflammatory response and lipid transport were increased along another branch. At downstream node 2 (Figures 4D–F), we found a further increase in ossification-related gene expression and ECM development expression along the branches toward the transition to C9, while the expression of factors related to the inflammatory response and cell death was upregulated along another branch. Overall, after combining nodes 2 and 3, we noticed that high expression of factors related to lipid transport, inflammatory response and cell death could lead to delayed cell state transition from premature osteoblast clusters to mature osteoblast clusters.




Figure 4 | Differentiated trajectory of osteoblast lineage cells. (A, B) Scatter plot showing the pseudotime trajectory in the osteoblast lineage. (A) is colored with cell clusters, and (B) is colored with pseudotime orders. The blue arrow indicates delayed transition in premature osteoblasts. The red arrow indicates the transition toward mature osteoblasts. (C, D). Heatmap plot showing gene expression alterations along the branch at node 3 (C) and node 2 (D) on the pseudotime trajectory tree. Red indicates high expression, and blue indicates low expression. The black box indicates the highly expressed gene cluster in the premature osteoblast branch. (E) Bar plot for the top-ranked gene set enrichment in the highly expressed gene cluster in the premature osteoblast branch at node 3. (F) Bar plot for the top-ranked gene set enrichment in the highly expressed gene cluster in the premature osteoblast branch at node 2.





Differentiated Trajectory of Vascular SMC Lineage in Carotid Atherosclerosis

We also investigated the vascular SMC lineage in the vascular calcification data (Figure 5A). Clusters V3, V4, V7, V9, and V11 expressing ACTA2 and VIM were annotated as vascular SMC phenotypes. We noticed that V2 was characterized by high COL1A1, FN1, and DCN expression and annotated as fibroblast-like SMCs (Figure 5B). V4 was characterized by high SOST expression and annotated as an osteoblast-like SMC (Figure 5B). Fibroblasts such as SMCs and osteoblasts such as SMCs commonly participate in osteoid formation in atherosclerotic plaques and are classified as osteogenic SMCs. Additionally, some V2, V4, and V7 coexpressed the adipocyte differentiation markers PDGFRA and PDGFRB. By using AUCell scoring (Figures 5C–J), we found that V2 showed upregulation of factors related to the inflammatory response, cell aging and apoptosis, while V9 showed downregulation of factors related to cell aging and apoptosis among the vascular SMC clusters. V2 and V11 showed activation of lipoprotein particle formation. Overall, among various vascular SMC clusters, we identified V2 and V4 as osteogenic SMCs and V3, V7, V9 and V11 as vascular SMC-derived intermediate cells (11).




Figure 5 | Vascular SMC lineage expression in atherosclerosis. (A) UMAP plot showing vascular SMC lineage clusters. (B) Violin plot for the smooth muscle cell marker genes (ACTA2, VIM), fibroblast marker genes (COL1A1, FN1, DCN), osteoblast marker genes (SOST) and fat cell differentiation genes (PDGFRA, PDGFRB) expression markers in vascular SMC lineage clusters. (C, E, G, I). Scatter plot showing the distribution of AUCell scores of gene sets, including inflammatory response (C), lipid accumulation (E), cell aging (G) and apoptosis (I), in the vascular SMC lineage. Yellow indicates a high score, and purple indicates a low score. (D, F, H, J) Violin plots exhibiting the AUCell scores of gene sets, including inflammatory response (D), lipid accumulation (F), cell aging (H) and apoptosis (J), in the vascular SMC lineage.



Second, we applied pseudotime analysis to explore the cell state transitions among different vascular SMC phenotypes. The results showed a cell-state transition from vascular SMCs to osteogenic SMCs (V2, V4) along the pseudotime trajectory (Figures 6A, B). The differentiation trajectory was interrupted at branch node 5. At node 5, the vascular SMC-derived intermediate cells were at the intersection of maintaining the typical phenotype or converting to the osteogenic phenotypes(BEAM result in Supplementary Table 4). On the branch toward osteoblast-like cells (V4) (Figures 6C–E), expression related to positive regulation of cell death, immune response and negative regulation of cell differentiation was increased. On the branch toward fibroblast-like cells (V2) (Figures 6D–F), activation of ECM organization and suppression of cell proliferation and angiogenesis were observed.




Figure 6 | Differentiated trajectory of vascular SMC lineage cells. (A, B) Scatter plot showing the pseudotime trajectory in the vascular SMC lineage. (A) is colored with cell clusters, and (B) is colored with pseudotime orders. The green arrow indicates the transition toward osteoblast-like SMCs. The blue arrow indicates the transition toward fibroblast-like SMCs. (C, D). Heatmap plot showing gene expression alterations along the branch at node 5 toward osteoblast-like SMCs (C) and toward fibroblast-like SMCs (D) on the pseudotime trajectory tree. Red indicates high expression, and blue indicates low expression. The black box shows the highly expressed gene cluster in osteoblast-like and fibroblast-like SMCs. (E) Bar plot for the top-ranked gene set enrichment in the high expression gene cluster in the osteoblast-like SMC branch at node 5. (F) Bar plot for the top-ranked gene set enrichment in the high expression gene cluster in the fibroblast-like SMC branch at node 5.





LR Interaction Analysis of Osteoblast and Vascular SMC Lineages at the Bifurcation Node of the Differentiation Trajectory Tree

We performed LR interaction analysis to explore the influence of the LR interaction on the cell state transition at the bifurcation node of the differentiation trajectory tree. Regarding the osteoporosis data (Figure 7A, LR interaction listed in Supplementary Table 5), bifurcated node 2 consisted of mostly premature osteoblasts (C2 and C6). C2 accounted for most LR interactions among the osteoblast lineage with the bone environment. These interactions could be divided into 3 categories. The first group involved the sensing of various growth factor stimuli, including TGFB1 from CD14+ monocytes and T cells and VEGFB from DCs. The second group involved macrophage secretion of SPP1 and CALM3, which promoted differentiation toward mature osteoblasts. The third group involved DCs, which also interacted with C2 via GZMB : PGRMC1, which could lead to cell death. We also developed a paracrine LR network for the osteoblast lineage (Figure 7B), including FGF7, IGFBP4, PGF, TGFB1, SPP1 and TIMP1. Mature cells in C9 delivered LTBP1, controlling the release of local TGFB1 to cells in C2 and C6.




Figure 7 | Ligand–receptor interactions in calcification paradox-related bone and vascular environments. (A, B). Ligand–receptor interaction plot in the bone environment with osteoporosis. (A) Interaction between the osteoblast lineage and other cell types in the environment. (B) Interaction among the osteoblast lineages. The arrow direction indicates the direction of the ligand–receptor interaction, in which the arrow is the receptor and the nock is the ligand. The thickness of the line indicates the relative expression levels from high to low. The blue arc covered intermediate states C2 and C6. The red arc covers the C14+ monocytes. (C, D). Ligand–receptor interaction plot in the vascular environment with atherosclerosis. (A) Interaction between the vascular SMC lineage and other cell types in the environment. (B) Interaction among the vascular SMC lineage. The arrow direction indicates the direction of the ligand–receptor interaction, in which the arrow is the receptor and the nock is the ligand. The thickness of the line indicates the relative expression levels from high to low. The blue arc covered the intermediate state V7. The red arc covers the C14+ monocytes.



Regarding the vascular calcification data, trifurcated node 5 contained mostly intermediated vascular SMC phenotypes (V7). The LR interaction between V7 and the vascular environment generally consisted of an inflammatory interaction with macrophages, including C1QB, C3, and CD14 (Figure 7C, LR interaction listed in Supplementary Table 6). We noticed that V7 interacted with CD14+ monocytes and mast cells via TNFSF10:TNFRSF11B, which is known to inactivate its inhibition of NFκB signaling pathways (27). V7 had a close relationship with other vascular SMC phenotypes and the vascular endothelium, which mainly consisted of 2 aspects (Figure 7D). On the one hand, they were stimulated with VCAN, VWF, CTGF, PDGF and JAG1:NOTCH3 to accelerate angiogenesis. On the other hand, they achieved cell adhesion to vascular cells through ITGA1, ITGB1, FBN1, and FN1. Additionally, they secreted LTBP1 and LTBP3 to delay and control the absorption of local TGFB1 by V7.



Gene Expression Alterations in Osteoblast Lineage With Delayed Osteoblastic Maturation and Vascular SMC Lineage Undergoing Transition to Osteogenic Phenotypes

We compared the gene expression alterations between bmMSCs with delayed osteoblastic maturation in osteoporosis and vascular SMCs undergoing the transition to fibroblastic and osteogenic phenotypes in vascular calcification and obtained the union gene expression alterations shared by these two processes in the calcification paradox. As a result, we identified 243 consistently upregulated genes (Figure 8A). These genes were enriched in immune response and expression related to positive regulation of cell death and negative regulation of proliferation (Figure 8C). The TRRUST results suggested that the alterations were regulated by SP1 and NFKB1 (Figure 8B). Then, we explored the KEGG database and found that the activity of the transcription factor SP1 was activated by phosphorylation through TGFβ signaling pathways and that NFKB1 could be activated by NFκB signaling pathways. This result supported the LR interaction finding that TGFB1 and the TNFSF10:TNFRSF11B interaction play key roles in the development of the calcification paradox. Additionally, we found that the TGFβ signaling pathways and NFκB signaling pathway via IKK were relatively upregulated in both premature osteoblast clusters and intermediate phenotypes of vascular SMCs (V7) (Figures 8D–K).




Figure 8 | Common expression patterns at the crossroads of osteoblast and vascular SMC cell state transitions. (A) Venn diagram showing gene alterations between delayed exit from the premature state in the osteoblast lineage and osteogenic and fibrogenic transition in vascular SMCs. (B) Bar plot for the top-ranked transcriptome factors on alteration expression at the crossroads of the osteoblast and vascular SMC cell state transitions. (C) Bar plot for the top-ranked gene set enrichment in altered expression at the crossroads of the osteoblast and vascular SMC cell state transitions. (D, F, H, J) Scatter plot showing the distribution of AUCell scores of gene sets, including the TGFβ pathway (D–H) and NFκB (F–J), in osteoblast and vascular SMC lineages. Yellow indicates a high score, and purple indicates a low score. (E, G, I, K). Violin plots exhibiting the AUCell scores of gene sets, including the g TGFβ pathway (E–I) and NFκB (G–K), in osteoblast and vascular SMC lineages.





Gene Expression Patterns of CD14+ Monocytes in the Calcification Paradox

From LR interaction analysis, we identified CD14+ monocytes as one of the triggers leading to abnormal cell state transition in both osteoblast and vascular SMC lineages. We further investigated calcification paradox-related markers in osteoporotic and atherosclerotic circulating monocyte mRNA datasets. First, based on their markers, the CD14+ monocyte cluster was annotated as CD14+ CD16- G1 classic monocytes. For fitting to scRNA-based monocyte phenotypes, we selected circulating monocyte mRNA series from postmenopausal osteoporotic patients (GSE56815) and from carotid atherosclerosis patients (GSE23746), both of which were isolated by negative selection with CD3, CD7, CD16, CD19, CD56, CD123 and CD235a (Miltenyi - Monocyte Isolation Kit II) (21, 22). Second, since the two mRNA series were sequenced on different array platforms, we adjusted the expression profile to remove batch effects between arrays. Third, we identified 249 common gene markers commonly upregulated in both bone and vessel environments associated with the calcification paradox. The calcification paradox-related markers intersected with the upregulated genes in circulating monocytes in both osteoporosis and atherosclerosis patients, with a total of 192 genes (Figure 9A, listed in Supplementary Table 7). We noticed that most (76.49%) scRNA-based monocyte calcification paradox-related markers were upregulated in mRNA from circulating monocytes in osteoporosis and atherosclerosis patients. Using enrichment analysis, these genes could be divided into 3 groups (Figure 9B). The first group was related to chemotaxis and the inflammatory response. The second group was related to detoxification of reactive oxygen species (ROS) and cell impairment due to ROS stress. The third group was related to the cell response to lipids and was associated with atherosclerosis. Next, we repeated iterations of the LASSO algorithm and selected the model that showed good performance in both osteoporosis and atherosclerosis. On the one hand, we used osteoporosis data as the training dataset and atherosclerosis data as the validation group. In the model, we selected 7 calcification paradox-related markers and established the formula for the Calcification Paradox Risk Score as follows: Y = 61.599 – 2.787 * H3F3A – 2.369 * ARPC3 – 1.251 * PAK1 – 0.383 * DOCK2 – 0.366 * BAZ1A + 1.811 * MAP3K1 + 0.374 * PABPC1 (Figures 9C, D), score listed in Supplementary Table 8). The Calcification Paradox Risk Score was reliable and robust for predicting osteoporosis and atherosclerosis based on ROC curves (AUCosteoporosis = 0.94; AUCatherosclerosis = 0.72) (Figures 9E, F).  A higher calcification paradox risk score was related to an increased risk of calcification paradox (calcification paradox v control: 40.58 (39.92-41.37) v 39.19 (38.64-40.05), p<0.001). We noticed that 2 genes were positively correlated and 5 genes were negatively correlated with calcification paradox risk (Table 3). Among the negatively correlated genes, MAP3K1 and PABPC1 were associated with cellular aging. Among the negatively correlated genes, H3F3A, ARPC3, PAK1 and BAZ1A participated in DNA repair in the response to DNA damage.




Figure 9 | Development of a calcification paradox risk scoring model. (A) Venn diagram showing common genes between scRNA-based markers of CD14+ monocytes and mRNA-based markers of circulating CD14+ monocytes in both diseases. (B) Bar plot for the top-ranked gene set enrichment in common genes between scRNA-based markers of CD14+ monocytes and mRNA-based markers of circulating CD14+ monocytes in both diseases. (C–F). establishment of the Calcification Paradox Risk Scoring Model on circulating CD14+ monocytes in both diseases. (C) Calculation paradox expression features on circulating CD14+ monocyte selection in the LASSO model. (D) Coefficient curves of the calcification-related gene curves. (E) ROC curves to assess the accuracy of the Calcification Paradox Risk Scoring Model on circulating CD14+ monocytes to predict osteoporosis in the training groups. (F) ROC curves to assess the accuracy of the Calcification Paradox Risk Scoring Model on circulating CD14+ monocytes to predict atherosclerosis in the validation groups.




Table 3 | Calcification paradox-related genes based on the LASSO algorithm.






Discussion

In clinical observations, aging patients, especially postmenopausal patients, often suffer from reduced osteogenesis and bone mass accompanied by abnormal mineral deposition in blood vessels, and this contradictory situation is called the calcification paradox (3). In recent decades, substantial evidence has highlighted the close relationship between osteoporosis and carotid atherosclerosis. The bone-vascular axis has been implicated via multiple biological factors, including inflammatory factors, oxidative stress compounds, hormones, and circulating cells and factors, which lead to abnormal osteoblast and vascular SMC cell state transitions in lesions (6). Monocytes play a critical role in the regulation of osteogenesis and inflammation in both osteoporosis and vascular calcification, but the understanding of their roles in the postmenopausal bone-vascular axis in the context of the calcification paradox remains rudimentary (5, 8). In light of recent advancements, scRNA-seq has enabled us to reveal monocyte cellular interactions with calcification paradox-related bone marrow and vessel environments at single-cell resolution (11, 12). In this study, we applied single-cell analysis to postmenopausal osteoporosis and carotid atherosclerosis data to explore the role of monocytes in disturbing osteoblast and vascular SMC cell state transitions and identified calcification paradox-related markers of circulating monocytes in the context of the calcification paradox.

Delayed maturation of osteoblasts and osteogenic SMCs are known to be indispensable cytological bases for the development of osteoporosis and atherosclerosis (4, 5). Our study revealed the single-cell landscape and showed that the majority (76.3%) of osteoblastic lineages were blocked in the premature osteoblast stage, when osteogenic SMCs accounted for nearly half of vascular SMCs (41.9%). The population was consistent with a previous scRNA-based report of osteoporosis and atherosclerosis, supporting our cell annotation and the critical roles of these cells in both diseases (11, 12). Delayed premature osteoblasts (C2, C6) showed impaired osteogenic expression, and osteogenic SMCs (V2, V4) showed high expression of SOST and COL1A1, FN1 and DCN, leading to osteoid deposition at the vascular intima. We noticed that delayed premature osteoblasts and osteogenic SMCs showed activation of cell senescence and apoptosis. Cell senescence is one of the internal factors leading to abnormal cell state transition in the osteoblast lineage in osteoporosis and in the vascular SMC lineage in atherosclerosis (28, 29). This finding supported the idea that the accumulation of premature osteoblasts and osteogenic SMCs accounted for the altered osteoid organization in osteoporosis and atherosclerosis.

There has been substantial evidence that the reprogramming of the cell state transition in cells of the osteoblast lineage and vascular SMC lineage is triggered by both internal factors from their altered expression and external factors from the bone and vascular environment (11, 12). By using pseudotime analysis, we found that osteoblast lineage maturation was mainly blocked at C2 and C6 in the osteoporotic environment, while osteogenic SMCs (V2, V4) were derived from the intermediate state SMC V7. Regarding internal factors, both processes showed upregulation of inflammatory response-related expression along the trajectory branches. This finding was consistent with the understanding that a chronic inflammatory state could lead to aging and disturbed reprogramming in osteoblast and vascular SMC differentiation (30, 31). Based on TRRUST analysis, altered expression during two processes was regulated by the transcription factors (TF) SP1 and NFKB1, both of which were also reported as regulators in modulating bone and vascular remodeling in an inflammatory environment (32, 33). Regarding external factors, CD14+ monocytes closely interacted with intermediate states C2 and V7 by delivering TGFB1 and TNFSF10 to activate the TGFβ and NFκB signaling pathways. This was consistent with the internal alterations, in which premature osteoblast C2 and C6 and intermediate state SMC V7 were relatively upregulated in the TGFβ and NFκB signaling pathways. Such features have been demonstrated to be involved in the development of osteoporosis and atherosclerosis (34–36). Through comprehensive scRNA-seq analysis, we showed that CD14+ monocytes could act as triggers in the TGFβ and NFκB signaling pathways in the osteoblast and vascular SMC lineages, which led to their downstream activation of the transcription factors SP1 and NFKB1 to push the intermediate cells toward delayed premature osteoblastic phenotypes and osteogenic SMC phenotypes.

Overall, our study revealed that CD14+ monocytes contributed to the development of both osteoporosis and carotid atherosclerosis. Recent studies highlighted the critical roles of monocyte infiltration in both diseases; circulating CD14+ monocytes could migrate from the vessels and undergo chemotaxis to bone marrow and vascular intima lesions (37). We noticed that most (76.49%) common scRNA-based CD14+ monocyte markers between osteoporosis and atherosclerosis were upregulated in the CD14+ circulating monocytes from osteoporosis and atherosclerosis patients. The commonly differentially expressed genes were enriched in factors related to chemotaxis and inflammatory responses. This finding suggested that circulating CD14+ monocytes were similar to local CD14+ monocytes in postmenopausal osteoporotic bone marrow and atherosclerotic vascular intima lesions, suggesting that circulating monocytes could be a common trigger in the calcification paradox. Additionally, it also indicated that active monocytes also expressed CD52, CYBA and CYBB, which were associated with excessive local ROS production in tissues, causing the senescence-associated secretory phenotype (SASP) and revealing a possible mechanistic link between osteoporosis and carotid atherosclerosis (38, 39). Then, we mined the calcification paradox-related genes among the commonly expressed genes. LASSO analysis is accepted as one of the most common bioinformatic methods to select markers among multiple candidates, accompanied by risk models to examine its stability (40). Therefore, we identified 7 genes related to the calcification paradox through a repeated fitting model, which showed stable performance in assessing the risk of osteoporosis and atherosclerosis (AUCosteoporosis = 0.92; AUCatherosclerosis = 0.72). Among them, 2 genes (MAP3K1 and PABPC1) were positively correlated, and 5 genes (ARPC3, BAZ1A, DOCK2, H3F3A and PAK1) were negatively correlated with the calcification paradox risk. On the one hand, overexpression of MAP3K1 and PABPC1 could induce cellular senescence and was reported in several aging-related diseases (41, 42). On the other hand, the downregulated H3F3A, ARPC3, PAK1 and BAZ1A were related to DNA repair in response to DNA damage. Interestingly, previous clinical observations showed that concomitant administration of statins and vitamin D in postmenopausal patients could benefit osteoporotic progression, while antiresorptive drugs failed to provide satisfactory antiatherosclerotic performance (43–45). The administration of statins and vitamin D helped to maintain the antioxidative, anti-inflammatory and membrane stabilizing environment, which partly supported our finding since it benefited in reducing the aging monocyte-induced impairment when simply targeting the bone environment could hardly stop the vicious cycle between the two diseases. This finding suggests that the administration of antioxidative and anti-inflammatory treatments could act as a potential treatment in the cooccurrence of postmenopausal osteoporosis and atherosclerosis. In summary, our findings showed that aging and impaired circulating monocytes were chemotactic to bone and vessel lesions and contributed to promoting the development of the calcification paradox.

There were some limitations of our study. First, our study was performed by combining and comparing the gene expression patterns of postmenopausal osteoporosis and carotid atherosclerosis patients. The experimental verification of calcification paradox-related markers in circulating monocytes from postmenopausal patients with coexisting osteoporosis and atherosclerosis is necessary to clarify the association between circulating monocytes and the development of coexisting osteoporosis and atherosclerosis. Second, due to the absence of circulating monocyte mRNA data from patients with postmenopausal carotid atherosclerosis, we used a data series from male carotid atherosclerosis patients, which would account for the decreased performance in the validation with atherosclerosis. Third, our study did not consider early intervention in high calcification paradox risk patients. Further improvements of the model could focus on exploring the latent clinical manifestations of and interventions for patients at high risk of the calcification paradox.



Conclusion

In this study, we provided a perspective for understanding the roles of CD14+ monocytes in the development of the calcification paradox in osteoporosis- and atherosclerosis-related cells based on combined scRNA and RNA data. First, using scRNA data, we found a large proportion of delayed premature osteoblasts in osteoporosis and osteogenic SMCs in atherosclerosis. Second, CD14+ monocytes interacted with the intermediate cells, which were at the crossroads of the osteoblast and vascular SMC cell state transitions, by delivering TGFB1 and TNFSF10. This interaction served as the trigger activating the transcription factors SP1 and NFKB1 to upregulate the inflammatory response and cell senescence and led to a delayed premature state in the osteoblast lineage and osteogenic transition in vascular SMCs. Then, using bulk RNA data, we found that most expression patterns in monocytes from osteoporosis and atherosclerosis patients were present in circulating monocytes from both diseases. Circulating monocytes are characterized by the activation of factors associated with chemotaxis, the inflammatory response and the cell response to stress, such as ROS and lipid stimuli. Finally, we identified 7 circulating monocyte calcification paradox-related genes based on the expression patterns of circulating monocytes. The calcification paradox-related markers suggested that circulating monocytes undergo cell aging and activation of DNA repair in response to DNA damage.
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Osteoporosis is a common bone metabolic disease among the middle-aged and elderly, with its high incidence rate and a major cause of disability and mortality. Early studies found that bone metabolic homeostasis is achieved through osteogenesis-osteoclast coupling. Although current anti-osteoporosis drugs can attenuate bone loss caused by aging, they present specific side effects. With the discovery of CD31hi Emcnhi blood vessels in 2014, the effect of H-type blood vessels on bone metabolism has been valued by researchers, and the ternary regulation theory of bone metabolism of “Angiogenesis-Osteoclast-Osteogenesis” has also been recognized. Nowadays, more studies have confirmed that peripheral nerves substantially impact bone metabolism. However, due to the complex function of peripheral nerves, the crosstalk mechanism of “Peripheral nerve-Angiogenesis-Osteoclast-Osteogenesis” has not yet been fully revealed. Neuropeptide serves as signaling molecules secreted by peripheral nerves that regulate blood vessels, osteoblasts, and osteoclasts’ functions. It is likely to be the breakthrough point of the quaternary regulation theory of “Peripheral nerve-Angiogenesis-Osteoclast-Osteogenesis”. Here, we discuss the effect of peripheral nerves on osteoporosis based on neuropeptides.
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Introduction

Osteoporosis (OP) is a common metabolic bone disease in the middle-aged and elderly population. It is mainly characterized by the aggravation of bone loss and the destruction of bone microstructure, leading to increased bone fragility and fracture risk (1). A multicenter epidemiological survey of OP in China in 2018 reported that the incidence rate of OP in men and women aged 50 and above was 6.46% and 29.13%, respectively. It is predicted that the population of osteoporosis will increase from 60 million to 120 million by 2050 (2). OP and osteoporotic fracture are also associated with high medical costs. It is estimated that the treatment cost of osteoporotic fracture in China will reach 19.92 billion US dollars by 2035 (3). The currently recognized pathogenesis of OP lies in the equilibrium between bone formation and bone resorption, and the primary treatment method is drug therapy, which requires long-term medication. At present, anti-OP drugs are mainly divided into bone resorption inhibitors and bone formation promoters. However, these medications are afflicted by poorly enduring side effects. For instance, Estrogen and calcitonin are not suitable for long-term use because of their carcinogenic risk, while bisphosphate and RANKL inhibitors may elicit atypical femoral fracture and mandibular osteonecrosis, and their incidence rate rises with time (4–8). Conversely, parathyroid hormone analog (PTHA) is a representative drug for promoting bone formation. However, it will raise the risk of osteosarcoma, and the drug withdrawal will provoke a vast bone loss, which alludes that excavating other factors that affect bone metabolism is imperative (4). Some studies have shown that atypical femoral fracture is a kind of stress fracture. The proximal and lateral femur is the tension side, and it bears large stress. Repeated stress stimulation will make periosteum hyperplasia and remodeling. Biphosphate and RANKL inhibitors will deposit here to inhibit bone remodeling, increase bone brittleness, and eventually lead to stress fracture (9). Biphosphate also has potential anti-angiogenic properties, which can inhibit the number of blood vessels in bone marrow, and may be one of the factors that increase the risk of bone necrosis in this part (10). Moreover, bone transplantation is an effective method for the treatment of traumatic bone defects. Studies reported that the vascularized and neuralized engineered bone implanted with sensory nerve and the vascular bundle has a higher degree of osteogenesis than simply vascularized bone fragments (11). Mounting studies have confirmed that peripheral nerve innervation is essential for normal bone metabolism. This means that we should not simply inhibit the activity of osteoclasts or promote the activity of osteoblasts in the treatment of osteoporosis. We should consider the role of blood vessels and peripheral nerves, that is, treating osteoporosis from the perspective of “quaternary regulation” may obtain greater benefits. Nevertheless, the mechanism of peripheral nerve regulation of bone metabolism has not been fully elucidated. Neuropeptides are important neurotransmitters of peripheral nerves. It is believed that in the near future, with the continuous deepening of research, the specific mechanism of peripheral nerve regulation of bone metabolism will be revealed. Here, we describe the effect of neuropeptides on bone metabolism in detail and help to enrich the quaternary regulation theory of “Peripheral nerve - Angiogenesis - Osteoclast - Osteogenesis” based on neuropeptides.



Early bone metabolism regulation theory

The occurrence of osteoporosis is closely related to the disorder of bone metabolism. In initial studies, it was believed that the imbalance between osteoblast-mediated bone formation and osteoclast-mediated bone resorption was the cause of OP. The interaction of “osteogenesis and osteoclasts” is known as the “dual regulation theory” of bone metabolism, but this theory cannot fully explain the pathogenesis of OP. In March 2014, Kusumbe et al. found that the capillaries of the mouse skeletal system can be divided into H-type (CD31hi Emcnhi) and L-type (CD31Lo EmcnLo). The abundance of H-type blood vessels can be used as a diagnostic index of vascular growth status and osteogenic ability, confirming the effect of H-type blood vessels on bone metabolism (12). In November 2014, Xie et al. found that osteoclast precursor cells can secrete platelet-derived growth factor BB (PDGF-BB), inducing H-type angiogenesis and promoting bone formation. Further animal experiments confirmed that PDGF-BB-deficient mice in the tartrate-resistant acid phosphatase-positive cell line showed a significantly lower bone mass and a reduction in the number of H-type blood vessels compared with wild-type, indicating that PDGF-BB played an essential role in coupling angiogenesis and bone formation (13). Therefore, the “ternary regulation theory” of bone metabolism was formally proposed, namely “Angiogenesis-Osteoclast-Osteogenesis”.



Quaternary regulation theory of bone metabolism

The nervous system consists of the central nervous system and the peripheral nervous system, both of them have endocrine functions. The difference is that the central nervous system can release rich hormones (including calcitonin, parathyroid hormone, growth hormone, lean hormones, etc.) through neurohumoral regulation to affect bone metabolism (14). The effects of the central nervous system tend to be systemic, whereas the effects of the peripheral nervous system on bone metabolism tend to be local. Peripheral nerves are mainly involved in the regulation of the local bone microenvironment. However, the influence of peripheral nervous system on bone metabolism is very important. In 2005, Burt-Pichat B et al. (15) first confirmed that OVX-induced tibial bone loss in rats was related to decreasing nerve distribution density. In 2017, Grässel et al. (16) found that sensory and sympathetic neurotransmitters have trophic effects on bone and are related to the pathogenesis of OP. In 2018, Elefteriou et al. discussed in detail the effect of the autonomic nervous system on bone and found that sympathetic nerves (SNS) can negatively regulate bone mass, and parasympathetic nerves (PSNS) can regulate bone mass positively. The decrease of PSNS activity is related to osteoporosis (17). In 2019, Balasubramanian et al. (18) proposed that excessive activity of the autonomic nervous system is a sign of aging, providing new ideas for the treatment of OP. In December 2021, Xie et al. also found abundant sympathetic and parasympathetic fibers in bone tissue. The NE and Ach released from the nerve ending acted on the β2A receptor and M3 receptor on the surface of bone cells, respectively, stimulating and inhibiting the generation of neuropeptide Y (NPY) by bone cells. NPY can inhibit the cAMP/PKA/CREB signaling pathway and down-regulate the expression of the transcription factors Tead1 and Junb in bone marrow mesenchymal stem cells (BMSCs), resulting in the weakened osteogenic differentiation and enhanced adipogenic differentiation of BMSCs, which reveals a new mechanism mode of “nerve-bone axis” leading to osteoporosis (19). In January 2022, Mi et al. implanted electrodes into the dorsal root ganglia (DRG) at the L3 and L4 of the rat spine. They found that electrical stimulation of the DRG could activate the Ca2+/CaMKII/CREB signaling pathway and action potential, directly promoting the synthesis and release of CGRP, further inducing osteoporotic fracture healing and the formation of H-type blood vessels (20). Peripheral nerves can secrete neurotransmitters, neuropeptides, neurotrophic factors, among other signaling molecules, which can affect bone metabolism. In conclusion, neuropeptides can act as neurotransmitter signals and also act on adjacent tissues by paracrine regulation. Although XIE et al. (19) found the critical role of NPY in the bone microenvironment and revealed the regulatory pattern of the “nerve-bone axis”, the crosstalk mechanism of “Peripheral Nerve-Angiogenesis-Osteoclast-Osteogenesis” was not fully revealed. It is hoped that there will be more evidence to explain the “Quaternary Regulation” theory in the future.



Peripheral nerves innervating bones and their characteristics

Bones are dynamic organs, and peripheral nerves are distributed in cortical and cancellous bone, periosteum, and bone marrow (21) (Figure 1). Sensory and autonomic nerve fibers are arranged in a fishnet-like arrangement on the periosteal surface to detect mechanical or chemical stimulation of cortical bone (21). The peripheral nervous system includes somatosensory nerves (sensory nerve fibers) and autonomic nerves (sympathetic and parasympathetic nerve fibers). Whether the autonomic nerves innervating the bone include parasympathetic nerves is still controversial. Some scholars believe that although the immunofluorescence of acetylcholine transporter (VACHT) and acetylcholine transferase (ChAT) exists in the bone microenvironment, some postganglionic sympathetic neurons also have the chemical characteristics of cholinergic nerves, and the postsynaptic neurons of the parasympathetic nerves are relatively short, whether they can directly reach and dominate the bone remains unclear (17, 22). Bajayo et al. (23) used the pseudorabies virus to trace the autonomic nerves innervating the skeleton and did not find that the posterior autonomic nerves have parasympathetic ganglia. However, it has been clear that the nerve fibers that dominate the bone include sensory nerve fibers, norepinephrine nerve fibers, and cholinergic nerve fibers.




Figure 1 | Peripheral nerves that dominate bones can be classified according to the size of axon diameter and the type of myelin sheath, which can be divided into C fibers, Aβ fibers, and Aδ fibers. The most abundant in bones is the unmyelinated C fiber with an axonal diameter of 0.2-0.5um and conduction velocity of 0.5-2m/s. Sympathetic nerves and some sensory nerves belong to the C-type nerve fibers. The sympathetic nerve has two phenotypes of adrenaline and cholinergic, which can release NPY (co-release with NE) and VIP (co-release with ACH), respectively. C-type sensory nerve fibers can be divided into peptide-poor and peptide-rich. Peptide-poor C-type fibers are rarely distributed in bones, while peptide-rich C-type sensory fibers can secrete CGRP and SP. The second common nerve fibers in bone are A-δ fibers, characterized by a thin myelin sheath, axon diameter of 1-5μm, and conduction velocity of 5-30 m/s. These fibers are peptide-rich fibers, which can also secrete CGRP and SP. Aβ fibers are characterized by a large axon diameter (6-12 um), thick myelin sheath, and fast conduction velocity (35-75 m/s). However, these fibers are rarely distributed in bones.



The peripheral nerves dominating the bone can be classified according to the size of axons, the presence or absence of myelin sheaths, and the transmission speed. The most significant proportion of nerve fibers is C fibers with no myelin sheath, small axon diameter (0.2-0.5 μm in diameter), and slow transmission speed (0.5-2 m/s). C fibers can be divided into peptide-poor and peptide-rich fibers. Peptide-rich C fibers can secrete neuropeptides, such as calcitonin gene-related peptide (CRPG) and Substance P (SP). The second most common nerve fibers in bone are A-δ fibers with thin myelin sheath, moderate axon diameter (1-5µm in diameter), and moderate signal transmission speed (5-30 m/s). These fibers are peptide-rich fibers, which can also secrete CGRP and SP. Finally, A-β fibers with thick myelin sheath, large axon diameter (6-12μm in diameter), and fast conduction velocity (35-75 m/s) are relatively rare or absent in bone. Sympathetic nerve fibers dominating bones are C fibers with adrenergic or cholinergic phenotypes, the former secreting norepinephrine and neuropeptide Y (NPY), the latter secreting acetylcholine and vasoactive intestinal peptide (VIP) (24). A-β fibers usually detect non-noxious stimuli and can transmit subtle pressure changes (such as touch);in the same way, A-δ fibers are the primary fiber type involved in the transmission of pain stimuli and noxious mechanical stimuli (such as pressure and mechanical deformation); C fibers are mainly involved in the detection and transmission of noxious thermal, mechanical, and chemical stimuli (25). Functionally, since bones and joints are deeply located in the body, the lack of A-β nerve fibers may be related to the fact that bones and joints do not need fine touch sensation (26). The reason why unmyelinated and peptide-poor C fibers (abundantly expressed in the skin) are less abundant in bones and joints is not yet clear (26). XIE et al. (27) confirmed through animal experiments that the expressions of SP, CGRP and VIP in the tibia were significantly decreased in the OVX group, while NPY, NPY1R and NPY2R were significantly increased. Liu et al. (28) found that: OVX can lead to the decrease of TACR1, CGRP, CALCRL, NPY, and NPYY2 in the brain of mice, the increase of TACR1 in bone, and the decrease of SP, CALCRL, VIP, and VPAC2, confirming that the effect of estrogen deficiency on bone after ovariectomy is related to It is related to the regulation of SP, CGRP, VIP and NPY.


CGRP

In 1982, CGRP was discovered in medullary thyroid cancer tissue. CGRP is a multifunctional neuropeptide consisting of 37 amino acids. After synthesis, CGRP will be transported to sensory nerve endings and stored in synaptic vesicles (29, 30). It was found that CGRP includes two subtypes (α and β). Mice lacking αCGRP showed decreased bone mass due to decreased bone formation rate, while mice lacking βCGPR showed an only mild and temporary reduction in bone formation, indicating that αCGRP can stimulate bone formation and βCGRP plays a minor role in osteogenesis (31, 32). CGRP receptor complex is composed of three independent proteins, including a G-protein coupled receptor (GPCR), receptor activity modifying protein 1 (RAMP1), and calcitonin receptor-like receptor (CLR). CGRP receptor is expressed in vascular endothelial cells, osteoclasts, osteoblasts, and bone marrow stromal cells (33–36).


CGRP inhibits osteoclasts activity

A growing number of studies have found that CGRP can inhibit the activity of osteoclasts and thus affect bone resorption. Although CGRP efficacy is lower than that of calcitonin, its role in inhibiting bone resorption has been valued by many researchers. It was found that after mouse bone marrow cells were induced and differentiated into osteoclasts by macrophage colony-stimulating factor (M-CSF) and nuclear factor-κB receptor activator of nuclear factor-κB ligand (RANKL). Only 0.1 nM concentration of CGRP can reduce the area of the absorption lacuna, and when the CGRP concentration needs to be greater than 10 nM, TRAP-positive cells can be formed, suggesting that the inhibitory effect of CGRP on osteoclast activity is more substantial than that on differentiation (33). In paraplegic patients, the bone mineral density in the paralyzed area decreases by 30-50% after one year, and the mechanism leading to increased bone resorption and rapid bone loss after paralysis is still unclear. Akopian et al. (37) found that the ability of progenitor cells in the bone marrow to form osteoclast-like cells increased by extracting bone marrow from paraplegic patients for in vitro culture and the formation of osteoclasts was significantly reduced after treatment with CGRP. Valentijn et al. (38) injected CGRP into OVX rats and found that it inhibited bone resorption-related indicators. It shows that CGRP can inhibit the activity of osteoclasts.

Monocytes/macrophages are the source of osteoclasts, meanwhile macrophages are considered to be an important cell population that regulates bone regeneration and osseointegration, and their polarized phenotype is particularly important. M1 macrophages are pro-inflammatory, while M2 Macrophages have anti-inflammatory properties. Studies have found that M1 macrophages may promote early and mid-stage osteogenesis, while M2 macrophages play an important role in matrix mineralization, and a proper switch from M1 to M2 phenotype is beneficial for fracture healing (39, 40). Yuan et al. constructed CGRP knockout mice and found that compared with the KO group, the CGRP+/+ group was more likely to induce more macrophages to transform to the M2 phenotype, which may be beneficial for peri-implant wound healing and osseointegration (41).



CGRP promote osteogenesis

Li et al. found the CGRP level significantly reduced in the bone marrow supernatant of elderly mice. In vitro experiments revealed that CGRP could promote osteogenic differentiation of BMSCs and inhibit adipogenic differentiation, indicating that CGRP may be a key regulator of age-related conversion between osteogenic differentiation and adipogenic differentiation of BMSCs be used to treat age-related bone loss (42). In the experiment of primary osteoblasts, CGRP promotes the proliferation and osteogenic activity of osteoblasts and their precursors in a dose-dependent manner by increasing the intracellular cAMP level and up-regulating the expression of activated transcription factors (34). XIANG et al. (43) constructed a CGRP gene knockout mouse model and found that after knocking out the CGRP gene, the amount of bone formation in mice was reduced. Targeting osteoblasts to express CGRP could increase the bone density of mice (31, 43, 44). Bone cement is a kind of medical material for orthopedic surgery. Studies have found that bone cement with CGRP can significantly enhance the proliferation of BMSCs, increase the activity of alkaline phosphatase in the process of BMSCs differentiation, and up-regulate the expression levels of osteogenic differentiation-related genes such as Bmp2, Osteonectin and Runx2 (45).

In conclusion, CGRP can inhibit bone resorption and promote bone formation in vivo and in vitro.



CGRP promotes angiogenesis

As one of the strongest vasodilators currently known, CGRP promotes bone formation partly because of its ability to dilate blood vessels and stimulate endothelial cell migration, promoting angiogenesis in bone remodeling (46). In vitro experiments have found that CGRP promotes endothelial cell proliferation and tube formation by enhancing the expression of vascular endothelial growth factor (VEGF), and this mechanism has been further verified in tumor tissues (47, 48). Bo et al. used CGRP to intervene in the co-culture system of human primary osteoblasts and human umbilical vein endothelial cells. CGRP can directly promote osteogenesis and indirectly promote osteogenesis by stimulating the differentiation of vascular endothelial cells. At the same time, CGRP can relax blood vessels, regulate the local blood flow of injury, accelerate blood supply, and jointly promote bone tissue repair (49). Distraction osteogenesis (DO), a surgical approach used to treat bone defects and limb lengthening, researchers injected CGRP into the area of ​​bone defects and found that CGRP enhanced vascularization and bone regeneration in a rat DO model (50). H-type blood vessels play an important role in coupling osteogenesis. Additionally, VEGF can promote the formation of H-type angiogenesis, indirectly indicating a positive correlation between CGRP and H-type angiogenesis.




Substance P (SP)

SP is a peptide composed of 11 amino acids, widely distributed in the peripheral and central nervous systems, and belongs to the tachykinin family. SP receptors include NK-1, NK-2, and NK-3 receptors. Among them, SP has the highest affinity with the NK-1 receptor, which is the primary receptor of SP (51). NK1 receptors are not only found in cells of the nervous system and immune system, but also widely exist in osteoclasts, osteoblasts, osteocytes, epithelial cells, and vascular endothelial cells (52). SP is involved in many physiological and pathological processes, including angiogenesis and dilation, smooth muscle contraction, pain transmission, neurogenic inflammation, and bone metabolism (53). When SP receptor antagonist was used to block SP signal, the bone loss of OVX mice was aggravated, indicating that SP was of great significance to maintaining normal bone mass (54).


SP promotes bone resorption

SP was shown to induce osteoclastogenesis and enhance bone resorption activity by activating the transcription of NF-κB in bone marrow macrophages (55). Niedermair et al. (56) found the osteoclast apoptosis levels increased and a decreased rate of bone resorption after specific knockout of SP in a constructed kinin precursor 1 (Tac1)-deficient mice (Tac1 is the gene encoding SP). Hemokinin-1 (HK-1) ​​is also a member of the tachykinin family. HK-1 has a strong affinity for NK-1 receptors, but HK-1 does not affect the proliferation and differentiation of osteoclasts. Fukuda et al. divided bone marrow cells into two groups. The control group was intervened by 10-7M SP, and the experimental group was intervened by 10-7M SP and 10−5M HK-1. It was found that TRAP-positive multinucleated cells in the experimental group were significantly reduced, confirming that SP could promote osteoclast differentiation (57).



SP regulates osteogenesis

Both osteoblast precursor cells and bone marrow stromal cells express NK1 receptors. Wang et al. confirmed through in vitro cell experiments that SP could stimulate the proliferation and differentiation of bone marrow stromal cells in a dose-dependent manner. Low concentrations (10-12M) of SP can stimulate the expression of alkaline phosphatase, osteocalcin and Runx2 protein. A high SP concentration (10-8M) could enhance bone marrow stromal cells mineralization (55). Goto et al. used SP to intervene in rat osteoblasts and observed that SP could stimulate the expression of osteocalcin, Runx2, and type I collagen in the late osteogenic process. However, it could not produce the above effect in the early differentiation process, suggesting that SP could improve the osteogenic activity of late osteoblasts by acting on the NK1 receptor (58). Fu et al. (59) confirmed that SP could accelerate β-catenin translocation through the Wnt pathway to enhance osteogenic differentiation of BMSCs, and SP could also promote osteoblast differentiation and bone formation by increasing the production of cAMP and bone morphogenetic protein 2 (BMP-2). Fu et al. (60) used SP to intervene in BMSCs and found that SP promoted the expression of Bcl-2 and increased the ratio of Bcl-2 to Bax, confirming that SP inhibited the apoptosis of BMSCs through NK-1 receptors. Zhang et al. (61) found in the co-culture experiments of dorsal root ganglion (DRG) cells and BMSCs that DRG enhanced the autophagy level of BSMCs through the AMPK/mTOR signaling pathway, thereby maintaining the differentiation activity, and this process was related to the release of substance P. Therefore, SP can stimulate the proliferation, differentiation, and mineralization of pre-osteoblasts and improve the activity of late osteoblasts, but the specific mechanism needs to be further studied (62).



SP regulates angiogenesis

In a previous report, Liu et al. established a co-culture system of trigeminal ganglion sensory neurons and vascular endothelial cells. They found that when sensory neurons secreted SP increased, it could effectively promote the activation of vascular endothelial cells and promote angiogenesis, confirming that sensory neurons could directly promote angiogenesis through SP signal (63). Moreover, Kim et al. immobilized SP in nanofibrous materials to enable continuous release of SP and used this material to intervene in the hind limb ischemia model in mice. It was found that SP could promote the recruitment of mesenchymal stem cells into the ischemic area, promote angiogenesis, enhance tissue perfusion and prevent limb ischemic necrosis (64). Um et al. (65) reported that the number of circulating endothelial progenitor cells and CD31+ cells in peripheral blood increased after subcutaneous injection of SP, while CD31+ cells were associated with an angiogenic activity. In experiments in which sensory neurons (SNs) were co-cultured with endothelial cells, Leroux et al. found that CGRP and SP up-regulated angiogenic markers, including VEGF, angiopoietin 1, and Col4, and promoted angiogenesis (66). SP can promote angiogenesis, but whether it can target H-type blood vessels to affect bone metabolism still needs further research directions.




NPY

NPY is a polypeptide composed of 36 amino acids and 1 carboxamide, expressed in the central nervous and peripheral nervous systems. NPY can be released into peripheral bone tissue through paracrine function. In sympathetic fibers of peripheral nerves, NPY is co-stored with norepinephrine, and when stimulated, both are co-released into bone tissue (67). Most mammals have the same NPY sequence, NPY is one of the known evolutionarily conserved peptides, and NPY plays a role by activating G protein-coupled receptors (Y receptors). At present, five known Y receptors are Y1, Y2, Y4, Y5, and Y6. NPY had the highest affinity with the Y2 receptor, followed by Y1 and Y5, and the lowest affinity with the Y4 receptor (67).


NPY acts on peripheral bone tissue through the Y1 receptor

Studies have found that the systemic knockout of Y1 and Y2 receptors can increase the cancellous bone mass, cortical bone mass, and osteoblast activity in mice, showing a protective effect on bone loss in OVX mice (68–70). The gene knockout of the Y4 receptor did not show changes in bone mass, osteoblast, and osteoclast activity, but there was a synergistic relationship between Y2 and Y4. The increased cancellous bone volume in mice with double gene knockout of Y2 and Y4 was more significant than in mice with a single gene knockout of Y2 (68). Y5 receptor is involved in angiogenesis, energy metabolism, and seizure control, while the Y6 receptor has no function in the human body (71). According to the review, the effect of NPY on bone metabolism mainly acts on the Y1 and Y2 receptors.

NPY can bind to specific receptors in target organs to regulate bone metabolism, which is considered a potential target for treating OP and promoting bone repair (51). The mechanism of NPY regulating bone metabolism is very complex, affecting the endocrine through the central nervous system, such as the expression of leptin, or directly affecting the peripheral Y1 receptor through the paracrine function peptidergic nerves (72). It was found that NPY regulated bone metabolism by directly acting on osteoblasts, and the expression of OPG was not related to Y2 receptor (73). Current research has found that Y1 and Y2 are expressed in the central nervous system, while osteoblasts express the Y1 receptor but not the Y2 receptor. The Y2 receptor in the central nervous system can regulate the function of the peripheral Y1 receptor (74, 75). This article mainly describes NPY and the role of Y1 receptors in the bone microenvironment.

When the Y1 receptor of mice was knocked out, bone formation and bone absorption increased simultaneously, but bone formation increased significantly (76). In this sense, bone marrow stromal cells extracted from Y1 receptor knockout mice were cultured under osteogenic conditions, and it was found that these bone marrow stromal cells could form more mineralized nodules, which not only increased the proliferation and differentiation ability of bone progenitor cells but also significantly enhanced the mineralization ability of mature osteoblasts (74). Khor et al. found that osteoclasts have Y1 receptors, and NPY can directly act on osteoclasts through Y1 receptors to inhibit bone resorption by regulating the expression of cAMP, RNKL, and OPG (73, 77). In summary, NPY directly inhibits the differentiation of mesenchymal stem cells and the activity of mature osteoblasts through the Y1 receptor, resulting in a high bone mass phenotype in Y1 receptor knockout mice. NPY can significantly inhibit bone formation and slightly inhibit bone resorption, but the overall phenotype is reduced bone mass and bone strength.



NPY can promote angiogenesis

In addition to its effects on osteoblasts and osteoclasts, NPY also regulates angiogenesis. Jiang et al. (78) intervened in vascular smooth muscle cells with NPY and found that NPY promoted the proliferation and migration of vascular epithelial cells and stimulated the growth of vascular smooth muscle. BIIE0246 is a Y2 receptor antagonist. Alasvand et al. (79) used this antagonist to intervene in tumor tissue and found that capillary density and VEGF level in tumor tissue decreased, confirming that NPY could regulate angiogenesis by activating the Y2 receptor on endothelial cells, but the specific mechanism was not precise. Other studies also confirmed that NPY at physiological concentrations promoted the synthesis of nitric oxide and VEGF release by activating Y2 and Y5 receptors, thereby inducing angiogenesis, and presented the therapeutic potential to promote the recovery of blood supply in ischemic tissues (80–82). Liu et al. found that NPY promoted osteoblast differentiation through the canonical Wnt pathway in a concentration-dependent manner at concentrations ranging from 10-12 to 10-8 mol/L, while that NPY treatment increased the migration of BMSCs and the expression of VEGF (83). This conclusion does not conflict with the above point, because NPY can exert different effects through different receptors.




VIP

VIP was isolated from porcine intestines in 1970 and was named vasoactive intestinal peptide because of its vasodilating effect, which belongs to the glucagon/secretin superfamily. It was later found that VIP exists in the intestines and expresses in the central and peripheral nervous systems and can act as a neurotransmitter, so it was categorized as a neuropeptide. Furthermore, VIP is closely related to the occurrence of OP. In a cross-sectional study, Wang et al. (84) found that the expression level of VIP in serum of postmenopausal osteoporosis (PMOP) patients was lower than that of the healthy group, and the level of VIP was positively correlated with the bone mineral density of lumbar 1-4 and total hip.

VIP is abundant in the periosteum, and VIP nerve fibers are mainly distributed in the Haversian and Volkmann’s canals. As early as 1986, Hohmann et al. (85)found that the nerve fibers that dominate the bone and periosteum can regulate bone mineralization by expressing VIP. After the resection of the sympathetic postganglionic fibers, the VIP release was inhibited, and further studies found that VIP and acetylcholine coexist in vesicles, confirming that the sympathetic nerve releases VIP with the cholinergic phenotype. VIP receptors include the VPAC1 receptor, VPAC2 receptor, and PAC1 receptor. Moreover, the VPAC1 receptor and VPAC2 receptor have similar affinity to VIP and Pituitary adenyl cyclase active peptide (PACAP), while the PAC1 receptor has 100-1000 times higher affinity to PACAP than VIP (86).


Effects of VIP on bone metabolism and blood vessels

Both osteoblasts and osteoclasts have functional receptors for VIP, and VIP regulates the bone formation, metabolism, and remodeling by specifically binding to receptors on different cells (87). In this sense, Lundberg et al. (88) proved by RT-PCR that unmineralized mouse skull osteoblasts expressed VPAC2 but did not express VPAC1 or PAC1. However, after induced osteoblast mineralization, it can express VPAC1. Furthermore, Ransjö et al. (89) demonstrated that mouse bone marrow osteoclasts expressed VPAC1 and PAC1 receptor mRNA but not VPAC2 mRNA.

Observing the morphology of osteoclasts in rat bone marrow, researchers found that VIP can lead to cytoplasmic contraction of osteoclasts and decreased osteoclast motility (89). The binding of VIP to the VPAC1 receptor can inhibit the aggregation of osteoclasts and weaken the bone resorption activity of osteoclasts. Additionally, VIP can also stimulate osteoblasts and downregulate osteoclastogenesis by promoting cAMP production (90). VIP binds to VPAC2 receptors in osteoblasts, activates AMP and ERK signaling pathways, and increases the ratio of RANKL/OPG, confirming the important role of VIP in bone remodeling (91)Liu et al. (92) confirmed that VIP could promote osteogenic differentiation of rat bone marrow mesenchymal stem cells in vitro by activating Wnt/β-catenin signaling pathway. Besides, the team used the sympathetic resection mouse model constructed by 6-hydroxydopamine (6-OHDA). Based on the model, the femur fracture model was established. It was found that the VIP expression in the fracture site of the sympathetic resection mouse was significantly reduced, and the expression levels of osteocalcin (OCN) and osteopontin (OPN) were reduced. VIP treatment could inhibit bone resorption and rescue the inhibitory effect of 6-OHDA on bone remodeling (93).

Although many studies have confirmed that VIP can inhibit osteoclast activity, the effects of VIP on osteoblasts and osteoclasts are not mutually exclusive. VIP binds to the VPAC2 receptor of osteoblasts to activate protein kinase A, thereby stimulating the production of IL-6, which can promote osteoclast activity (94). In the case of co-culture of osteoclasts and osteoblasts, after adding VIP, osteoclasts will be inhibited in the early stage, but with the extension of VIP stimulation, osteoclasts will get rid of the initial inhibition and gradually recover their activity. It indicates that VIP has a dual regulatory function on osteoclast activity (95). The existence of dual regulation may be that the VIP receptors of osteoblasts and osteoclasts are different, and the affinity of each receptor to VIP is different, resulting in different effects of VIP on osteoclasts at different times and concentrations. The mechanism of VIP on osteogenesis and osteoclast still needs further research.

Furthermore, VIP is an endogenous vasodilator. Intravenous injection of VIP can lead to strong vasodilation and reduced blood pressure. VIP and its receptors are potential targets for migraine drugs (96). In vitro experiments revealed that VIP can also stimulate tube formation in human umbilical vein cells and increase VEGF expression during the osteogenic differentiation of rat bone marrow mesenchymal stem cells (93). The concentration of serum VIP correlated with the severity of non-traumatic femoral head necrosis, which may be related to the role of VIP in promoting angiogenesis (97).





Discussion

There is an interaction between peripheral nerve and bone tissue. Bone cells can secrete BMPs, chemokines, axon guidance factors, neurotrophic factors, and CGRP to regulate the development and repair of the nervous system, indicating that there is a crosstalk between bone cells and peripheral nerve, which is essential for regulating the dynamic balance of bone growth, and repair.

Correct innervation is necessary for fracture repair and bone development. Neurological changes and abnormal levels of specific neuropeptides are thought to be partly responsible for degenerative changes in the bones, such as OP and osteoarthritis. Although neuropeptides and their receptors are not the only factors in the regulation of peripheral nerves on bone, neuropeptides are one of the mediators, but their role should be monitored. At present, neuropeptides are considered one of the targets for the treatment of OP, but the clinical evidence of the application of neuropeptides and their receptor antagonists or agonists in OP still has significant limitations. Although neuropeptides have essential effects on bone metabolism, it is still a long way to treat them as drugs for OP.

Neuropeptides are a complex system. Neuropeptides have opposite effects on bone cells due to different concentrations and receptor-ligand interactions (Figure 2). Furthermore, neuropeptides do not act independently, and the relationship between neuropeptides is also worthy of further exploration. It was found that both SP and CGRP could promote the expression of BMP2 and Runx2 and induce mineralization in mouse osteoblasts in vitro. However, when SP and CGRP were used in combination, the BMP2 signal was down-regulated and osteogenic differentiation was inhibited, suggesting that there might be an interaction between these two neuropeptides (98). Among the four neuropeptides described in this paper, CGRP is the most studied, showing prominent promotion of bone formation and angiogenesis in various aspects. Experimental results show that magnesium-containing intramedullary nails can stimulate local CGRP release, promote osteogenic differentiation of periosteal stem cells, and accelerate femoral shaft fracture healing in OVX mice (99). Whether similar mechanisms can be used to treat osteoporotic fractures is worthy of further study. All four neuropeptides have been confirmed to promote VEGF expression, thereby promoting angiogenesis. Although it has not been reported that these four neuropeptides can directly target H-type vascular endothelial cells, VEGF is an important promoter of H-type vascular differentiation. Neuropeptides have regulatory effects on nerves, osteoblasts, osteoclasts, and blood vessels and are likely to be an essential factor in the crosstalk of “Peripheral Nerve-Angiogenesis-Osteoclast-Osteogenesis”. Neuropeptide is an important entry point to improve the theory of “quaternary regulation theory”.




Figure 2 | Effects of different neuropeptides on “Angiogenesis-Osteoclast-Osteogenesis”. CGRP released from peripheral sensory nerve endings can inhibit the activity of osteoclasts and inhibit the differentiation of macrophages to osteoclasts by acting on CGRP receptors. At the same time, CGRP can promote the activity of osteoblasts and the osteogenic differentiation of bone marrow mesenchymal stem cells. SP is another neuropeptide released from sensory nerve endings, promoting the differentiation of macrophages into osteoclasts and improving osteoclast activity by acting on NK1 receptors. SP can also promote osteoblast activity and bone marrow mesenchymal osteogenic differentiation of stem cells. NPY is released from adrenergic nerve endings. NPY is released from adrenergic nerve endings, and NPY acts on peripheral Y1 receptors to inhibit osteoblast activity, osteogenic differentiation of bone marrow mesenchymal stem cells, and osteoclast activity. VIP is released from acetylcholinergic nerve endings, inhibits osteoclast activity by binding to VPAC1 receptor, and can also promote osteoblast activity by binding to VPAC2 receptor. VIP also promotes osteogenic differentiation of bone marrow mesenchymal stem cells. CGRP, SP, NPY, VIP can promote VEGF production indirectly promote the formation of CD31hi Emcnhi blood vessels. In addition, CGRP, SP, and VIP have the effect of vasodilation. Figure 2 was modified from Servier Medical Art(http://smart.servier.com/), licensed under a Creative Common Attribution 3.0 Generic License. (https://creativecommons.org/licenses/by/3.0/).



The peripheral nerves that innervate the bones include sensory nerves. When talking about sensory nerves, we must mention the transmission of pain signals by sensory nerve fibers. Pain is one of the most terrible complications of OP, and about 85% of OP patients suffer from bone pain (100). Pain is also the most direct and typical symptom of OP and is one of the main reasons OP patients seek medical attention. Both OP and osteoporotic fractures are related to chronic bone pain. At present, the mechanism of chronic pain in OP is still unclear. Nonsteroidal anti-inflammatory drugs or opioids are generally used according to the degree of pain, but long-term use of opioids will reduce bone mineral density, cause gastrointestinal damage, renal toxicity, and addiction (101). Moreover, studies have confirmed that CGRP, SP, and VIP can induce peripheral pain maintain microglia activation and central sensitization (102, 103). However, NPY can mediate analgesic effects through Y1 and Y2 receptors, and intrathecal injection of NPY can relieve neuropathic, inflammatory pain, or postoperative pain (104). The density of bone innervation is related to the severity of bone pain after an injury. Reducing the density of CGRP-positive nerve fibers can effectively reduce the pain caused by fractures (105). Promoting bone metabolism and inhibiting pain are the best strategies for treating OP. Neuropeptides are a new way to achieve this therapeutic strategy.
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Introduction

Glucocorticoid-induced osteoporosis (GIOP) is the most common cause of secondary osteoporosis. Although many studies related to GIOP have been published, there was no bibliometric analysis in this field. This study aimed to investigate the research trends on GIOP by using bibliometric analysis.



Materials and Methods

All data were collected from the Web of Science Core Collection (WoSCC). All original research articles regarding GIOP from 2012 to 2021 were retrieved. CiteSpace was used to analyze the distribution of countries, institutions, journals, authors, and keywords. We revealed hotspots and trends in the field by drawing co-occurrence keyword maps and identifying burst keywords.



Results

From 2012 to 2021, 685 relevant articles were published, with a peak in 2018 in the annual number of publications. China and McMaster University were the leading country and institution in this field with 208 and 12 publications, respectively. Osteoporosis International was the journal with the most studies, while Journal of Bone and Mineral Research was the most cited journal. “Bone mineral density”, “fracture”, “postmenopausal women”, “prevention” and “therapy” were the most high-frequency keywords, while “bone mineral density”, “bisphosphonate” and “metabolism” were the top high-centrality keywords.



Conclusion

The results from this bibliometric study provided insight into the status and research trends in GIOP of the past decade, which could help researchers quickly determine the current hotspots and frontier trends in this field.





Keywords: glucocorticoids, osteoporosis, bibliometrics, visualization, hotspots



Introduction

Glucocorticoid (GC), such as dexamethasone and methylprednisolone, is widely used in the treatment of multiple inflammatory and autoimmune diseases due to its potent anti-inflammatory and immunosuppressive effects (1, 2). It is estimated that 1% to 2% of the world’s population is receiving long-term treatment with GC (3). However, long-term use of GC may lead to diabetes, glaucoma, osteoporosis, and other adverse events. Glucocorticoid-induced osteoporosis (GIOP) is one of the most severe side effects of GC, and the third most common form of osteoporosis after postmenopausal osteoporosis and senile osteoporosis but the most frequent cause of secondary osteoporosis (4). Like other types of osteoporosis, GIOP is characterized by decreased bone mass and microarchitectural deterioration of bone tissue, resulting in increased bone fragility (5). The damage of GC to the function and viability of osteoblasts is considered to be the primary mechanism of GC-induced bone loss (6). The major adverse clinical outcome of GIOP is fragility fractures, which could place a huge burden on patients and their families (7, 8). The research history of GIOP is decades long since the adverse effects of GC on bone was first recognized almost 90 years ago (9–11), and numerous clinical or basic studies related to GIOP have been reported.

To date, however, no bibliometric study focusing on GIOP research has been reported. Bibliometrics is a mathematical-statistical tool to gain insight into the current status, trends, and future directions of a specific research field through identifying and evaluating some quantitative factors like quantity of papers and geographical distributions (12–14). In addition, bibliometric analysis can also serve as a reference for the government to formulate specific policies, guide the funding and reward scientific researchers (15). Due to these advantages, bibliometric analysis has been widely conducted on various research topics in medical fields, including osteoporosis (16), postmenopausal osteoporosis (15), male osteoporosis (17), etc. Based on the research of GIOP in recent years, it is necessary to conduct the first bibliometric analysis on this topic to present the face of this research field.

In this study, we conducted a bibliometric analysis to systematically analyze the trends, hotspots, and new frontiers of GIOP research in the past decade based on the bibliometric software CiteSpace, so as to make it accessible to comprehensively understand the research background and development in this field.



Materials and methods


Data collection and search strategy

Relevant literature was collected from the Web of Science Core Collection (WoSCC). Three indexes, the Science Citation Index Expanded (SCI-Expanded); the Social Sciences Citation Index (SSCI); and the Emerging Sources Citation Index (ESCI), were selected from the WoSCC as the data source. The search was performed on March 19, 2022. The publication type was limited to “article” with language restriction to English. To reflect the current state of GIOP research, we retrieved the articles that published in the recent decade, and the time interval was set from January 1, 2012 to December 31, 2021. The detailed search strategies are presented in Table 1. A total of 685 papers were finally identified. “Full Record and Cited References” of these records including titles, authors, abstracts, and cited references were exported in plain text format.


Table 1 | Summary of data selection strategy in this study.





Research tools

All valid data were imported to Microsoft Excel 2019 and CiteSpace (5.8R3) for performing visual analysis. Microsoft Office Excel 2019 was used to analyze the trend of the number of articles published by year. CiteSpace, which is a java-based information visualization software developed by Dr. Chaomei Chen (School of Information Science and Technology, Drexel University, Philadelphia, PA, USA) (18), was utilized to visually analyze countries, institutions, authors, journals, cited references, keywords, as well as keywords with strong citation bursts over time. Related visualization knowledge maps which consist of nodes and links were drawn. In these maps, the nodes represent countries, institutions, authors, journals, cited references, etc. The links represent the cooperation, co-occurrence, or co-citation relationships between two nodes. The bigger the size of a node, the greater occurrence or citation frequency of the node. The color of nodes indicates the occurrence or citation years. Centrality is an index for quantitatively evaluating the importance of a node in a network, and a centrality greater than 0.1 was considered significant. A node with outer purple trim indicates high centrality, and the thickness of the purple trim represents the size of centrality.




Results


Publication years

A total of 685 publications were found after removing duplications. As shown in Figure 1, the number trend of annual global publications related to GIOP remained relatively steady overall in the past decade, with 60 or more publications per year. However, there was a sudden and noticeable spike in 2018 with 96 published articles. As for the annual output of the three most productive countries (China, the USA and Japan, which will be illustrated below), China showed the most significant overall growth, ranking first in the annual output since 2015 and reaching its peak in 2018. The number trend of Japanese publications also showed an overall increase in the past decade with a peak in 2018. In contrast, this trend of the USA was fluctuating. These results indicate that the research trend of GIOP varies greatly among different countries.




Figure 1 | The number of annual publications.





Analysis of countries and institutions

As shown in Figure 2A, the country distribution map consists of 58 nodes and 94 links. Besides, a detailed overview has been presented as a world map (Figure 2B). The top 5 countries with the highest number of publications were China, the USA, Japan, Italy, and UK, while Sweden, Saudi Arabia, Australia, Denmark, and Malaysia were the top 5 countries in terms of centrality (Table 2). China was the most productive country with 208 publications, followed by the USA with 128 papers; Sweden had the highest centrality at 0.67, and this was followed by Saudi Arabia at 0.41. Interestingly, none of the top 5 productive countries ranked in the top 10 in terms of centrality, indicating that the global influence of these countries was not proportional to their quantity.




Figure 2 | Visualization of countries. (A) Collaboration network of countries. (B) World map of publications distributed in various countries.




Table 2 | Top 10 countries in terms of publications and centrality.



The co-institution network map is shown in Figure 3, with 309 nodes and 660 links. The top 3 prolific institutions were McMaster University, Shanghai Jiao Tong University and China Medical University (Table 3). In terms of centrality, McMaster University, University of Sheffield, and University of Oxford were the top 3 institutions. McMaster University had both the most publications with 12 papers and the highest centrality at 0.17.




Figure 3 | Collaboration network of institutions.




Table 3 | Top 10 institutions in terms of publication volume and centrality.





Analysis of authors

The co-authorship and cited authors were analyzed to identify potential partnerships. The co-authorship network (Figure 4A) was composed of 380 nodes and 785 links. Among the authors, Liu Yang from China was the author who had the highest number of papers (n=10), and this was followed by Kenneth G. Saag (n=9) from the USA (Table 4). It is worth noting that none of the authors had a significant centrality, reflecting the lack of cooperation among them. Figure 4B displays the network of cited authors, with 490 nodes and 739 links. Robert S. Weinstein from the USA had the highest citation counts (n=223), followed by Tjeerd Pieter van Staa (n=216) from Netherlands and Ernesto Canalis (n=176) from the USA (Table 4).




Figure 4 | Visual analysis of authors. (A) Collaboration network of co-authors. (B) Network visualization map of cited authors.




Table 4 | The top 5 prolific authors and cited authors.





Analysis of journals

The 685 papers were published in 346 journals. Journal Citation Reports 2020 was used to obtain the impact factor (IF) and quartile (Q) of a journal category. The top 10 journals in terms of publication volume and citation counts are shown in Table 5 with their IF and quartile in category. Osteoporosis International was the most productive journal with 44 papers published, which was followed by Bone with 28 publications. Among the 10 journals, Journal of Bone and Mineral Research was the journal with the highest impact factor (IF), with an IF of 6.741. The journal co-citation analysis was also conducted to reveal the interdependence and cross-relationship among journals. The top-ranked journal by citation counts was Journal of Bone and Mineral Research with 529 citations, followed by Osteoporosis International (488 citations) and Bone (471 citations). Among the 10 top-cited journals, New England Journal of Medicine had the highest IF of 91.253.


Table 5 | The top 10 journals distributed by publications and citations.





Analysis of co-cited references

Table 6 demonstrates the top 5 most co-cited references. They were co-cited more than 25 times, of which the most frequently cited one was titled American College of Rheumatology 2010 Recommendations for the Prevention and Treatment of Glucocorticoid-Induced Osteoporosis and published in Arthritis Care & Research (IF=4.794). The second top cited paper was titled Glucocorticoid-Induced Bone Disease and published in New England Journal of Medicine (IF=91.253, which is the leading journal in clinical medicine). These 5 references could be considered as the most popular papers in this field.


Table 6 | The top 5 cited references.





Analysis of keywords

The keywords with a high frequency represent hot topics, while high-centrality keywords reflect the influence of corresponding research content in a certain field. The keywords co-occurrence is illustrated in Figure 5 which consists of 396 nodes and 651 links. Table 7 demonstrates that the top 10 high-frequency keywords on this topic were bone mineral density, fracture, postmenopausal women, prevention, therapy, management, differentiation, alendronate, double blind, and Mechanism. The top 10 high-centrality keywords were bone mineral density, bisphosphonate, metabolism, rheumatoid arthritis, osteoclastogenesis, guideline, microarchitecture, trabecular bone score, bone formation, and adipogenesis.




Figure 5 | Co-occurring keywords map.




Table 7 | The top 10 keywords in terms of frequency and centrality.



A citation burst refers to the increasing citation within a certain time interval, which could reflect the development of cutting-edge research topics (19). Figure 6 has shown the top 25 keywords with the strongest citation burst from 2012 to 2021. The keyword “mesenchymal stem cell” which appeared in 2015 was the keyword with the strongest citation burst. There were 5 burst keywords that continued to 2021 (activation, oxidative stress, pathway, model, inhibition).




Figure 6 | Top 25 keywords with the strongest citation bursts.






Discussion


General information

To our knowledge, this is the first bibliometric and visualized analysis of GIOP. In this analysis, a total of 685 original articles published from 2012 to 2021 were acquired from the Web of Science Core Collection. From the dynamic change in the number of annual total publications, we observed that the research trend on this domain remained relatively stable in recent years. The total annual output saw a significant rise and peak in around 2018, although it subsequently fell back to its previous level. This rise and peak were mainly contributed by some countries especially China. China witnessed an exponential increase in the number of annual publications before 2018, suggesting the rapidly growing attention paid by experts and scholars on this topic, and this number has fallen afterwards but still remains at its plateau. These results indicate that the research on GIOP in China might have reached its peak in the past decade. In contrast, the USA had a fluctuating annual output in the recent decade, making it hard to predict its future trend. According the total annual output of the world in recent three years, it can be estimated that the publication amount in this field will remain relatively stable in the coming years.

Analyzing the literature sources, 58 countries and 309 institutes published these 685 papers. China, holding the highest publication volume, also accounts for three of the top 5 most productive institutions. Therefore, China was the most prolific and active country, which was followed by the USA and Japan, and these three countries together published more than 60% of these 685 papers. Although some countries especially Sweden, Saudi Arabia and Australia did not have a great number of papers, they were the top countries when in terms of centrality, indicating the quality of their papers is very high. As for research institutions, McMaster University was both the most productive and most high-centrality one, suggesting its dominating position in this research field. It is worth noting that apart from that of China, all the other institutions in Table 3 are in developed countries, especially Canada, UK, and the USA, reflecting their huge academic influence in this field. Meanwhile, close cooperation can be observed between different countries and institutions in Figure 2A and Figure 3, which would promote the convergence and development of knowledge in this field.

From the perspective of authors, 380 authors contributed to these 685 papers. The author with the most publications was Liu Yang from the Fourth Military Medical University, Xi’an, China. Her research has long focused on bone marrow-derived mesenchymal stem cells (BMSCs) and osteoporosis. In the recent decade, her team has published several papers about the therapeutic effects of some bioactive components extracted from Chinese medicinal herbs on GIOP. For instance, one study discovered that the administration of tetramethylpyrazine prevented bone mass decrease in GIOP rats by prolonging BMSC survival (20). In another basic study, her team revealed that GC could promote osteoclast formation via autophagy, providing support for autophagy as a therapeutic target in GIOP (21). We also found that the most cited author was Robert S. Weinstein, an endocrinologist from the University of Arkansas for Medical Sciences, Little Rock, Arkansas, USA. His studies mainly focused on the basic research on GC-induced bone diseases. For example, one of his studies reported the positive effects of GC on osteoclast survival in vitro, which later attracted the researchers’ attention to the mechanism of GC on regulating osteoclastic bone resorption (22).

In the journal distribution analysis, the top 10 productive journals in Table 5 are considered to be the core journals for GIOP. In addition, most of these journals belong to Q1 or Q2, indicating that the research on GIOP is greatly valued in the global scientific field. In the future, more GIOP-related studies will be published in these journals. Table 5 also lists the top 10 journals with the largest citations, which means that they have published high-quality studies that captured the attention of scholars who were interested in this field. It is worth noting that Osteoporosis International and Bone were both in the top 3 journals in terms of productivity and co-citations, indicating their great impact in this field. Totally, our results would be helpful for researchers in this field to quickly find appropriate journals to obtain the latest advances regarding GIOP research or submit their articles.

According to the analysis of references, the top 5 cited references were published between 2010 and 2018 and all of them were focusing on GIOP. The most frequently cited reference was authored by Jennifer M Grossman et al. (23). This paper was recommendations for counseling and monitoring GIOP offered by American College of Rheumatology, providing a guideline for the management of GIOP. The second most cited one was authored by Robert S Weinstein (24), in which he reviewed the experience of clinical practice in the treatment of glucocorticoid-induced bone disease. The third most cited one was authored by Lenore Buckley et al. (25), which was a guideline for the prevention and treatment of GIOP. It is interesting that the document type of all these 5 papers is review, indicating that they nicely summarized the existing achievements and provided a good guidance in this field. They are thought to be milestones in this field, which will serve as the foundation for future studies.



Hotspots in GIOP-related research in the recent decade

A keyword reflects the research theme of a paper. Therefore, research hotspots can be known by analyzing the frequency of keywords in a certain field. In this analysis, the top 3 frequent keywords were “bone mineral density”, “fracture” and “postmenopausal women”. The burst keywords detection found that “mesenchymal stem cell” had the highest burst strength, indicating the research heat on this topic. Based on these results and after screening the titles and abstracts of these 685 papers, we concluded the hotspots in GIOP-related research in the recent 10 years as follows.


The role of BMSCs in the pathogenesis of GIOP

Bone marrow-derived mesenchymal stem cells (BMSCs) are multipotent stem cells with strong self-renewal ability and multidirectional differentiation potential. As precursors of some cell lineages including osteoblasts, chondrocytes, adipocytes, myoblasts, and fibroblasts, BMSCs are crucial in maintaining the dynamic homeostasis of bone tissue (26). Given that the formation of new bone is primarily dependent on osteoblasts that arise from BMSCs, impaired BMSCs may lead to imbalance between bone resorption and bone formation and sequentially cause osteoporosis. In recent years, the role of BMSCs in the pathogenesis of GIOP has attracted much attention. Some studies showed that low-dose GCs could promote cell viability and osteoblastic differentiation of BMSCs in vivo and in vitro (27, 28). On the contrary, high-dose GCs have been found to suppress osteoblast differentiation of BMSCs but promote them to differentiate into adipocytes (29, 30). In addition, high dosage of GCs can also induce an increase in apoptosis and cell death of BMSCs (31, 32). Therefore, protecting BMSCs from excessive GCs may be a promising direction for the prevention and treatment of GIOP in the future.



GIOP in postmenopausal women

It is well known that estrogen helps to maintain bone mass and strength in adults. Therefore, the deficiency of estrogen in postmenopausal women may cause imbalance in bone metabolism, gradually resulting in loss of bone mass and osteoporosis. As the life expectancy of global population increases, chronic diseases such as rheumatoid arthritis and asthma which require long-term GC treatment are becoming more and more common in postmenopausal women. When patients with osteoporosis were exposed to both postmenopausal and long-term GC use risk factors, the loss of bone mass would further accelerate and fracture risk could significantly increase (33). Scientists have paid more and more attention to this group in the past 10 years. One study found substantial cortical abnormalities and deteriorated trabecular microarchitectures in postmenopausal women using GCs, and the whole-bone stiffness was significantly decreased at their long bones (34). Some studies also established animal models to mimic the condition of postmenopausal women with GIOP, like rat (35), rabbit (36) and sheep (37, 38). Besides, the influence and treatment of GIOP on postmenopausal women have also been specifically concerned by experts in clinical studies (39–41).



Fracture risk in GIOP

The most important clinical significance of GIOP is in the occurrence of fractures. It was estimated that 30% to 50% of patients who had received long-term GC treatment would finally have an osteoporotic fracture, and the incidence of fracture grows with the duration of GC use (42, 43). Vertebral fracture is the most frequent GIOP-related fracture, while hip fracture is also not rare (42). Since fractures are usually highly burdensome for both the patient’s family and society, it is essential to identify the patients under GC treatment who are at high risk for fracture so as to provide interventions to them. Low bone mineral density (BMD) has been a well-known factor for causing fractures. But in fact, fractures often occur with relatively normal BMD values in GIOP patients, which complicates the identification of patients at risk for fracture (3, 44). Therefore, some new tools were developed to more accurately evaluate fracture risk. For instance, trabecular bone score (TBS) is an analytical tool for capturing information relating to trabecular microarchitecture, which has been proven to better predict fragility fractures than BMD values alone (45). There has been growing interests in the use of TBS in recent years, including in the GIOP field. The clinical utility of TBS for fracture risk assessment in GIOP patients has been supported by many clinical studies, and this tool is thought to be a prospective measurement complementary to BMD values in routine clinical evaluation (45, 46).





Future research directions

From Figure 6, the hot topics varied over the years. The keywords “trial”, “randomized trial”, “men” and “controlled trial” were mainly distributed in the earlier years of the past decade, indicating that clinical study was the major trend of GIOP-related research at that time. However, the emerging keywords have gradually shifted to “marker”, “activation”, “oxidative stress”, “pathway”, “expression” and so on since 2017. The research focus in GIOP seems to have switched to molecular mechanism research. Based on the development of burst keywords and high-frequency and high-centrality keywords, the future research directions in this field could be summarized as follows.

(1) GCs, such as “dexamethasone”, could induce “oxidative stress” in bone microenvironment, “inhibition” of “osteogenesis”, and “apoptosis” of bone marrow-derived “mesenchymal stem cells”. Their underlying “mechanism” has been particularly explored in many in vitro studies in recent years, but in vivo ones were much fewer. Thus, further in vivo researches utilizing GIOP “models” are still needed in the future to validate in vitro experiment results and obtain new preclinical findings.

(2) The existing drugs for GIOP, typically “bisphosphonates”, work mainly via promoting the activity of osteoblasts and inhibition of “osteoclastogenesis”. However, these drugs still have many flaws related to safety issues, side effects and high costs (47). Many basic studies had found potential targets and drugs for novel clinical treatment on GIOP, and meanwhile explored the underlying signal “pathway” mechanism. This research trend seemed to be on the rise in recent years. In the future, experts may carry out more in-depth research of natural drugs (such as Chinese traditional herbs) or synthetic drugs which are potentially effective on treating GIOP, and elucidate their related mechanism and efficacy at the molecular, cellular, organ, and animal level. Moreover, high-quality clinical “trials” are also needed to validate the potential clinical utility of these novel treatments.

Our study has some limitations. First, only WoSCC database was chosen to search for papers due to limitations of CiteSpace software. Second, only published articles were included but meeting records, reviews, letters, and textbooks were excluded, which might cause omission bias. Third, only papers published in the English language were selected. Finally, only the articles published in the recent decade were retrieved in order to reflect the current state of this field. Therefore, a more comprehensive bibliometric study which utilizes a mix of databases and includes non-English papers without limitation of publication year could be conducted in the future to show the research trend of GIOP-related research in a wider view.



Conclusion

In summary, this study identified the articles in the GIOP research field published between 2012 and 2021. We delineated their time distribution, highlighted the outstanding countries, institutions, authors, and journals, listed the top cited references, and conducted keyword analysis. This research field remained stable in recent years. The research hotspots in this field were majorly around the role of bone marrow-derived mesenchymal stem cells in the pathogenesis of GIOP, GIOP in postmenopausal women and fracture risk of GIOP. In the future, more basic and preclinical in vivo studies should be conducted in this field, and the potentially effective drugs for GIOP are worth further studies. Moreover, high-quality clinical trials should also be paid more attention. The results from this bibliometric study provided insight into the status and research trends in GIOP of the past decade, which could help researchers quickly determine the current hotspots and frontier trends and may encourage further practice in this field.
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Osteoporosis is a systemic metabolic disease, mainly characterized by reduced bone mineral density and destruction of bone tissue microstructure. However, the molecular mechanisms of osteoporosis need further investigation and exploration. Increasing studies have reported that circular RNAs (circRNAs), a novel type of RNA molecule, play crucial roles in various physiological and pathological processes and bone-related diseases. Based on an in-depth understanding of their roles in bone development, we summarized the multiple regulatory roles and underlying mechanisms of circRNA–miRNA–mRNA networks in the treatment of osteoporosis, associated with bone marrow mesenchymal stem cells (BMSCs), osteoblasts, and osteoclasts. Deeper insights into the vital roles of circRNA–miRNA–mRNA networks can provide new directions and insights for developing novel diagnostic biomarkers and therapeutic targets in the treatment of osteoporosis.
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1 Introduction

Osteoporosis (OP) is a common systemic metabolic disease, with high morbidity among the elderly especially in postmenopausal women (1). It is identified by the decreased bone toughness and altered bone microarchitecture, leading to an increase in skeletal fragility and fracture risk (2). Fracture is the most serious consequence of osteoporosis in the elderly, which easily leads to myeloid fracture, vertebral compression fracture, and other bone disorders. Osteoporosis has become one of the important causes of disability and death in the elderly due to its high incidence, high surgical risk, and poor prognosis (3, 4). With the aging of the population, osteoporosis has become a global health problem; it has been estimated that approximately 200 million individuals are affected by different levels of osteoporosis. The process of bone strength damage occurs silently and progressively, and there are no symptoms except fracture generally. Thus, the phenomenon not only has a socioeconomic impact and increases the healthcare cost related to osteoporosis, but also causes a heavy burden to patients with osteoporosis and their families (5, 6). However, there is no specific medicine to cure the disease in clinical practice, and the existing therapies can merely retard the process of osteoporosis and reduce the risk of fractures. Thus, it is imminently necessary to search for novel and effective therapeutics for osteoporosis.

Bone is a multifunctional, highly mineralized connective tissue acting as the center for the locomotory system and providing structural support for all internal organs. It is worth noting that bone is also a storeroom of calcium and phosphorus, which are prerequisite to maintain mineral homeostasis. Bone tissue metabolism is particularly active, and it endures constant remodeling during the whole life process. Bone remodeling is the process in which old bones are replaced by new bones, thereby maintaining bone mineral homeostasis and strength via a coupling between osteoblast-induced bone formation and osteoclast-mediated bone resorption (7–9). When the bones are affected by unfavorable factors, including aging, malnutrition, alcohol abuse, estrogen reduction, and connected adverse reactions to medications, the balance between bone formation and resorption will be broken, which is the main cause of generation osteoporosis (10, 11). However, because of a series of endogenous and exogenous factors included in bone metabolism, the particular molecular mechanism underlying the development of osteoporosis remains unclear (12–14).

Non-coding RNAs (ncRNAs), which are the novel focus point in most bioscience research, such as circular RNAs (circRNAs), microRNAs (miRNAs), and long ncRNAs (lncRNAs), have vital roles as regulators in various disease progressions, including osteoporosis (15, 16). CircRNAs, which widely exist in diverse organisms, emerge as a novel type of RNAs with a covalently closed-loop structure, implicated in the regulation of various biological activities, including cell growth, signaling, and multiple physiological and pathological responses (17). For example, circ_0000854, a novel circRNA, was detected to accelerate hepatocellular carcinoma (HCC) progression via the miR-1294/IRGQ axis, and silencing circ_0000854 suppresses cancer cell malignant behaviors, providing unique regulatory targets for HCC pathogenesis (18). Circ_SMG6 aggravated the resultant myocardial ischemia/reperfusion (I/R) injury, which might be related to the circ_SMG6-miR-138-5p-EGR1 network (19). This pathway can provide a novel therapeutic target to myocardial I/R injury (19). Meanwhile, emerging studies indicate that several circRNAs and miRNAs have been found to participate in the regulation of bone marrow mesenchymal stem cell (BMSC) differentiation and osteoporosis pathogenesis. It has been reported that circRNAs act as molecular sponges of miRNAs by competing for the rich miRNA-binding sites and interfering its expression with target messenger RNAs (mRNAs), which has been validated in various particular bone cellular activities (20). Moreover, the growing number of evidence proves that circRNA–miRNA–mRNA networks are a series of novel regulators in bone development (Tables 1 and Table 2) (Figure 1). In this review, we comprehensively searched the PubMed database (https://pubmed.ncbi.nlm.nih.gov/) with the combined keywords “circRNA”, “miRNA”, and “osteoporosis”, and summarized the roles of circRNA–miRNA–mRNA networks in the development and treatment of osteoporosis.


Table 1 | The auxo-action of the circRNA–miRNA–mRNA axis during bone formation.




Table 2 | The inhibitory effects of the circRNA–miRNA–mRNA axis during bone formation.






Figure 1 | The regulatory roles of circRNA–miRNA–mRNA networks in bone development and bone homeostasis. CircRNA–miRNA–mRNA networks regulate the osteogenesis, adipogenesis, and osteoclastogenesis in several types of cells and provide a therapeutical approach to treating abnormal bone metabolism including osteoporosis.





2 The roles of circRNA–miRNA–mRNA networks in the development of osteoporosis


2.1 Biogenesis and function of circRNAs

CircRNAs are a new type of non-coding RNAs with a closed continuous loop structure covalently via the concatenating of the 3’-poly(A) tails and 5’-end capping splice sites, which were first found in viroid in 1976 and widely distributed in nature (63). Compared with linear RNAs, circRNAs are more stable to exonuclease RNase Rand and highly conserved molecules (64). CircRNAs can be roughly classified into three categories: intronic circRNAs, exonic circRNAs, and exon–intron circRNAs, on the basis of the genome origin and their means of generation. Because of splicing errors, circRNAs were previously considered as nonfunctional by-products (64). In recent years, increasing circRNAs were investigated to function in a class of biological processes, such as cell proliferation, differentiation, and apoptosis (50, 61). According to a recent report, circFAM120B, as a tumor suppressor, hampers cell proliferation, metastasis, and invasion in esophageal squamous cell carcinoma (ESCC) (65). CircUbe3a could facilitate the cell proliferation, migration, and phenotypic transformation of cardiac fibroblasts (CFs) and then exacerbate myocardial fibrosis after acute myocardial infarction (66). Meanwhile, circRNAs have also been unexpectedly proven to take part in the regulation of bone microarchitecture, pathogenesis, and therapies of osteoporosis. Recently, a report has indicated that circ_0005564 significantly increased the mRNA levels of osteogenic differentiation markers, including RUNX2, OPN, and OCN, and then played energetic roles in osteoporosis (67). Nevertheless, the specific roles of various circRNAs in osteoporosis and the related underlying mechanisms need further exploration.

CircRNAs act as regulators in different essential physiological processes by regulating gene transcription, participating in translation, and acting as miRNA sponges. For instance, in a recent report, circStag1 was found to be related to osteoporosis (68). Overexpression of circStag1 could significantly promote the osteogenic capability in BMSCs, and researchers found that circStag1 directly interplays with an RNA-binding protein, named human antigen R (HuR), to mechanistically promote the regeneration of bone-related tissue (68).



2.2 Biogenesis and function of miRNAs

miRNAs are a kind of stem ring endogenous small non-coding RNA molecules, about 22 nucleotides, and present in all eukaryotic cells (69). miRNAs play a key role in the translation and expression of gene in organisms post-transcriptionally via combining the 3’-UTR region of mRNA and then silencing the expression of target genes (70). The expression of miRNAs exerts the characteristics of tissue specificity and growth process specificity, and they participate in cell proliferation, differentiation, apoptosis, and other development. When the content of some miRNAs changes abnormally, the corresponding diseases will be induced subsequently on account of the abnormal expression levels of target genes (71). It has been reported in the literature that the disorder of several miRNAs is closely related to the occurrence and development of many types of diseases (72, 73). For instance, in cancer, miRNAs can act not only as oncogenes but also as tumor suppressors. At the same time, miRNAs can also be used as markers in the process of cancers, providing new targets for cancer therapy (74). In recent years, the roles of miRNAs in osteoporosis have gradually been recognized. miRNAs can regulate bone metabolism by regulating osteogenic differentiation, osteoclast differentiation, and maturation. Therefore, the abnormal expression of miRNAs, related to bone metabolism, must be closely related to the occurrence of bone-related diseases, such as osteoporosis. According to the study, the level of miR-27a has been verified to be reduced in the disease process of osteoporosis and during adipogenic differentiation (75). Further research found that silencing of miR-27a could decrease bone formation in vivo. Therefore, in-depth study of these miRNAs will be helpful to understand the pathogenesis of bone replacement and osteoporosis and search the clinical diagnosis and treatment of osteoporosis.



2.3 The effects of circRNA–miRNA–mRNA networks as signaling pathway factors in bone development


2.3.1 BMP signaling pathways

Bone morphogenetic proteins (BMPs), one of the members of transforming growth factor-β (TGF-β) superfamily, undertake a pivotal role in regenerating osteogenic differentiation of osteoblast by Smads-related or non-Smads-related pathways. BMP receptors can receive information from BMP ligands, form a complex with co-Smad4 through phosphorylating R-Smad1/5/8, and affect the transcriptional expression of downstream target genes. According to the research, BMP2, BMP6, BMP7, and BMP14 (also named to as GDF5) have been affirmed to be correlated with bone homeostasis (Figure 2).




Figure 2 | The roles of circRNA–miRNA–mRNA networks related to BMP and Smad pathways in bone development. The circRNA–miRNA–mRNA networks exert the potentials to regulate the bone development by BMP and Smad pathways.




2.3.1.1 BMP2

As a positive cytokine, bone morphogenetic protein-2 (BMP2) is involved in a variety of cellular activities, which is known to induce osteogenic differentiation and regulate bone development and fracture repair. For example, it is confirmed that circ-0000020 could promote osteogenic differentiation, retard the progress of osteoporosis, and upregulate the expression of BMP2 via sponging miR-142-5p as ceRNA (22). Inversely, the silence of circ-0000020 significantly decreased the expression of osteogenic markers, reduced the mineralization ability, and enhanced the apoptosis levels of BMSCs (22). Postmenopausal osteoporosis (PMO), one type of osteoporosis, caused by reduction of estrogen, dramatically reduces the quality of later life of postmenopausal women. According to the study, circ-0007059 was found by screened different circRNA expression levels in PMO patients via RNA-seq and bioinformatics analysis (24). Meanwhile, overexpression of circ-0007059 could attenuate osteoclastogenesis in hBMSCs in vitro (24). Further mechanism studies demonstrated that circ-0007059 directly targeted miR-378, which, in turn, targeted BMP2 (24). Hence, circ-0007059 was verified to function as a novel target in osteoclastogenesis via the miR-378/BMP2 signaling pathway (24). Furthermore, circRNA-0048211 could upregulate the expression of osteogenic genes during bone remodeling, including RUNX2, OPN, and OCN, and alleviate the progression of PMO through the circRNA-0048211/miRNA-93-5p/BMP2 regulatory network (23). The expression levels of circRNA-19142 and circRNA-5846 were observably upregulated in the BMP2-induced osteogenesis group compared with the control group (76). miR-7067-5p was confirmed to the co-targeted miRNAs of the two circRNAs by Venny analysis (76). Both circRNA-19142 and circRNA-5846 have been found to be involved in osteogenic activity through the circRNA-19142/cirRNAc-5846-miRNA-mRNA axis (76). Similarly, the circRNA-0016624/miR-98/BMP2 axis could prevent osteoporosis and offer a novel insight into therapeutic strategy (21).



2.3.1.2 BMP6

CircRNA-Fgfr2 could sponge miR-133 and regulate the expression of bone morphogenetic protein-6 (BMP6) (27). For further validation, overexpression of circRNA-Fgfr2 in rDFCs restrained the expression of miR-133; on the contrary, the level of BMP6 was increased (27). Furthermore, during osteogenic induction, the positive regulation of the circRNA-Fgfr2/miR-133/BMP6 regulatory pathway has been verified (27).



2.3.1.3 BMP7

Bone morphogenetic protein-7 (BMP7) belongs to the BMP family and possesses equivalent osteogenesis function. The calcitonin gene-related peptide (CGRP) could obviously promote the osteogenesis of MC3T3 cells and the expression of mm9_circ_009056 was significantly increased in the CGRP-induced cells (26). Furthermore, it could accelerate the expression levels of miR-22-3p following silencing mm9_circ_009056, but decrease the mRNA and protein levels of BMP7 (26). This phenomenon suggested that mm9_circ_009056 might act as a sponge for miR-22-3p to regulate the expression of BMP7 and then affect osteogenesis-related genes.



2.3.1.4 GDF5

Growth differentiation factor (GDF) 5, also called bone morphogenetic protein-14 (BMP14), has been reported to participate in the process of osteogenic differentiation. The cerebellar degeneration-related protein 1 transcript (CDR1as), as a newly reported circRNA, has been discovered to be involved in the osteogenic differentiation of periodontal ligament stem cells (PDLSCs). By in vivo and in vitro assays, they found that circ-CDR1as plays the role of a miR-7 sponge, leading to upregulate the level of GDF5 and phosphorylate the Smad1/5/8 and p38 mitogen-activated protein kinases (p38 MAPK) mechanistically (77).



2.3.1.5 Others

According to the latest studies, several circRNAs play a part in bone formation-related diseases through the Smad pathway (Figure 2). For example, circ_AFF4 sponges miR-135a-5p and modulates osteoblast differentiation by activating the Smad1/5 pathway via the miR-135a-5p/FNDC5/Irisin network in BMSCs (28). Both circPOMT1 and circMCM3AP have been demonstrated to crosstalk with hsa-miR-6881-3p. Moreover, hsa-miR-6881-3p possibly inhibits Smad6 to activate the BMP signaling pathway and influences osteogenesis of hASCs (52). At the same time, circRNA-SIPA1L1 accelerates osteogenesis in DPSCs via adsorbing miR-617 and further activating the Smad3 pathway (29). Moreover, circHGF, which was significantly upregulated in osteonecrosis of the femoral head (ONFH) sample group compared with the control group by circRNA microarray assay, restrained the cell proliferation and differentiation in BMSCs by acting on the miR-25-3p/Smad7 regulatory pathway (53).




2.3.2 RUNX signaling pathways


2.3.2.1 RUNX2

Runt-related transcription factor 2 (RUNX2), as a critical osteogenic marker gene, is broadly used to observe the osteogenic differentiation process. RUNX2 is involved in osteoblast differentiation through coordinating multiple signaling pathways, including BMPs, TGFs, Wnts, and hedgehogs. In the meantime, the upregulated level of RUNX2 can activate the expression of downstream Osterix, Col I, ALP, and other osteogenic genes. Yin et al. showed that the expression level of circRUNX2, derived from osteoporotic bone tissues, was downregulated (30). CircRUNX2 could be combined with miR-203 and compete for binding sites on miR-203 with RUNX2 (30). Overexpression of circRUNX2 could promote the osteogenic differentiation and restrain the progression of osteoporosis (30). A subsequent study has confirmed that circ-VANGL1, miR-217, and RUNX2 are correlated by the dual-luciferase reporter gene assay (78). At the same time, overexpression of circ-VANGL1 could lead to the increase of miR-217 and the decrease of RUNX2 and then the acceleration of osteogenic differentiation (78). Moreover, the expressions of bone formation-related genes were upregulated and ALP activity was increased by overexpressing circ-VANGL1 in hBMSCs (78). The reduced osteogenic ability is one of the pivotal causes of age-related osteoporosis in BMSCs. Overexpression of hsa_circ_0006215 could enhance the expression of the osteogenesis-related genes, and the condition in the hsa_circ_0006215 knockdown group was reversed (25). The results of luciferase reporter and RNA pull-down assays revealed the relationship between hsa_circ_0006215 and miR-942-5p and RUNX2 (25). The results also showed that hsa_circ_0006215 could regulate the RUNX2 and VEGF expression via targeting miR-942-5p and then promote the osteogenic differentiation (25). Similarly, the current studies show that circRNA-23525 promotes osteogenic differentiation by sponging miR-30a-3p to regulate RUNX2 expression in ADSCs (35). Meanwhile, circ_0011269 functions as a ceRNA binding to miR-122 and then regulates the expression of RUNX2 and accelerates osteoporosis progression (31).



2.3.2.2 RUNX1 and RUNX3

Hsa_circ_0026827, which is increased typically during the osteoblast differentiation of human dental pulp stem cells (hDPSCs), was surprisingly found to promote heterotopic bone formation in vivo. The mechanism of action is via Beclin1 and the RUNX1 signal channels by binding to miR-188-3p, providing a novel thinking for osteoporosis research (34).

It has been proven that hsa_circ_0005752 could regulate osteogenic differentiation, as verified by alkaline phosphatase (ALP) and alizarin red S (ARS) staining assays (32). The hsa_circ_0005752/miR-496/MDM2 network plays a significant role in accelerating osteogenic differentiation. It is worth noting that RUNX3 could enhance the level of hsa_circ_0005752 and then promote osteogenic differentiation (32). On the contrary, knockdown of hsa_circ_0005752 partially antagonizes the function (32). In the meantime, hsa_circRNA_33287 may also affect the osteogenesis under the control of the ceRNA mechanism in maxillary sinus membrane stem cells (MSMSCs), which combines miR-214-3p and Runx3 by forming the hsa_circRNA_33287/miR-214-3p/Runx3 circuit (33). These pathways furnish novel mentalities for bone regeneration and therapeutics for bone disease treatment, such as osteoporosis.




2.3.3 Wnts

The interrelation between circRNA–miRNA–mRNA networks and Wnt signaling during osteogenic differentiation has been revealed (Figure 3). Wnt pathways are divided into the canonical and non-canonical Wnt/β-Catenin pathway.




Figure 3 | The roles of circRNA–miRNA–mRNA networks related to Wnt/β-catenin pathways in bone development. CircRNA–miRNA–mRNA networks participate in maintaining the bone development via Wnt/β-catenin pathways.



Yes-associated protein 1 (YAP1), which belongs to YAP family, plays an important part in increasing bone mass and retarding bone microstructure degeneration in BMSCs and MC3T3-E1. Circ_0024097 could directly target miR-376b-3p and then attenuate the osteoporosis via both the circ_0024097/miR-376b-3p/YAP1 network and the Wnt/β-catenin pathway (37). Furthermore, WIF-1 acts as a rescue regulatory factor to change the positive effects of circ_0024097 overexpression on osteogenic differentiation, which is the inhibitor of the Wnt/β-catenin pathway (37). Another interesting circRNA for restraining osteoporosis is circRNA-124534, which promotes hDPSC bone regeneration in vitro and in vivo (39). Similarly, it works through the miR-496/β-catenin pathway to enhance the osteogenic differentiation (39). At the same time, circSmg5 could improve osteoblast differentiation via targeting the miR-194-5p/Fzd6 network to activate the Wnt/β-catenin pathway in BMSCs (38).

Several Wnts pertain to the non-canonical Wnt pathway, such as Wnt4, Wnt5a, and Wnt5b. According to the report, circRNA_0001052 is clarified to negatively regulate BMSC proliferation by binding to miR-124-3p as a sponger via the Wnt4/β-catenin pathway (54). It is worth mentioning that the low-level laser irradiation (LLLI) could reverse the process and provide a potential therapeutic to osteoporosis (54). The balance between osteogenic and adipogenic differentiation plays an important role in bone repair in BMSCs. miR-7-5p could link with CDR1as and WNT5B to modulate the osteogenic/adipogenic differentiation disorder, which may provide a novel direction for the molecular mechanisms of bone metabolism-related diseases (55).





3 The treatment of osteoporosis


3.1 Prevention

Osteoporosis is a type of chronic disease that is hardly cured at the present stage. Therefore, it is essential to prevent osteoporosis in advance. Calcium and vitamin D are essential components of skeletons and also the basic strategy for prevention and treatment of osteoporosis, especially beneficial for reducing the risk of fractures in the elderly. Simultaneously, vitamin D is significant in the treatment of anti-resorption and anabolic bone formation. However, when dietary calcium and vitamin D are insufficient to meet the demand, the balance is affected. It is widely agreed upon that food supplementation or the use of drug supplements is necessary to improve calcium and vitamin D levels and then prevent the development of osteoporosis (79, 80). It is widely established that the progress of bone loss may be significantly delayed by focusing on a diet of milk and dairy products, leading to a healthy lifestyle, and taking appropriate calcium and vitamin supplements (81, 82).



3.2 Routine drug therapy

According to the mechanism of function, anti-osteoporosis drugs can be divided into bone resorption inhibitors, bone formation promoters, dual-action regulators, and others. Bone resorption inhibitors are constituted by various drugs, including estrogens, selective estrogen receptor modulators (SERMs), calcitonin, and bisphosphonates. While parathyroid hormone (PTH) and analogues belong to bone formation promoters and strontium salt drugs play dual roles in regulating the new bone formation (Table 3).


Table 3 | The routine drug therapy in osteoporosis.




3.2.1 Estrogens and SERMs

Estrogen is a steroid sex hormone produced by the endocrine system, which is involved in the physiological and pathological processes of bone tissue and plays an important role in the process of bone reconstruction. Estrogen reduces bone resorption via inhibiting the function of osteoclasts, and similarly selective estrogen receptor modulators are synthetic non-hormonal substances that play the same role in bone metabolism. The typical representative, raloxifene, can significantly increase the bone density and reduce the risk of fracture. However, the risk of breast cancer will increase because of long-term estrogen use. Therefore, long-term estrogen treatment is not recommended (85).



3.2.2 Calcitonin

Calcitonin is a type of peptide hormone derived from thyroid cells and plays a vital role in the treatment of osteoporosis by directly inhibiting the differentiation and proliferation of osteoclasts. Then, calcitonin reduces the number of osteoclasts and destroys the dynamic balance of bone homeostasis. Calcitonin could also increase the bone density and relieve pain in osteoporosis. However, adverse reactions occur in several patients, and the effect of calcitonin on osteoclasts is transient, which exerts the obvious promotion in postmenopausal women (95).



3.2.3 Strontium salts

Strontium salts exhibit multidirectional effects on bone tissue, not only promoting osteogenesis but also inhibiting bone resorption and contributing to reduced possibility of fracture. However, similar to major existing drugs, the disadvantage is obvious. The risk of myocardial infarction will dramatically increase after long-term administration in postmenopausal women (96). Strontium ranelate (SR) is a type of anti-osteoporosis drug with a multidirectional mechanism of action caused by strontium ions, which is similar to calcium in physical and chemical functions, and then plays a key role in regulating bone metabolism via the calcium-sensing receptor (CaSR) (92).




3.3 Novel drug therapies

In recent years, with more in-depth research on the pathogenesis of osteoporosis, a series of therapeutic targets has been developed, and new drugs have been gradually applied in clinical trials.


3.3.1 PTH analogues

Essentially, PTH is a single-chain polypeptide secreted by the main cells of the parathyroid gland and joins in the regulative process of calcium homeostasis. Discontinuous action of PTH will stimulate bone formation and increase bone mass, but long-term action will lead to opposite effects, which are bone resorption enhancement and bone mass reduction (97). Recombinant human parathyroid hormone 1-34 (PTH1-34), which is also called teriparatide, is an active fragment of PTH. Teriparatide is the representative drug in osteoporosis and significantly reduces both vertebral and non-vertebral fractures in postmenopausal patients with osteoporosis (98).



3.3.2 RANKL inhibitors

Denosumab, approved in 2010, competitively binds to receptor activator of NF-κB ligand (RANKL), thereby preventing merging with its receptor, RANK, and then inhibits osteoclast differentiation and activation, also reducing the osteoclastic activity. In clinical studies, it has been found that denosumab brings positive effects to higher spine BMD in the patient with postmenopausal osteoporosis. Dinoselmer is easy to use and a large number of clinical trials have proved that it can significantly reduce bone turnover markers (87, 99). However, discontinuation of denosumab can result in a rebound of the markers and even loss of accrued BMD.



3.3.3 Cathepsin K Inhibitors

Cathepsin K is a member of the family of cysteine proteases, which has the highest expression and bone dissolution in osteoclasts. It decomposes bone tissue by degrading osseocolla and promotes the formation of cavities in bone, and then generates bone homeostasis disorder. Fortunately, two cathepsin K inhibitors, named odanacatib and ONO-5334, have been currently applied in the clinical treatment of osteoporosis. Such medicines will offer new therapeutic options for osteoporosis patients. Odanacatib is a reversibly selective, orally administered cathepsin K inhibitor. Odanacatib could reduce bone resorption and increase BMD and eventually achieve the goal of treating the disease via inhibiting the absorptive activity of osteoclasts, rather than decreasing their number (100). The other inhibitor, ONO-5334, is affirmed to exert the action of increasing BMD and bone strength parameters in the osteoporosis models of ovariectomized monkey and is associated with suppressing bone resorption markers in clinical settings (88). Hence, ONO-5334 was demonstrated as a late-model mode of function which could be used as a potential agent for the treatment of osteoporosis.



3.3.4 Sclerostin antibodies

Sclerostin, a regulatory factor that affects bone remodeling, is secreted only by mature osteocytes and restrains osteogenesis by binding low-density lipoprotein receptor-related protein 5 (LRP5) and LRP6 receptors to inhibit the Wnt/β-catenin pathway (91). Sclerostin monoclonal antibodies, such as romosozumab and blosozumab, have been verified to inhibit sclerotin activity and reduce the sclerotin inhibition of Wnt signaling in multiple animal models. In the meantime, romosozumab could significantly increase the bone mass and reduce fracture risk by reducing bone resorption and promoting bone formation in comparison with alendronate at the lumbar spine (101, 102). Sclerostin antibody shows promise in the treatment of established osteoporosis, although there are some existing problems that need to be solved, including optimal duration and order of administration (103).



3.3.5 CircRNA–miRNA–mRNA networks

As the research progressed, the role of circRNA–miRNA–mRNA networks in regulating bone metabolism balance and diagnosing bone-related diseases, and even in providing new ways of treatment to osteoporosis, was gradually proposed. For example, both the circ_0001795/miR-339-5p/YAP1 axis and the hsa_circ_0006766/miR-4739/Notch2 axis could attenuate osteoporosis progression and could be used as potential candidate therapeutic targets of bone regenerative medicine (36, 45). On the contrary, the circ_0006873-miR-142-5p-PTEN/Akt signaling pathway and the hsa_circ_0006859/miR-431-5p/ROCK1 signaling pathway could reverse the positive effects of osteogenic differentiation and promote the development of osteoporosis, which may provide treatment approaches for osteoporosis (56, 57). Overall, these results are helpful in exploring the pathogenesis of osteoporosis and in providing new strategies for its treatment.





4 Conclusions and perspectives

Above all, osteoporosis is a kind of complex multiple-factor chronic disease that needs further research to solve the problem of pathogenesis. Along with the advancement of osteoblast and osteoclast biology research, researchers have found a variety of regulatory transcription factors and signal pathways in the development of osteoporosis, including circRNA–miRNA–mRNA networks. The circRNA-associated ceRNA networks are closely related to the pathogenesis of osteoporosis by regulating osteoporosis-related key genes. Based on these findings on circRNA–miRNA–mRNA networks in osteoporosis, subsequent studies are needed to verify the application of circRNA–miRNA–mRNA networks in the prevention and treatment for osteoporosis. Targeting key circRNAs or miRNAs, identified as potentially crucial mechanisms underlying osteoporosis, might be a novel therapeutic method for osteoporosis.

Plenty of evidence suggest that these networks play significant roles in modulating the osteogenic/adipogenic differentiation in numerous types of cells and then dedicate to the osteoporosis. These findings are dramatically helpful to improve the current understanding of circRNA–miRNA–mRNA networks’ function in osteogenesis. In addition, existing drugs have obvious adverse reactions or are not suitable for long-term use. Therefore, the adverse reactions limit the longer and widespread use of these drugs. With the emergence of more in-depth studies, new target drugs are gradually proposed, which might be more effective in maintaining the dynamic balance in bone reconstruction, reducing the patient’s pain and improving the quality of life. Meanwhile, the corresponding therapeutics of circRNA–miRNA–mRNA networks are hoped to be applied in clinic and might be novel therapeutic targets in osteoporotic patients. As we mentioned, overexpression or knockdown of key circRNA/miRNAs might be a novel therapeutic strategy for osteoporosis. These important circRNA/miRNAs may be applied as a potential target to develop promising anti-osteoporotic drugs. However, the functions of more potential circRNA–miRNA–mRNA networks in the development of osteoporosis should be verified. A deep understanding of the osteoporosis-specific dysregulated circRNA–miRNA–mRNA network-mediated gene regulation in the development of osteoporosis is necessary to lay a firm foundation to develop promising therapeutic targets for osteoporosis.
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Background

Osteoporosis (OP) and osteopenia are common bone disorders in old age, and lots of patients suffering from OP or osteopenia need to take antiplatelet agents to treat basic diseases. However, clinical data on the link between osteopenia or OP and antiplatelet agents are limited.



Methods

Data in this study were collected and screened from the NHANES from 2013 to 2014 and 2017 to 2018. The variables were extracted from interviews and compared between OP or osteopenia participants and normal. The relationship between OP or osteopenia and taking antiplatelet drugs was analyzed by weighted multivariate logistic regression



Results

After excluding individuals who were not eligible and had invalid data, we finally identified 894 participants for inclusion in the study. We found a negative association between OP or osteopenia and taking antiplatelet agents (OR = 0.53; 95% CI, 0.33–0.84; p < 0.05). These results did not change on multiple imputations (OR = 0.32, 95% CI, 0.19–0.56; p <0.01). In the subgroup analyses, the associations were more significant in women (OR = 0.18, 95% CI, 0.05–0.62; p <0.05).



Conclusion

This study demonstrated that the association between OP or osteopenia and taking antiplatelet agents was significant. Therefore, it is necessary to confirm the result by extending further research.
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Introduction

Osteoporosis (OP) and osteopenia are systemic skeletal diseases that lead to increased fracture risk. Hip and spine fractures are the most common damage types among them (1–3). Venous thromboembolism (VTE) is a kind of common complication for clinical patients (4). Guidelines recommend an antiplatelet agent: low molecular weight heparin is an optimal treatment for VTE in patients undergoing hip fracture and joint replacement surgery (5). Patients with the above types of surgery tend to be older, and most of them need to take antiplatelet agents (6–8). Some common diseases in endocrinology can also be affected by antiplatelet drugs (9–11).

Bone mineral density (BMD) is the preferred method to diagnose OP and osteopenia. BMD should be measured at the hip and its subregions as well as the lumbar spine using dual-energy X-ray absorptiometry (DXA) (1). Normal BMD is defined as BMD within 1 SD of white women aged 20–29 in the National Health and Nutrition Examination Survey (NHANES) III, osteopenia is defined as 1.0–2.5 SDs below that of a young white woman, and OP is defined as 2.5 and more SDs inferior to that of a young white woman (12). According to new research, ticagrelor can inhibit osteoclast differentiation in vitro while promoting bone regeneration in mice with calvarial defects (13). A trend toward higher lumbar BMD in users of acetylsalicylic acid compared to nonexposed (14) was observed.

However, clinical data on the link between osteopenia or OP and antiplatelet agents are limited. In this research, we aim to demonstrate the relationship between osteopenia or OP and antiplatelet agents in a national sample of Americans. The results of our study will lead to further treatment and prevention of OP and osteopenia.



Materials and methods


Data and study population

Data were collected and screened from the NHANES. The NHANES is a representative multilevel and multidimensional project, its continuity is due to the organization’s annual survey of a sample of the American people (15, 16). Participants completed the NHANES and signed an informed consent.

We combined data from the 2013 to 2014 and 2017 to 2018 waves of NHANES. These two waves were chosen because data on femoral neck BMD were not available in the 2015–2016 wave. The study population was restricted to participants who had undergone femoral neck and total lumbar spine BMD. Since participants in the 2013–2014 wave were 40–80 years old and in the 2017–2018 wave were 50–80 years old, participants aged 50–80 years old were selected as research objects. Considering that the data came from different waves, we performed statistical analysis on the data of different years before the combined analysis, and the results showed that the difference between the data of these two waves in each variable was not statistically significant (the detailed analysis results can be found in Supplementary Table S1). Thus, data can be combined for analysis. Among the 5,413 eligible participants, we excluded missing data, participants younger than 50 years of age, and those who had taken other drugs. Ultimately, 894 participants were included in the analysis.



BMD measurement and OP or osteopenia diagnosis

The outcome variable of this study was whether the participants were diagnosed with OP or osteopenia. The diagnoses of OP and osteopenia were based on T-scores calculated from the BMD of the neck of the femur and lumbar vertebra with DXA. The femur and lumbar spine scans were analyzed with the APEX software (17). BMD was calculated as T-scores via a method. T-scores were divided into ≥ −1, −1 to −2.5, and ≤ −2.5, representing normal, osteopenia, and OP (1, 18).



Assessment of current antiplatelet agent use

As collected data from the NHANES, we additionally calculated the proportion of participants who were taking antiplatelet agents (clopidogrel, aspirin, cilostazol, prasugrel, dipyridamole) under the diagnostic subgroup.



Covariate ascertainment

Concomitant variables of this research included sex, age, race, education, federal poverty level (FPL), body mass index (BMI), smoke, drink, calcium daily intake (g/day), and vitamin D daily intake (µg/day). Age was classified as 50–60, 60–70, and 70–80. Covariates about sex, race, education, age, FPL, smoke, and drink were obtained from structured questionnaires. Calcium and vitamin D daily dietary intake was collected from 24-h dietary recalls. The race was classified as White race, Black race, Mexican, and Others. Education was categorized into high school and below, college (and equivalent educational attainment), and above college. FPL was classified as <200% FPL and ≥200% FPL. If BMI is defined as the underweight range when the index is less than 18.5. Healthy weight is in the range of 18.5 to 25, while the overweight range is 25–30. It is in the obesity range if BMI is ≥30. Obesity is further divided into classes 1–3. BMI was 30–35, 35–40, and ≥40, respectively (19). Smoke was divided into former, never, and now. Smoking less than 100 cigarettes in life was described as never. Smoking more than 100 cigarettes in life and smoke not at all now were defined as former; the definition of now was smoking more than 100 cigarettes in life and smoking some days or every day (from the questionnaire in the database: smoked at least 100 cigarettes in life). The drink was divided into no, mild, moderate, and heavy as follows: heavy alcohol user: ≥3 drink times/day for women or ≥4 drink times/day for men or binge drinking on ≥5 days/month; moderate alcohol user: ≥2 drink times/day for women or ≥3 drink times/day for men or binge drinking ≥2 days/month; mild alcohol user: none of the above but drinking currently; and no was defined as never drinking (20).



Statistical analysis

All data were weighted to produce estimates for the US population, and designed layering and clustering were used in the analysis. Continuous variables are expressed as mean (95% CI), while categorical variables are expressed as count (percentage). The relationship between taking antiplatelet agents and OP or osteopenia was analyzed via weighted logistical regression. The confounding factors were added to the multivariate logistic model to adjust the relationship analysis. Statistical analysis of all data was performed by R Studio. A two-tailed p < 0.05 was regarded as significant.




Results


Characteristics of the study participants

We fully enrolled 894 individuals after excluding participants who did not complete BMD testing, used other drugs, and had incomplete information. Among 4,519 excluded participants, 11.77% were Mexican, 21.09% were Black, 41.93% were White, and 25.20% were Other; 50.81% were women and 49.19% were men. Individuals <50, 50–60, 60–70, and 70–80 were 19.85%, 24.43%, 29.14%, and 26.58%, respectively. Of the 894 included participants, 448 were diagnosed with OP or osteopenia, while 446 were considered normal. The general characteristics are shown in Table 1. Overall, OP and osteopenia individuals were older (p < 0.01) and thinner (p < 0.05), were less likely to be Black (p < 0.001), had a higher proportion of women (p < 0.001), and were less likely to take antiplatelet agents (p < 0.05).


Table 1 | General characteristics of participantsa.



We compared race- and sex-adjusted T-scores across the age groups by using linear regression. With the increase of age, the T-score of all race groups decreased, among which the most significant decrease was in women who had just menopause (50–60 years) and 70–80 years (Table 2).


Table 2 | Mean T-scores, by race, sex, and age group.





Relationship between taking antiplatelet agents and OP or osteopenia

A logistic regression model was established to investigate the relationship between the use of antiplatelet agents and OP or osteopenia, as shown in Table 3. Model 1 was a univariate logistic regression model that showed a negative association between OP or osteopenia and taking antiplatelet agents (OR = 0.53; 95% CI, 0.33–0.84; p < 0.05). This association was not altered after adjusting for age, sex, race, education, BMI range, and FPL in model 2 (OR = 0.37; 95% CI, 0.22–0.63; p < 0.01). In model 3, which was further adjusted for model 2 plus smoke, drink, calcium, and vitamin D, this association was not altered (OR = 0.32, 95% CI, 0.19–0.56; p < 0.01). We further explored the association of taking antiplatelet agents with OP or osteopenia stratified by sex groups (Table 4). The association between taking antiplatelet agents and OP or osteopenia was more significant in the female participants in model 2 (OR = 0.21, 95% CI, 0.06–0.70; p < 0.05) and model 3 (OR = 0.18, 95% CI, 0.05–0.62; p <0.05).


Table 3 | Association between taking antiplatelet agents and OP or osteopenia.




Table 4 | Association between taking antiplatelet agents and OP or osteopenia (subgroup analysis stratified by gender).






Discussion

Our study concluded that OP and osteopenia were associated with taking antiplatelet agents. The relationship remained the same even after other factors were added (demographic factors and smoking, drinking, calcium, and vitamin D).

It is widely believed that menopause and aging lead to bone loss (21–23). The white race is considered an established risk factor for OP (24, 25). Calcium and vitamin D are two trace elements that affect bone metabolism. Calcium deficiency may be associated with reduced bone mass and OP, while chronic deficiency of vitamin D will cause osteomalacia (26). Calcium and vitamin D deficiency aggravate bone loss in osteoporotic mice (27). Studies have found a relationship between serum vitamin D status and resistance to clopidogrel (28, 29). Obesity increases the fracture risk, and the higher BMI, the less protective the bones are (30).

A few studies had confirmed that antiplatelet agents can treat OP and OP-related diseases or stop the disease from getting worse. A study in the population of the 70–79 age group demonstrated higher BMD in aspirin users compared with those without using aspirin (31). Drugs modified with aspirin can accelerate the repair of osteoporotic bone defects (32). Aspirin inhibits osteoclast differentiation and promotes osteogenic differentiation (33, 34). Aspirin inhibits osteoclast formation through related signaling pathways such as NF-κB signaling pathway (35, 36). Continued perioperative use of clopidogrel does not have the predicted negative effects but promotes fracture healing (37). Even after adjusting for covariables, the results demonstrated a negative association between antiplatelet agents and OP or osteopenia. The association between taking antiplatelet agents and OP or osteopenia was more significant in women. A previous study found that using aspirin regularly might benefit BMD in postmenopausal women (38). However, studies have shown that long-term use of antiplatelet agents can negatively affect bones (39). Contrary research conclusions are due to differences in research methods, drug use methods, drug dosage, drug dosage form, course of treatment, and other aspects.

The acquisition and screening of NHANES data adopt a standardized, unified scheme, so the accuracy and consistency of data included in the study and the reliability of results can be guaranteed. A large number of community samples and a weighted analysis of data ensured the reliability of the results. It is more intuitive and comprehensive to include some important confounding factors in regression analysis compared with mechanism research. Nevertheless, this research still has some limitations. Firstly, since this study is a cross-sectional survey based on NHANES, the causal relationship between dependent variables, independent variables, and covariables cannot be deduced. The analysis of the relationship between specific drugs and OP or osteopenia could not be completed due to insufficient sample size and uneven distribution of the antiplatelet agent-taking population. Due to the lack of records of the dosage and course of treatment of medication, it is impossible to verify the relationship between long-term, high-volume intake of antiplatelet drugs with OP with osteopenia. To further strengthen and verify our results, a large-scale cohort study is required to complete the validation. Second, NHANES data sources are measured or collected only once, which increases the possibility of data bias. Therefore, it is suggested that the database can be repeated multiple times in the following study.

In conclusion, for adults, taking antiplatelet agents is associated with OP and osteopenia in women but not in men. This suggests that taking antiplatelet agents is likely to impact BMD for women but is likely to have no impact on men.
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Bone immunity regulates osteoclast differentiation and bone resorption and is a potential target for the treatment of postmenopausal osteoporosis (PMOP). The molecular network between bone metabolism and the immune system is complex. However, the molecular mechanism underlying the involvement of the major histocompatibility complex class II (MHC-II) molecule protein presentation pathway in PMOP remains to be elucidated. The MHC-II molecule is a core molecule of the protein presentation pathway. It is combined with the processed short peptide and presented to T lymphocytes, thereby activating them to become effector T cells. T-cell-derived inflammatory factors promote bone remodeling in PMOP. Moreover, the MHC-II molecule is highly expressed in osteoclast precursors. MHC-II transactivator (CIITA) is the main regulator of MHC-II gene expression and the switch for protein presentation. CIITA is also a major regulator of osteoclast differentiation and bone homeostasis. Therefore, we hypothesized that the MHC-II promotes osteoclast differentiation, providing a novel pathogenic mechanism and a potential target for the treatment of PMOP.




Keywords: postmenopausal osteoporosis, MHC-II molecule, protein presentation pathway, effector T cells, bone immunity



Introduction

Postmenopausal osteoporosis (PMOP), a major public health concern, is attributed to an imbalance of bone metabolism in postmenopausal women. The condition is characterized by decreasing bone strength and bone mineral density (1–3). There are several pathological mechanisms involved in the development of PMOP, such as imbalances in osteogenic/adipogenic differentiation of bone marrow mesenchymal stem cells (BMSCs), osteogenic and/or osteoclast (OC) coupling, and bone immunity. Among them, bone immunity imbalance has recently attracted more attention.

The relationship between bone metabolism disorder and the immune system is complex (4). Major histocompatibility complex class II molecules (MHC-II) play essential roles in the adaptive immune response and participate in the immune regulation of bone health (5–7). However, the molecular mechanism underlying the regulatory effects of MHC-II on bone metabolism imbalance remains unclear. Therefore, this review summarizes the currently available knowledge regarding this molecular mechanism. The following aspects are discussed. Activation of T and B lymphocytes requires MHC-II molecules, and loss of estrogen (E2) leads to the conversion of T cells to effector T cells (TE) and the chronic production of related inflammatory cytokines. In turn, TE promote bone remodeling by releasing inflammatory factors. The main cytokines produced by TE affect bone resorption and bone formation. MHC-II gene expression is inseparable from the regulation of MHC-II transactivator (CIITA) and phagolysosomal membrane integrity. Moreover, bioinformatics revealed the potential pathologic association between PMOP and T activation, as well as the protein presentation pathway. Understanding the mechanisms through which MHC-II molecules regulate bone homeostasis may facilitate the development of targeted drugs for the treatment of PMOP.

There are two types of MHC molecules involved in adaptive immune response in mammals, namely, MHC-I and MHC-II. The former is distributed in almost all nucleated cells in the body; the latter is distributed in professional antigen-presenting cells (APCs), such as monocytes/macrophages, dendritic cells (DCs), and B cells. Both types are tightly regulated and involved in the activation process of effector T lymphocytes (TE) (8–10).



MHC-II molecules as key immune molecules participating in bone remodeling


OC precursors highly express MHC-II molecules

As OC precursors, monocytes/macrophages are a type of professional APCs. Hence, it is more meaningful to investigate the effect of the MHC-II molecule protein presentation pathway on bone metabolism in PMOP.



Activation of T and B lymphocytes requires MHC-II molecules

How can the initial T cells and memory T cells (TM) be activated and induce inflammation? A series of processes are required for T cells to induce adaptive immune responses and inflammation. The initial activation of T cells and TM is followed by further proliferation and differentiation into TE. The activation of the initial T cells and TM requires signals from the interaction between the T-cell receptor and the MHC-antigenic peptide complex. MHC molecules monitor different proteolytic machineries in APCs and transport the hydrolyzed peptide to the surface of APCs for the identification and combination of initial T cells and TM (11–13). DCs are the most powerful APCs in the body, particularly mature DCs whose main feature is the high expression of MHC-II molecules. Therefore, the MHC-II molecular presentation pathway plays an important role in activating the initial T cells and TM to become TE and may be closely related to the pathogenesis of PMOP.

It is well established that extracellular proteins enter the APCs and participate in the formation of phagosomes. Phagosomes combine with intracellular lysosomes to form phagolysosomes, where proteins are hydrolyzed into short peptides. MHC-II molecule–peptide complexes migrate to the surface of APCs for identification by CD4+ T cells, thereby activating them to become T helper 1 (Th1), Th2, Th17, etc. It is established that Th2 provides CD40L for the activation of B lymphocytes. Activated T and B lymphocytes can produce interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), interleukin-17A (IL-17A), and receptor activator of nuclear factor-κB (NF-κB) ligand (RANKL) (14), which are important immune molecules involved in bone remodeling in PMOP. This evidence further shows that MHC-II molecules are closely related to the occurrence and development of PMOP.




E2 deficiency leads to conversion of T cells into TE and chronic production of related inflammatory cytokines

Recently, a new pathway has been described, indicating that E2 loss results in chronic production of TNF-α and IL-17 by converting TM into TE. IL-7 and IL-15 are involved in the process; both are mainly secreted by bone marrow dendritic cells (BMDCs), which are important APCs in the bone marrow (BM) (15). Animal experiments have shown the absence of bone loss in specially treated mice, in which TM cannot convert into TE (16).

Physiologically, E2 can induce apoptosis of BMDCs and TM through the Fas ligand pathway (15). In the absence of E2, BMDCs exist for a prolonged period of time. This effect leads to antigen-independent activation of TM to produce TNF-α and IL-17A (16). In general, the classical activation and conversion of TM into TE require antigen stimulation (17). However, the activation induced by loss of E2 differs from that model (15), and this difference may be associated with chronic inflammation in PMOP. We hypothesize that, in postmenopausal women, the lifespan of DCs and TM is extended with the decline in E2. This further contributes to the conversion of initial T cells and TM activation into TE, resulting in the release of various inflammatory factors and causing PMOP.



TE promotes bone remodeling by releasing inflammatory factors

The adaptive immune system is fundamental to the progression of PMOP (15). Adaptive immune responses are composed of cellular immunity and humoral immunity. The former is mainly mediated by T lymphocytes, while the latter is mainly mediated by B lymphocytes.

The deficiency of E2 promotes persistent inflammation, which is conducive to the development of PMOP. Mechanistic studies on the relationship between menopausal E2 loss and activation of T cells have primarily been performed in rodents with ovariectomy (OVX); the key results obtained from these investigations have been verified in human studies (15). Bone loss was decreased in T-cell-deficient mature mice with OVX, demonstrating that T cells are required to promote bone resorption in PMOP (18–22). TE can secrete numerous cytokines, such as IFN-γ, TNF-α, and IL-17A.


Main cytokines produced by TE affect bone resorption

OCs are multinucleated giant cells formed by the fusion of multiple mononuclear macrophages differentiated from myeloid progenitor cells in the BM. OCs appear to be sensitive to cytokines produced by TE, such as IFN-γ, TNF-α, and IL-17A.

IFN-γ derived from TE can regulate the RANKL signal pathway during OC differentiation (20). Th1 cells are one of the main TE in T-cell immunity and the major producers of IFN-γ. Initially, bone loss due to inflammation was attributed to a Th1-mediated pathological process. However, it was later demonstrated that Th17 cells are the main drivers of bone loss (23).

It has been reported that mature monocytes/macrophages differentiate into OCs in an IFN-γ-rich microenvironment and promote cell fusion (24). Moreover, IFN-γ could readily induce monocyte aggregation, leading to the formation of multinuclear giant cells (25). In addition, it has been shown that TNF-α can directly act on OCs and their precursors, and it cooperates with the RANKL signal pathway in osteoclastogenesis (26–29). TNF-α can recruit TNF receptor-associated factors to sequentially activate NF-κB p50, and, c-Fos, and nuclear factor of activated T cells 1 (NFATC1) for the promotion of OC differentiation. This process is similar to and independent of the RANKL pathway (30). Blockade of the pathways by which lymphocytes migrate to the BM reduced the levels of TNF-α and Th17 cells in the BM after OVX in mice. These effects were accompanied by trabecular bone loss in this model (31).

E2 deficiency can increase the number of Th17 cells and TNF-α-producing T cells in the BM, and this process is dependent on the gut microbiome. Subsequently, BM IL-17A and TNF-α stimulate RANKL expression and activity, causing bone loss. Demonstrating the functional relevance of T-cell trafficking, blockade of Th17 cells and TNFα-producing T cells from the gut or their influx into the BM prevented OVX-induced bone loss. Therefore, it can be concluded that T cells in the gut are proximal targets of E2 deficiency-induced bone loss in PMOP (32).

Additionally, as an immune cytokine, IL-17A participates in the regulation of bone remodeling (15). IL-17A is mainly secreted by a special subtype of TE, namely, Th17 cells (33), and promotes bone destruction (34–36). Of note, there is a one-quarter amino acid sequence homology of IL-17A between humans and mice (37). It is thought that IL-17A participates in inflammation and may be mainly derived from the activated memory CD4+ T cells (TM), which subsequently differentiate into Th17 cells (37, 38). The local cytokine environment can promote or protect against bone loss. In addition, the mechanisms through which TNF-α and IL-17A affect bone metabolism via OCs have been studied extensively (39, 40).

IL-17A signaling plays a role through the IL-17A receptor (IL-17AR); however, the role of IL-17A signaling in OCs remains elusive (41). Different concentrations of IL-17A exert varied effects on OCs. A low concentration of IL-17A (0.5 ng/ml) can promote OC differentiation via RANKL-JUN N-terminal kinase (RANKL-JNK) signaling and reduce the apoptosis of OCs through the RANKL–beclin 1 (BECN1)–autophagy–TRAF3 pathway. IL-17A increases the number of OC precursors to influence subsequent RANKL-dependent OC differentiation. However, a high concentration of IL-17A (5–50 ng/ml) could inhibit OC differentiation and stimulate the apoptosis of OCs via the two aforementioned pathways (42, 43). Interestingly, a higher concentration of IL-17A (100 ng/ml) increases the number of OC precursors and induces OC formation (34). IL-17A also indirectly targets the OC-supporting cells, such as BMSCs, osteoblasts (OBs), and osteocytes, to produce various cytokines and molecules for the regulation of OC differentiation (4). Binding of IL-17A to its receptor IL-17AR on pre-OC triggers Act1 adaptor protein and may activate the downstream Janus kinase 2-signal transducer and activator of transcription 3 (JAK2-STAT3) signal, which can promote RANKL expression (44–47). The upregulation of RANKL and the increase in the RANKL/osteoprotegerin ratio could promote OC differentiation.

Theories on the activity of IL-17A in OC differentiation remain controversial; thus, it is imperative to explore the specific underlying mechanisms (48). Specific subtypes of TE express TNF-α, which increases OB apoptosis and indirectly stimulates osteoclastogenesis via B-cell-produced RANKL, thereby triggering bone loss during PMOP (49).



The main cytokines derived from TE show different effects on bone formation

As discussed above, inflammation affects bone resorption. However, studies on the role of inflammatory factors in restraining bone formation are currently limited. Physiologically, under coupled bone remodeling conditions, there is a dynamic balance between bone resorption and formation. For example, increasing resorption is accompanied by the recruitment of BMSCs and their conversion into OBs (15). However, this process appears to be impaired in the presence of inflammatory cytokines (i.e., TNF-α and IL-17). Therefore, bone formation is reduced versus bone resorption, which is consistent with the pathological mechanism of PMOP. OBs and BMSCs are sensitive to TNF-α and IL-17A.

TNF-α can inhibit bone formation by suppressing OB differentiation. It can inhibit the expression of osterix (OSX) and runt-related transcription factor 2 (RUNX2), which are vital to OB differentiation (50, 51). RUNX2 is a specific transcription factor that could commit BMSCs to the OB pathway. It has been demonstrated that TNF-α could restrict the differentiation of BMSCs into OBs by regulating RUNX2 expression (15). OSX is another key transcription factor for OB maturation, and TNF-α also can target OSX expression (52–54). Furthermore, OB differentiation can be regulated via the mechanistic target of rapamycin (mTOR) pathway (55–58). Studies have shown that TNF-α can preferentially regulate cellular metabolism in adipocytes and muscle cells (59–61). OBs, adipocytes, and muscle cells originate from BMSCs through different directions of differentiation. The mechanism by which TNF-α regulates OB cellular metabolism is currently unknown. In-vitro studies have shown that TNF-α can regulate autophagy and apoptosis via the NF-κB signal pathway in OBs (62–64), both of which are controlled by the mTOR.

In ankylosing spondylitis, a study on human pre-OB has indicated that IL-17A could promote bone-derived cells to differentiate into OBs through the JAK2/STAT3 signal pathway (65). IL-17A can promote the differentiation of BMSCs into OBs and the mineralization of OBs by upregulating the expression of bone formation-related gene alkaline phosphatase and RUNX2 (66). IL-17A and bone morphogenetic protein 2 (BMP2) could promote the osteogenic differentiation of BMSCs (67). OBs and adipocytes are both differentiated from a common pluripotent precursor, namely, BMSCs. The decision for the differentiation of BMSCs into OBs or adipocytes is delicately balanced and there is competition. IL-17A may steer BMSCs into OBs. Moreover, it can activate cyclooxygenase 2 (COX2)-induced prostaglandin E2 (PGE2) to inhibit lipid-related proteins, such as peroxisome proliferator-activated receptor gamma (PPARγ) and adiponectin. This process leads to a reduction in the differentiation of BMSCs into adipocytes (68). Therefore, IL-17A may exert different effects on OCs and OBs and can induce extensive bone turnover in PMOP.

It has been demonstrated that IL-17A could affect the differentiation of BMSCs into OBs and the functions of mature OBs (40). Th17 cells release IL-17A, which directs mesenchymal stem cell differentiation toward the osteogenic lineage but also indirectly increases OC differentiation (49).

In summary, bone metabolism is sensitive to chronic inflammation induced by the activation of T cells in PMOP. Specifically, deficiency of E2 promotes the conversion of TM into TE in the BM.




Key aspects of MHC-II molecule protein complexes presented to T cells

Proteins enter APCs and participate in the formation of phagosomes. Phagosomes combine with intracellular lysosomes to form phagolysosomes, where proteins are hydrolyzed into short peptides. Meanwhile, MHC-II molecules synthesized in the endoplasmic reticulum are transported to MHC class II-containing compartments, where peptides are loaded in the peptide-binding groove of MHC-II molecules (69). Phagolysosomes associate with MHC class II-containing compartments to form terminal lysosomes in APCs. MHC-II molecule–peptide complexes migrate to the cell surface for identification by CD4+ T cells and activation of adaptive immune responses. Therefore, the expression of MHC-II molecules and the integrity of the phagolysosomal membrane are critical for the presentation of the MHC-II molecule protein complexes to T cells.


Expression of MHC-II genes is dependent on the regulation of CIITA

It has been shown that CIITA is a master regulator of MHC-II genes in APCs, which are critical for the activation of T cells and the induction of adaptive immune response (8, 9).

Under physiological conditions, CIITA is the master regulator of MHC-II genes (8, 9). It is a non-DNA-binding co-activator, which can specifically regulate the expression of MHC-II molecules. CIITA deficiency could result in rare human immunodeficiency disease (70). Overexpression of CIITA induces severe spontaneous osteoporosis by an increase in the number of OCs and bone resorption (7).

The classical MHC-II molecules in humans (HLA-DR, HLA-DP, and HLA-DQ) are the major target genes of CIITA. The factors which regulate MHC-II expression play roles via the promoters that drive transcription of the MHC2TA gene encoding CIITA. As OC precursors, macrophages constitutively and highly express MHC-II molecules (8, 9). In the presence of low levels of CIITA, the synthesis of MHC-II molecules can be limited, and the presentation of MHC-II molecule proteins in DCs (a type of APC) is impaired (18). The expression of genes which encode accessory proteins required for MHC-II molecule protein presentation can also be regulated by CIITA. Thus, CIITA is a central regulator controlling the response to proteins that will be processed and the maintenance of tolerance in the immune system (8, 9). This coordinated regulation of MHC-II and other genes necessary for its function is unique; hence, CIITA has been termed the “master regulator” of MHC-II molecules and the protein presentation pathway (8, 9).

Therefore, it is hypothesized that overexpression of CIITA will lead to overexpression of MHC-II molecules, which in turn can cause overactivation of the protein presentation pathway. Subsequently, more initial T cells and TM are activated to become TE, resulting in excessive immune response and inflammation in PMOP. As monocytes/macrophages are a type of professional APCs, we hypothesized that the relationship between CIITA and MHC-II may be in the OC precursors.



Phagolysosomal membrane integrity determines whether MHC-II molecule–peptide complexes can be presented

Phagolysosome is a critical endocytic organelle in the MHC-II molecular protein presentation pathway. Its membrane integrity determines whether MHC-II molecule–peptide complexes can be presented. The rupture of the membrane before the presentation of the MHC-II molecule–peptide complexes will lead to APC death and lack of T-cell activation.

Following the completion of the MHC-II molecule–peptide complexes, the membrane of the phagolysosome fuses with the cell membrane. At the same time, the peptide-binding region of the MHC-II molecule can bind to processed peptides, and its immunoglobulin-like region can be specifically recognized by CD4 molecules expressed on T cells.

The effect of phagolysosomal membrane integrity on the MHC class II molecular protein presentation pathway is critical. However, the mechanism regulating the integrity of the phagolysosomal membrane is unknown. The maintenance of phagolysosomal membrane integrity is regulated by numerous factors, such as the osmotic control of membrane tension, lipid bilayer modifications and renitence vacuoles, and membrane-stabilizing proteins (71).

The membrane-stabilizing proteins are of particular interest. It has been reported that the Bin–amphiphysin–Rvs (BAR) domain-containing protein family plays important roles in scaffolding and stabilizing the curved membranes (72). These proteins will increase the surface of the endocytic organelle, thereby facilitating the rapid export of osmolytes that can diffuse into the tubules and access the membrane solute carriers (73, 74).

Mature endocytic organelles, including phagolysosomes, require transmembrane proteins to protect the membrane from the harsh luminal environment (75, 76). The lysosome-associated membrane proteins (LAMP1 and LAMP2) and the lysosome integral membrane protein 2 (LIMP2) have been well investigated (76, 77). Loss of LAMP1 and LAMP2 does not affect the lysosomal membrane integrity (78, 79). In contrast, loss of LIMP2 results in severe damage to the lysosomes (76). The homolog of the human LIMP2, SCAV-3, has been identified as an important regulator of lysosome integrity (76). Loss of SCAV-3 can lead to the rupture of lysosome membranes. Therefore, SCAV-3 is vital for preserving lysosomal membrane stability. Notably, modulation of lysosome integrity by the insulin/insulin-like growth factor 1 (insulin/IGF1) signaling pathway affects longevity (76).

In summary, we conclude that phagolysosomal membrane integrity determines whether MHC-II molecule–peptide complexes can be presented to T cells. This affects their activation and conversion into TE, thereby influencing the release of numerous cytokines and the development of PMOP.




MHC-II may promote OC differentiation

It has been demonstrated that CIITA is a key regulator of OC differentiation and bone remodeling (6). Previous studies have shown that CIITA exerts an indirect effect on bone homeostasis during E2 deficiency-induced bone loss, which may be associated with its effects on protein presentation. In OVX mice, an increase in the expression of CIITA increased the expression of MHC-II molecules and enhanced activation-induced T-cell proliferation (75). Hence, it is vital to activate T cells for bone loss caused by OVX, and CIITA could be regulated by the presence of E2. The regulation of CIITA is dependent on IFN-γ, because OVX leads to increased levels of IFN-γ derived from TE. Of note, it has been shown that CIITA was not upregulated in IFN-γR-/p-mice (80). Therefore, it would be meaningful to examine the expression of CIITA in OC precursors during PMOP.

CIITA is a key regulator of the activation of T cells and should be considered an important factor in the relationship between the immune response and bone health (7). However, the effect of the MHC-II molecule on OC differentiation is currently unknown. We hypothesize that MHC-II molecules could also promote OC differentiation.



Bioinformatics revealed a potential pathologic association between PMOP and T activation, as well as the protein presentation pathway

In the article, we used bioinformatics analysis methods (Supplementary 1) to integrate multiple databases for the screening of different genes involved in PMOP. Next, we performed enrichment analysis of the Kyoto Encyclopedia of Genes and Genomes pathway. Of the top 30 pathways, some pathways associated with immunity in PMOP were enriched (e.g., cytokine–cytokine receptor interaction, JAK-STAT signaling pathway, Th17 cell differentiation, OC differentiation, T-cell receptor signaling pathway, and TNF signaling pathway) (Figure 1A). The top 20 Gene Ontology enrichment candidate targets of the different genes associated with immunity in PMOP are shown in Figure 1B. There was a pathologic crosstalk of core cytokine networks involved in PMOP and immunity. Gene Ontology functional enrichment analysis of common differentially expressed genes in PMOP and immunity was performed, including the cellular component. Figure 1B shows the enrichment of the MHC-II protein complex.




Figure 1 | Results of the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. The top 30 KEGG pathway enrichment candidate targets of the target genes (A). Pathways with significant changes (FDR < 0.05) were identified. The vertical coordinates represent the KEGG pathway with significant enrichment, and the horizontal coordinates represent the gene ratio which refers to the ratio of enriched genes to all target genes. The top 20 GO enrichment candidate targets of the target genes (B). The color of the bubble graph indicates the categories of “cellular components” in the GO of the target genes (FDR < 0.05), and the horizontal coordinates represent the gene ratio which refers to the ratio of enriched genes to all target genes.



In addition, protein–protein interaction network topology analysis was conducted to identify common differentially expressed genes in PMOP and immunity genes (Figure 2). IL-17A, TNF, and IFN are derived from TE; IGF is associated with the membrane integrity of phagolysosomes; PPAR is associated with the differentiation of BMSCs into adipocytes; CD40L can be expressed only on activated T cells; and cytotoxic T-lymphocyte-associated protein 4 (CTLA4) can provide inhibitory information for T-cell activation.




Figure 2 | PPI network topology analysis was conducted for common differential genes in PMOP differential genes and immunity genes.



These results indicate that MHC-II molecules may promote OC differentiation and play crucial roles in the development of PMOP. They mainly act through various cytokines produced by TE cells, some may act on osteoblasts, and some may act on osteoclasts (Figure 3).




Figure 3 | The relationship between MHC-II and PMOP.





Conclusion

This review focused on the MHC-II molecular protein presentation pathway. The phagolysosomal membrane integrity and CIITA are critical to the MHC-II molecular protein presentation pathway. The evidence suggests that MHC-II molecules play a key role in OC differentiation, providing a new direction for revealing the pathological mechanism underlying the development of PMOP. Such knowledge may provide potential therapeutic targets for the prevention and treatment of PMOP. According to the network pharmacology analysis, the common differential genes in PMOP differential genes and immunity genes were found. However, which genes are upregulated and which are downregulated and their specific roles in bone immunity need to be further explored.
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Osteoporosis is a systemic degenerative bone disease characterized by low bone mass and damage to bone microarchitecture, which increases bone fragility and susceptibility to fracture. The risk of osteoporosis increases with age; with the aging of the global population, osteoporosis is becoming more prevalent, adding to the societal healthcare burden. Histone modifications such as methylation, acetylation, ubiquitination, and ADP-ribosylation are closely related to the occurrence and development of osteoporosis. This article reviews recent studies on the role of histone modifications in osteoporosis. The existing evidence indicates that therapeutic targeting of these modifications to promote osteogenic differentiation and bone formation may be an effective treatment for this disease.
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Introduction

Osteoporosis is a common skeletal disease characterized by a decrease in bone mass, changes in bone microarchitecture, and increased bone fragility and risk of fracture. Pain, fractures, and other complications of osteoporosis are associated with high rates of death and disability. Bone homeostasis (1), which is maintained under physiologic conditions by a balance between bone formation and resorption during bone remodeling, is critical for ensuring the long-term stability of bone morphology and strength (2). Although the pathogenesis of osteoporosis is not fully understood, an imbalance in bone homeostasis during bone reconstruction whereby bone resorption exceeds bone formation is a major cause (1). The function of osteoblasts and osteoclasts is regulated and influenced by many factors (3–5), and epigenetic studies have provided evidence for the role of histone modifications in the development of osteoporosis (6–8).

Histones H1, H2A, H2B, H3, and H4 are small proteins enriched in positively charged basic amino acids (arginine [R] and lysine [K]) that interact with the negatively charged phosphate groups in DNA and are enveloped by DNA to form nucleosomes, the basic structural unit of chromatin. Histone N-terminal R and K undergo covalent post-transcriptional modifications such as methylation, acetylation, ubiquitination, and ADP-ribosylation that affect histone binding to DNA and alter the structure and state (open vs. closed) of chromatin (9), and also affect the binding of transcription factors at gene promoters to influence gene regulation (10, 11). Histone modifications occur at every stage of development, growth, and aging and are a key aspect of epigenetic regulation that has been linked to the development and progression of multiple diseases (12).

There is increasing evidence that dysregulation of histone modification (methylation, acetylation, ubiquitination, and ADP-ribosylation) and impaired function of related enzymes contribute to the development of osteoporosis. However, molecular-level details of the relationship between these modifications and disease pathogenesis are lacking, and the full clinical significance of histone modifications in osteoporosis remains to be determined (13, 14). Nonetheless, histone modifications may be important for the diagnosis, treatment, and prognosis of osteoporosis and are potential therapeutic targets (15).

In this review, we summarize the current state of knowledge on histone modifications in osteoporosis. Many studies have demonstrated that regulators of histone modifications and their targets function in a complex regulatory network in cells. We discuss the evidence for targeting the regulation of histone modifications as a treatment for osteoporosis, as well as the potential utility of these modifications as disease markers.



Histone methylation

Histone methylation usually occurs at R and K residues at the N terminus of histones. K residues can be mono-, di- or trimethylated and R residues can be mono- or dimethylated. Histone methylation positively and negatively regulates gene expression: H3K4me1, H3K4me3, H3K36me3, and H3K79me2 are associated with the activation of gene transcription whereas H3K27me3 and H3K9me3 are associated with transcriptional repression (16). Histone methylation is regulated by histone methyltransferases (HMTs) and histone demethylases (HMDs) (17). Thus, the expression of genes related to bone homeostasis and osteoporosis can be regulated by altering the level of histone methylation (Table 1).


Table 1 | Histone methyltransferases, histone demethylases, target histone sites, and their roles in the occurrence and development of osteoporosis.



Several genes are regulated by HMTs or HMDs during the differentiation and maturation of osteoblasts and osteoclasts (6, 14, 15). Suv39h1 is an H3K9 methyltransferase that can modify H3K9 with two or three methyl groups. H3K9me2 and H3K9me3 bind to the promoter of Runx2 (22)—a key gene involved in osteoblast differentiation and maturation (41)—and suppress gene transcription, thereby delaying osteoblast differentiation, which may be relevant to the pathogenesis of osteoporosis. EZH2 is a trimethyltransferase of H3K27; H3K27me3 activates transcription of the Wnt4 gene in osteoblasts to promote osteogenic differentiation (27). H3K27me3 also activates the transcription of Foxc1 in osteoclasts and promotes osteoclast differentiation (27). Thus, histone methylation plays opposing regulatory roles in the pathogenesis of osteoporosis. However, some of the evidence regarding the function of histone methylation in bone homeostasis is controversial. For instance, JMJD2A and JMJD2B are H3K9me3 demethylases; in one study, demethylation of H3K9me3 by JMJD2A promoted adipogenic differentiation and inhibited osteogenic differentiation (32), whereas another study found that H3K9me3 demethylation by JMJD2B promoted osteogenic differentiation of bone marrow-derived stem cells (BMSCs) and maintained bone–fat balance (33).



Histone acetylation


Histone acetyltransferases and histone deacetylases

Acetylation was one of the first histone modifications found to affect transcriptional regulation and is therefore the most widely studied. Acetylation causes K residues in the N-terminal histone tails protruding from nucleosomes to become negatively charged, which repels negatively charged DNA and leads to relaxation of the chromatin structure. The open chromatin conformation allows transcription factors to bind more easily, resulting in an increase in gene expression (42, 43). Thus, histone acetylation is mainly associated with gene activation; it is known to be involved in cell cycle regulation, cell proliferation, and apoptosis, cellular differentiation, DNA replication and repair, nuclear import, and neuronal inhibition (44, 45), whereas dysregulation of histone acetylation has been implicated in osteoporosis progression (46–48).

Histone acetylation is regulated by HATs and HDACs (Table 2). The HAT family includes GNAT (HAT1, GCN5, PCAF) and MYST (Tip60, MOF, MOZ, MORF, HBO1) as well as CREB-binding protein (CBP)/p300, which share very high sequence similarity in the bromodomain, cysteine-histidine-rich region, and HAT structural domain and specifically bind phosphorylated CREB to enhance its transcription of cAMP-responsive genes.


Table 2 | Histone acetyltransferases, histone deacetylases, and their roles in the occurrence and development of osteoporosis.



CBP/p300 has a regulatory role in bone formation, targeting transcription factors such as Runx2 during osteoblast differentiation. During parathyroid hormone-induced osteoblast differentiation, phosphorylated HDAC4 dissociates from Runx2, which interacts with CBP/P300 (67). Transforming growth factor beta-1(TGF-β1) and BMP2 stimulate ERK-mediated phosphorylation of Runx2 to promote its interaction with CBP/p300 (68). BMP2 activates SMAD1/5, leading to CBP/p300-mediated acetylation of Runx2, which enhances the expression of osteogenic genes such as alkaline phosphatase(ALP) and collagen type I (COL-I) (69, 70).

Runx2 (41), Sp7 (71), and FoxO1 (72) are important transcription factors for osteoblast differentiation and maturation that induce the transcription of downstream osteogenesis-related genes such as ALP, osteocalcin(OCN), osteopontin(OPN), and COL-1 and promote the maturation and mineralization of osteoblasts. As Runx2 transcription is initiated, PCAF and CBP/p300 acetylate histone H3 to promote osteoblast differentiation and maturation (52, 55). However, the transcription of Runx2, SP7, and FoxO1 was shown to be inhibited after HDAC reduced the histone acetylation level, leading to suppression of osteoblast differentiation and maturation (48, 57, 58, 61, 65) (Table 2). The differentiation and maturation of osteoclasts are controlled by the transcription factors NFATc1 (73) and NF-κB (74), among others. PCAF and CBP/p300 acetylate histone H3 to promote osteoclast differentiation, whereas differentiation is inhibited by HDAC-mediated H3 deacetylation (52, 55) (Table 2). These findings suggest that the balance between the activities of HATs and HDACs is critical for the regulation of transcription factors involved in osteoblast and osteoclast differentiation.



Sirtuins

SIRTs are highly conserved HATs that transfer the acetyl group of a substrate to the ADP-ribosyl moiety of nicotinamide adenine dinucleotide (NAD+), NAD+ dependent protein deacetylation consumes NAD+, transfers the acetyl group from the lysine to ADP-ribose to form 2’-O-acetyl-ADPR, nicotinamide, and a deacetylated lysine. The SIRT family comprises SIRT1–7, of which SIRT1, SIRT6, and SIRT7 are mainly localized in the nucleus (75, 76). It should be noted that, most of the discussed Sirtuin effects do not exhibit their function by direct deacetylation of histones, but by deacetylation of other targets. SIRT1 deacetylates H3K9 and regulates of a variety of physiologic processes including metabolism, immune response, and aging (77), and has been linked to osteoporosis (78). The Wnt/β-catenin signaling pathway plays a central role in the differentiation of BMSCs into osteoblasts (79–82); SIRT1 deacetylates K49R or K345R of β-catenin, promoting its entry into the nucleus where it induces the transcription of osteogenic differentiation-related genes such as Cyclin D1 and C-myc and promotes the expression of Runx2 (83). SIRT1 also directly deacetylates Runx2, which in turn induces the transcription of genes that promote osteogenic differentiation of BMSCs (84). peroxisome proliferators-activated receptors gamma(PPARγ) is an important transcription factor for the adipogenic differentiation of BMSCs (85), which inhibits osteogenic differentiation and disrupts bone–fat balance; this is restored by reduction of PPARγ acetylation level by SIRT1 and consequent suppression of the adipogenic differentiation of BMSCs (86, 87) (Figure 1). In pre-oisteoblasts, SIRT1 also down-regulates PPARγ to promote osteogenic differentiation (88). Excessive reactive oxygen species (ROS) production in BMSCs under oxidative stress affects osteogenic differentiation (72). SIRT1 reduces the acetylation level of FoxO3, a transcription factor involved in the cellular response to oxidative stress, leading to FoxO3 transcription and the expression of antioxidant enzymes such as heme oxygenase 1(HO-1) and superoxide dismutase 2(SOD2) (89, 90). The subsequent removal of excess ROS in BMSCs restores their osteogenic differentiation capacity. FoxO3 transcription also promotes the expression of β-catenin, resulting in osteogenic differentiation (90) (Figure 1). Bone resorption depends on ROS produced in osteoclasts; SIRT1 was shown to reduce FoxO acetylation level in bone marrow macrophages(BMMs) and promote the expression of antioxidant enzymes that clear ROS (91). At the same time, SIRT1 reduced TNF-α acetylation level, thereby increasing the expression of transient receptor potential cation channel subfamily V member 1(TRPV1), ROS scavenging, and inhibiting bone resorption (92) (Figure 1).




Figure 1 | Role of SIRT1/6/7 in bone remodeling. In BMSCs, SIRT1, SIRT6, and SIRT7 promote osteogenic differentiation by regulating transcription factors FoxO3, β-catenin, Runx2, Osx, and PPARγ. In pre-osteoblasts, SIRT6 not only regulates Runx2 and Osx transcription, but also inhibits DKK1 transcription, activates canonical Wnt signaling, and promotes osteogenic differentiation. In BMMs, SIRT1 inhibits osteoclast differentiation by regulating FoxO and TNF-α transcription, which results in ROS scavenging.



SIRT6 and SIRT7 are involved in chromatin regulation and play multiple roles in metabolism, aging, and disease. In osteoblasts, SIRT6 reduces H3K9 acetylation level and promotes the transcription of osteogenic transcription factors Runx2 and Osx and the expression of osteogenic genes (93). Additionally, SIRT6 negatively regulates the expression of dickkopf1 (DKK1) (93), a secreted protein that binds to the Wnt receptor LRP5/6; this induces rapid endocytosis and reduces LRP5/6 in the cell membrane (94), thereby blocking the canonical Wnt signaling cascade. Blocking the Wnt pathway leads to a reduction in the synthesis of osteoprotegerin (OPG), which competitively binds to RANKL to inhibit osteoblast differentiation (95). Thus, reducing DKK1 expression facilitates the nuclear entry of β-catenin, which initiates the transcription of target genes that promote osteoblast differentiation while inhibiting those involved in osteoblast differentiation. Additionally, SIRT7 has the effect of reducing β-catenin level in BMSCs (96), although the significance of this observation in the context of bone homeostasis and osteoporosis remains unclear.




Histone ubiquitination

All histones can be ubiquitinated, with H2A and H2B being the most frequent targets. Histone ubiquitination plays a central role in the DNA damage response. Monoubiquitination of H2A, H2B, and H2AX has been observed at DNA double-strand break sites; the most common forms are monoubiquitination of K119 on H2A and K123 (yeast)/K120 (vertebrate) on H2B. H2A and H2B monoubiquitination was shown to be associated with gene silencing and transcriptional activation, respectively (97, 98).

Ring finger protein 40 (RNF40), an E3 ubiquitin ligase that monoubiquitinates H2B (99), was found to regulate the transcription of the osteogenic genes bone gamma-carboxyglutamate protein (BGLAP), ALP, and glucose-6-phosphate dehydrogenase (G6PD) to induce osteogenic differentiation of human BMSCs (100). The Tnfsf11 gene (encoding RANKL) is a target gene of H2Bub1 (101). It was reported that H2Bub1, whose expression was induced by RNF40, was required in the early stages of osteoblast differentiation and modulated osteoblast function by regulating VDR-induced Tnfsf11 expression in crosstalk between osteoblasts. The long noncoding RNA ODIR1 was significantly downregulated during osteogenic differentiation of human umbilical cord mesenchymal stem cells (hUC-MSCs); the interaction of ODIR1 with F-box protein 25 (FBXO25) increased monoubiquitination of H2BK120 (H2BK120ub), promoted the trimethylation of H3K4 (H3K4me3), and induced the expression of the transcription factor Osx, thereby enhancing the expression of the osteoblast markers OCN, OPN, and ALP. Thus, ODIR1 negatively regulates the osteogenic differentiation of hUC-MSCs via the FBXO25/H2BK120ub/H3K4me3/Osx axis (102).

Myb like, SWIRM and MPN domains 1(Mysm1) is an H2A deubiquitinating enzyme that regulates osteoblast differentiation and maturation by promoting Runx2 expression in osteoblasts. Mysm1−/− mice exhibit significant skeletal deformation and osteoporosis; however, osteogenic differentiation capacity was not significantly affected in MSCs lacking Mysm1. In p53−/−Mysm1−/− double knockout mice, p53 deletion rescued the skeletal defects and bone loss caused by Mysm1 deficiency. On the other hand, loss of p53 did not restore Runx2 expression in Mysm1−/− osteoblasts although MSCs proliferation and osteogenic differentiation was enhanced (103).



Histone ADP-ribosylation

Poly (ADP-Ribose) polymerases (PARPs) (also known as ARTDs), are a family of 17 proteins, some of PARPs are mono-ADP-ribosyl transferases and some poly. PARPs uses NAD+ as substrate to transfer single or straight or branched ADP-ribose to itself or other target proteins, thus regulating various cellular responses. The most widely studied member of the PARPs family is PARP1, which is thought to play a role in DNA repair (104). PARP1 binds to DNA damage sites and catalyzes its own ADP-ribosylation reactions and the trans-modification of local substrate proteins, including DNA repair proteins, histones and other chromatin-associated proteins, to promote the repair of DNA lesions, influence chromatin structure and gene transcription (105, 106).

Induction of NFATc1 by macrophage colony-stimulating factor (M-CSF) and RANKL is essential for macrophage differentiation into osteoblasts (73). ADP-ribosylation of H2B at serine 7 by PARP1 reduced the occupancy of this histone at the NFATc1 promoter, reducing NFATc1 expression and osteoclast formation (107). Moreover, PARP1 inhibited the expression of osteoclast-promoting genes via regulation of histone ADP-ribosylation at the IL-1β promoter, which increased IL-1β expression (108). M-CSF induced PARP1 self–ADP-ribosylation in macrophages, resulting in PARP1 cleavage at D214 and its subsequent degradation; this stimulated RANKL-induced osteoclast differentiation and osteoclast maturation, whereas osteoclastogenesis was inhibited by expression of the cleavage-resistant D214N mutant form of PARP1 (109). The PARP inhibitor olaparib decreased ALP activity in preosteoblastic MC3T3-E1 cells and inhibited the formation of the mineralized nodules that characterize osteoblasts (110). In contrast, inhibiting the enzymatic activity of poly(ADP-Ribose) glycohydrolase (PARG) using the inhibitor PDD00017273 enhanced Runx2 PARylation (ribosylation) and osteoblast formation while having no effect on PARG mRNA expression.



Summary and prospects

Osteoporosis is a complex disease whose pathogenesis remains unclear, although an imbalance in bone homeostasis during bone reconstruction is thought to contribute. Accumulating evidence indicates that histone modifications play an essential role in various diseases including osteoporosis. Specifically, changes in the levels of histone modification and related enzymes can lead to altered expression of genes involved in bone formation or bone resorption, resulting in an imbalance in bone homeostasis and abnormal bone reconstruction.

According to this review, it can be proved that histone modifications play important role in osteoporosis, and related research results have been applied to the diagnosis and treatment of osteoporosis. Identifying specific biomarkers associated with osteoporosis will significantly improve the clinical diagnosis and treatment of this disease. In recent years, drugs targeting the activity of histone-modifying enzymes have been evaluated in studies focused on osteoporosis treatment. As an example, SOST—which negatively regulates bone formation—is regulated by a class I HDAC (111); meanwhile, the class I HDAC inhibitor MS-275 was shown to promote bone formation (112).

There have been a limited number of studies on the effects of histone modification on bone homeostasis, leaving many open questions. For example, the relationship between abnormal regulation of histone modifications in genes related to bone homeostasis and the development of osteoporosis requires clarification. It is unclear whether histone modifications are a primary cause of osteoporosis or a secondary effect, although it is clear that the effects of histone modifications are associated with the pathogenesis of osteoporosis. More in-depth mechanistic studies are expected to provide a better understanding of the effect of histone modification on individual bone cell type by using tissue-specific deletion and transgenic animal models. Further studies in this area can provide insight not only into disease pathogenesis, but also novel diagnostic biomarkers and therapeutic targets.
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In competitive sports, the training load is close to the human physiological limit, which will inevitably lead to exercise-induced fatigue. If fatigue cannot be recovered in time, it will eventually lead to excessive training and affect sport performance. Therefore, fatigue has become an important part of the physical function assessment for athletes. This paper will review animal models of long-term exercise-induced fatigue, modeling schemes of mice under treadmill and swimming training, phenotypes of long-term exercise-induced fatigue (e.g., nervous system damage, myocardial cell damage, bone mineral density changes, and skeletal muscle damage), and fatigue indicators. The relationship between physiological indicators and biomarkers and long-term exercise-induced fatigue is analyzed to promote exercise-induced fatigue monitoring. This paper attempts to provide a reference for the selection of animal models of long-term exercise-induced fatigue and provide a new theoretical basis for medical supervision and recovery of exercise-induced fatigue.
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Introduction

Exercise-induced fatigue is a complex physiological phenomenon. After exercising  for a certain period of time while sustaining a given intensity, athletic ability and organ function temporarily decline and can only be restored after appropriate time to rest and adjustment (1). Exercise-induced fatigue is also when the body cannot sustain its function at a specific level or maintain a predetermined exercise intensity, that is, an inability to complete a task that was once achievable within a recent time frame (2). If exercise-induced fatigue continue to increase, it will lead to endocrine system dysfunction, decreased immunity, insomnia, depression, and other adverse physiological changes (3, 4). Fatigue in sports also affects performance and causes serious injuries (5).

There are two different classifications of exercise-induced fatigue in the human body: physiological and psychological. These are distinguished by triggering mechanism and fatigue performance. Physiological fatigue is manifested by a decline in motor ability, while psychological fatigue is manifested by a behavioral change. According to their etiology, exercise-induced fatigue is mainly divided into central fatigue and peripheral fatigue. They come from two main paths: one is through the central nervous system, and the other is through the peripheral nervous system involving muscles (6). Exercise-induced fatigue can be divided into transient exercise-induced fatigue and long-term exercise-induced fatigue according to its duration. Transient exercise-induced fatigue occurs after short-term, high-intensity exercise. The main physiological features of fatigue are inhibition of neuroendocrine and hematopoietic system functions and decrease in immune function and anti-peroxidation ability of the body (7). Transient fatigue needs to be monitored in a timely manner to avoid the accumulation of long-term exercise-induced fatigue, which has adverse effects on athletic ability and athletes.

Fatigue is a gradual process. Within a certain range, the body can eliminate fatigue after exercise, restore function, and prepare for the next exercise. If excessive exercise continues and recovery time is insufficient, fatigue will accumulate due to inadequate recovery (7). Long-term exercise-induced fatigue occurs after long-term, continuous, high-intensity exercise exceeds the body’s natural recovery function. The main reasons for long-term exercise-induced fatigue are glucose storage, muscle glycogen exhaustion, and nerve–endocrine–immune-system disorder. Exercise immunosuppression refers to the phenomenon that excessive exercise leads to the decline in immune function, which also affects the body’s ability to recover (8). Exhaustion is a special form of fatigue and the final stage of fatigue development. Therefore, subjects in fatigue experimental studies often target exhaustion as the end of their exercise rather than voluntary termination (9).

In this paper, we summarize long-term exercise training for fatigue models in experimental animals. Therefore, the establishment of animal models of long-term exercise-induced fatigue needs to be standardized in literature. At the same time, long-term exercise-induced fatigue can occur in different organs. Fatigue indicators have become an important factor in guiding animal modeling.



Establishment of long-term exercise-induced fatigue animal model

In experiments involving animals, Sprague-Dawley rats (SD rats) and C57BL/6 mice are typically tested. At different ages, the exercise load borne by the human body is different to some extent; this feature is also reflected in rats and mice (Figure 1). Excessive exercise load will affect the physical health of adolescents in the developmental period, most prominently in the bone. Adolescent bone is characterized by more soft tissues and less inorganic salt in bone tissue. Although the adolescent bone has good elasticity, it is harder to bend than fully developed adult bone. Therefore, adolescents cannot bear as much exercise load as adults do. Because the life cycle of experimental animals is shorter than humans, age selection is important in animal research, with researchers generally choosing the most suitable period for exercise.




Figure 1 | Exercise models. (A) Treadmill exercise. It shows one of the runways, the last of which is an electrical grid. (B) Swimming training. It is a preheated tank for training.





Platform model


Platform model of long-term exercise-induced fatigue in rats

To establish a rat exercise-induced fatigue model, most experiments generally refer to the previous model of exercise program or introduce certain modifications. Among them, researchers mainly select SD rats and Wistar rats to establish models (10, 11). Kim et al. (12) used male SD rats to run at a speed of 20 m/min and 20 min/day in week 1, and 30 min/day at 30 m/min in week 2. The speed started from 12 m/min and increased by 3 m/min every 3 min until it reached 30 m/min, lasting for 60 min. The training scheme designed by Kim et al. (13) paid more attention to the control of exercise load. The 4-week-old SD rats were trained with a gradual load for 6 days a week for 4 weeks, with 20 m/min running for 10 min, 25 m/min running for 20 min, 30 m/min running for 20 min, and 35 m/min running for 30 min, respectively. Finally, the rats ran at 40 m/min to exhaustion. Compared with the above scheme, Xu et al. (14) designed two stages of running training, namely, adaptation and intensive training. The 4-week-old male SD rats were subjected to adaptive running training for five consecutive weeks at the speeds of 15, 22, 27, 31, and 35 m/min for 20 min/day and 5 days a week. For the next 2 weeks, the rats entered high-intensity training and ran at 35 m/min for 20 min/day and 5 days a week. After 7 weeks of training, the rats began from 12 m/min, increased by 3 m/min every 3min, up to 24 m/min, so that the rats ran to exhaustion to determine the exercise tolerance of rats. The characteristics of this exercise program mean that experimental animals can have sufficient time to adapt to the treadmill and high-intensity training.

However, some studies on fatigue take a relatively short period of motion programming. Zhu et al. (15) conducted a 7-day treadmill training for male SD rats, with the speeds of 10, 13, and 20 m/min on the first 3 days, and the speed was increased every 10 min, lasting for 30 min. From the 4th day to the 6th day, the speeds were changed to 18, 22, and 27 m/min; the others were the same as before. The exhaustive exercise test was performed on the 7th day at the speeds of 18, 21, 24, 26, 29, and 34 m/min, increasing every 5 min until exhaustion. Okamura et al. (16) selected 5-week-old male SD rats, and had them run at the speeds of 20, 30, and 35 m/min for 3 days of treadmill training for 20 min each day; on the 4th day, rats ran to exhaustion at a speed of 35 m/min. The exercise-induced fatigue model established by such short-cycle exercise programs pays more attention to the exercise endurance of experimental animals and is accompanied by an exhaustive test. The exercise program with a short exercise cycle may establish a transient exercise-induced fatigue model, but it cannot ensure that the model body is in an irreversible fatigue state. Although the experiment period mentioned above is short, which is conducive to the rapid completion of the experiment, it cannot be applied to all experiments.

In addition to SD rats, many studies have selected Wistar rats to establish models. Liu et al. (17) also designed two stages of adaptive training and intensive training. The first stage was adaptive training lasting for 3 weeks. Male Wistar rats began at 15 m/min and increased every 4 days (to 22, 27, 31, and 35 m/min). Each speed had an adaptive period, including three exercise days at a speed of 20 min/day and 1 day for rest. After resting for 2 days after the adaptive training, rats began 7 days of intensive training, in the first 3 days for 38 m/min, 30 min/day; in the next 2 days for 40 m/min, 35 min/day; and in the last 2 days for 42 m/min, 40 min/day. Xu et al. (14) and Liu et al. (17) both mentioned that exercise programs arranged the speed of adaptive training to increase, but the cycle of adaptive training and the intensity of intensive training were slightly different due to the variety of model rats. Through the comparison of the two programs, we found that the training intensity of Wistar rats was higher than that of SD rats, and the adaptation cycle might be shorter, but the overall exercise cycle was also shorter, so the difference in exercise endurance and the ability of rats of different breeds could not be determined. There are also some scholars that have not designed this part of adaptive training. Dwyer and Browning  (18) conducted platform training of 0.8 km/h, 30 min/day, 4 days a week for 6 weeks in 9-week-old male Wistar rats. In the last 2 weeks, the rats ran at a speed of 0.8 km/h for 2 min of exercise test, and then ran at 1.2 km/h, until exhaustion.

The running posture and motor ability of the experimental rats were then observed to judge the degree of fatigue. To sum up, the judgment indexes were based on the following three aspects. First, researchers observed the performance of the rats: depilation, mood, appetite, and response to external stimuli can be used as indicators to judge fatigue. The second was the running posture. When the rat's pedal reflex running posture is not as active as it was at the beginning, strong exercise capacity gradually decreased, indicating fatigue had occurred. Finally, exercise capacity was observed.; If rats could not maintain the original exercise intensity, and the frequency of stimulation was increased or the stimulation time was extended, these external manifestations also helped to determine the fatigue state of rats.



Platform model of long-term exercise-induced fatigue in mice

Different from rats, the age of mice selected by researchers for exercise-induced fatigue is often older, the selection of exercise training program cycle is different, and the choice of the maximum training speed is also quite different. Ma et al. (19) tested the maximum movement speed of 8-week-old male C57BL/6 mice after three consecutive days of 10 m/min and 15 min/day adaptation training. The mice were pre-adapted at 5 m/min for 3 min and at 10 m/min for 1 min, and then increased by 1 m/min until exhaustion. The mice were then subjected to high-intensity exercise at 85% of their maximum speed for seven consecutive days until exhaustion. Kyung et al.  (20) tested 6-week-old male Institute of Cancer Research (ICR) mice for 5 weeks, running at 20, 25, and 30 m/min every week. In week 1 of the three speeds movement, 5 min was allotted for each speed. In week 2, 5 min was allotted for 20 m/min, 10 min for 25 m/min, and 5 min for 30 m/min. In week 3, the exercise times were 5, 15, and 15 min. Finally, in weeks 4–5, the running speed was 30 m/min. The experiment also proved the feasibility of the fatigue model by testing biomarkers. Liu et al. (21) trained 3-month-old male BALB/c mice on a treadmill for 45 min/day, 6 days a week, for 6 weeks. In week 1 for adaptive training, 11 m/min was set as the starting speed for the mice, which was increased by 1 m/min per day. From week 2, the speed increased by 1 m/min per week. After the 6-week experiment, the mice were set to run starting at 15 m/min, increasing to 40 m/min within 3 min for 30 min for three times in a row. The running state of the mice was monitored until the mice failed to adjust their speed with the increase in speed and could not continue running (Table 1). 


Table 1 | Establishment of the treadmill fatigue model.





Swimming fatigue model

At present, swimming is one of the main forms of endurance sports. Endurance exercise usually involves the major muscle groups of the body and lasts for a long time with a certain rhythm. It is characterized by long duration of exercise, large energy consumption, no interval in the exercise, but relatively small exercise intensity. Since the energy required for exercise is mainly derived from the aerobic oxidation system, and the exercise load and oxygen consumption show a linear relationship, therefore, from the perspective of energy metabolism, endurance exercise belongs to the category of aerobic exercise. Swimming as an aerobic exercise is innate to rats and mice. Compared with other exercise methods, rats and mice received less external stimulation during swimming training and were less resistant to training. Therefore, it is more natural to simulate the process of exercise-induced fatigue by swimming.


Swimming model of long-term exercise-induced fatigue in rats

Ye et al. (22) prepared a rat model of endurance swimming fatigue, ensuring daily 150 min weight-bearing (about 5% of body weight) swimming for 4 weeks. Zhao et al. (23) conducted 10-day swimming training for male SD rats aged 9–10 weeks. The rats swam for 30 min/day for the first 2 days; in the next 3 days, time increased by 30 min/d to 120 min on day 5, then to 180 min on the days 6 and 7, and in the last 3 days, 180 min training was conducted twice a day, with an interval of 6 h, and the training volume doubled. In this exercise program, the load was not arranged during swimming. As can be seen in the above research, in swimming training for exercise-induced fatigue modeling, single training time is too long. Long single training time is actually more in line with the characteristics of swimming. In the training process, the adjustment of the training intensity of swimming may not be as flexible as that of treadmill exercise. Therefore, when designing the modeling exercise program, researchers often adjust the duration and load of single training, and the long single training time is often relatively large for the regulation of water temperature and the ordeal of the experimenter’s energy. However, the advantage is that swimming can mobilize the whole-body muscles of mice more fully, so there are more muscle groups affected by fatigue.

Tian-Geet al. (24) studied chronic exhaustive exercise using moxibustion resistance. Six- to eight-week-old male SD rats were subjected to adaptive swimming training for three consecutive days, once a day for 20 min, then 3 weeks of weight-bearing (5% of weight) exhaustive swimming exercise. The total exhaustive swimming time of rats (i.e., falling into the water and unable to float for 10 s) was measured. Zhou et al. (25) studied the improvement of long-term fatigue by moxibustion at Shenque (an acupuncture point in Chinese medicine). Male SD rats were placed in a constant temperature water tank for weight-bearing swimming exhaustive exercise (5% of weight), once every other day for 10 days. The posture was observed as an indicator of fatigue in swimming. exercise-induced fatigue was classified as the development stage, when the water reached the rat’s eyes, or the exhaustion stage, when the water reached the tip of the rat’s nose or the rat sank. Therefore, to establish a standard fatigue model, the exercise state of rats should be observed.



Swimming model of long-term exercise-induced fatigue in mice

To achieve the effect of overtraining, increasing the load of the exercise program is often used to establish the exercise-induced fatigue model of swimming training. Zhang et al. (26) made male ICR mice aged 6–8 weeks undergo swimming adaptation training for 1 week, swimming for 30 min and 45 min, respectively in the first 2 days, and swimming for 60 min in the last 4 days. From weeks 2 to 6, mice were trained with weight increasing by 2% per week until 10% of their body weight was reached. Chi et al. (27) performed weight-bearing (5% body weight) or weight-free swimming training on 2-month-old male Kunming mice, 5 days a week for 4 weeks. Similar to Zhang et al., Lin et al. (28) conducted adaptive training for male ICR mice aged 4–6 weeks for 1 week, swimming for 30 min and 45 min on the first 2 days and 60 min on the last 3 days. Then, from weeks 2 to 6, the mice were subjected to swimming training with weight-bearing of 10% of their body weight for 60 min, emphasizing weekly monitoring of their weight and timely adjustment of weight-bearing. Yeh et al. (29) conducted 6-week swimming training on 4-week-old male ICR mice. Week 1 of the adaptive training program was consistent with Lin et al. (28). From weeks 2 to 6, swimming time was also 60 min/day, but the initial load was less and gradually increased during training. Weight-bearing was 1% of the body weight in the second week, 2% in weeks 3–4, and 3% in weeks 5–6. Finally, 5% of the body weight was used to swim to exhaustion to evaluate the endurance of mice.

Long-term exercise-induced fatigue animal models mainly use treadmill and swimming exercise. In treadmill exercise, the intensity is changed by adjusting the slope, load, speed, and time until fatigue is reached. Resistance exercise such as weight-bearing climbing exercise has also been used to model exercise-induced fatigue; however, it is speculated that this exercise model is less common due to the determination of exercise-induced fatigue being relatively vague and only for the fatigue caused by resistance movement. In addition, the equipment required for the experiment is not common, making it difficult to implement.

In Table 2, we summarized the different ways to induce exercise-induced fatigue in animal models. There are many advantages to treadmill training for v. The main advantages of experimental animals using treadmill exercise are as follows: the exercise mode is in line with the daily exercise of experimental animals; compared with other sports, the exercise load and training intensity can be regulated more accurately by manual control of the speed and slope, in treadmill exercise; and animals in each channel have independent movement, are not disturbed, and have less restrictive factors between each other. However, animal treadmill generally adopts electric shock, sound stimulation, and brush stimulation to drive animals to run. When the speed of the animal is lower than the speed of the treadmill, it will be stimulated to force it to complete the exercise at the specified strength and time, so animals are prone to defensive reflex stress and mechanical damage. The advantages of modeling by swimming are that the experimental equipment is simple and inexpensive and animals are less stimulated outside of the exercise in water, and the method is relatively mild. However, there are also certain shortcomings: Each animal will have individual differences in fatigue, and some can swim for hours; during the experiment, it is necessary to control the water temperature at all times, maintain constant temperature, and consume manpower; the workload of the experiment is large; and the experimental animals should be dried after swimming, such as by blow-drying and wiping.


Table 2 | Establishment of the swimming fatigue model.







Effects of long-term exercise-induced fatigue on multiple organ phenotypes

The successful establishment of the exercise-induced fatigue model is only the beginning of research. On this basis, it is particularly important to observe the multiple organ phenotypes. It allows the identification of whether the fatigue model is successful or not. It can also give some guidance to exercise monitoring and fatigue recovery by synthesizing the possible pathological phenomena after exercise-induced fatigue. We reviewed phenotypes of long-term exercise fatigue (e.g., nervous system damage, myocardial cell damage, bone mineral density changes, and skeletal muscle damage).


Nervous system phenotype


Central nervous system

The cerebral cortex controls various functional activities of the body, such as movement, sensation, and language, and performs the corresponding regulation of the central nervous system. Long-term exercise-induced fatigue disrupts physiological systems and the dynamic balance of the body. Fatigue caused by exercise will affect cognitive function (30). Mental fatigue can be defined as a psychobiological state caused by long-term fatigue that has the potential to reduce cognitive performance and exercise performance. Recent studies have clearly shown that brain catecholamines are related to the occurrence of fatigue during endurance exercise (31). Evidence provided that the norepinephrine neurotransmitter system accelerated central fatigue, consistent with a faster increase in perceived fatigue scores (31). Brain nerve transmission is also considered to play an important role in mental fatigue. The central catecholamines, dopamine, and norepinephrine, are thought to play a principal role in central fatigue and have been implicated in the onset of mental fatigue and its effects on subsequent physical or cognitive performance. Several neurotransmitter systems may be related to multiple brain regions, such as the anterior cingulate cortex. Prolonged mental exertion could induce adenosine accumulation in the anterior cingulate cortex, leading to a higher-than-normal perceived effort during a subsequent endurance exercise. The sum of these changes may explain the damaged state of endurance performance during mental fatigue (32).

After long-term exercise-induced fatigue, mice showed behavioral abnormalities such as bradykinesia, rigidity, incoordination, and posture imbalance. The cortical striatal nerve pathway, as the key signal pathway of the extrapyramidal system of the brain regulates synaptic transmission in the nervous system, may affect cognitive function. Wang et al. (33) observed the ultrastructural changes of asymmetric synapses in rat striatum after repeated exercise-induced fatigue by transmission electron microscope. After repeated exercise-induced fatigue, the levels of synaptic active region proteins Munc13 and RIM1, synaptic vesicle protein Rab3A, and postsynaptic density PSD-95 protein in striatum of rats were found to be abnormal. The abnormal changes in synaptic ultrastructure and related protein levels of these asymmetric cortical striatum may be the structural basis for the plasticity damage of cortical striatum after exercise-induced fatigue.

The potential mechanism of fatigue seems to depend on the neuroinflammation pathway. Fatigue not only occurs in chronic and acute diseases, but also occurs in long-term intense exercise. The level of cortisol and other hormones is upregulated during long-term intense exercise, which changes the activity of neurons and induces an increase of the anti-inflammatory cytokines IL-10, IL-1 receptor antagonist, and soluble TNF receptors. The abnormal regulation of the peripheral-central nervous system interface is also related to fatigue (34).



Peripheral nervous system

Spinal motor neurons regulate the discharge level of motor units and the contraction state of muscles through the integration of advanced central down-transmission information and peripheral afferent information. Spinal cord 5-hydroxytryptamine (5-HT) is involved in the occurrence of exercise-induced fatigue and has a direct regulatory effect on motor neurons, which can cause its excitation (35). After exercise-induced fatigue, there is a decrease in 5-HT in the anterior horn of the spinal cord, the excitability of motor neurons, the recruitment of motor neurons, and the motor output facilitation. These changes are related to fatigue acceleration (35). In addition to its direct effects on behavior, 5-HT can modulate fatigue through changes in regulation of body temperature. 5-HT and dopamine are neurotransmitters related to fatigue, which may lead to reduced or interrupted exercise intensity. The increase of 5-HT activity in rodents during exercise may reduce exercise performance, while the increase of dopamine activity is related to the improvement of exercise performance (35).

Tanaka et al. (36) used load forced swimming to establish an exercise-induced fatigue model and found that rats kept in the wet cage for 5 days showed a reduction in 2-[18F]fluoro-2-deoxy-D-glucose uptake into their brain; after 1 day of session, the ratios of 5-hydroxyindoleacetic acid (5-HIAA)/5-HT and [3,4-dihydroxyphenyl-acetic acid (DOPAC)+homovanillic acid (HVA)]/DA in all brain regions increased significantly; the 5-HIAA/5-HT ratio in the hippocampus and hypothalamus and (DOPAC+HVA)/DA ratio in the striatum and hypothalamus recovered after 5 days of the sessions. It is suggested that decreased glucose intake and insufficient serotonin and dopamine turnover caused by deprivation of rest are associated with central fatigue. However, human experiments, especially those involving nutritional supplementation or pharmacological operations, have produced contradictory results in the relationship between serotonin, dopamine, and fatigue. The only clear and repeatable effect observed in humans is that performance in high temperature environments is improved after treatment with dopamine reuptake inhibitors.

However, 5-HT and dopaminergic systems are thought to inhibit each other, and the ratio of 5-HT to dopamine seems to determine fatigue better than merely analyzing or manipulating one of these two transmitters. 5-HT stimulation and the DA inhibition of the release of prolactin by anterior pituitary lactate cells are used to determine the activity of neurotransmitters in the central nervous system, and the increase in concentration of prolactin indicates that 5-HT activity increases and/or dopamine activity decreases, and that long-term exercise-induced fatigue will lead to higher 5-HT concentration. In addition, 5-HT receptor sensitivity can regulate fatigue during long-term exercise (35). Zhu et al. (37) found that verbascoside was as effective as caffeine, and 10 mg/kg of verbascoside could improve the exercise endurance of rats, inhibit the increase of exercise-induced 5-HT synthesis and the expression of the tryptophan hydroxylase (TPH2) protein, and prevent the decrease of the exercise-induced serotonergic type 1B inhibitory autoreceptors (5-HT1B) protein expression in caudate putamen. It suggested that the anti-fatigue mechanism of verbascoside might be related to the inhibition of the synthesis of 5-HT and TPH2 expression in the caudate putamen of rats induced by exercise and the increase of 5-HT1B expression.




Cardiac phenotype

Within the cardiovascular system, exercise intensity and duration can cause human cardiac function and biochemical disturbance. Severe endurance exercise can cause transient functional and biochemical cardiac disturbances lasting 24–48 h. The amplitude and duration of ventricular function decline and cardiac injury marker increase caused by exercise are affected by exercise intensity and duration (38). Long-term strenuous exercise may lead to adverse waves and structural remodeling in the normal heart (39). In high-intensity endurance exercise, some athletes may have right ventricle (RV) cardiomyopathy due to genetic susceptibility, while others may have arrhythmia in the RV. Long-term intensive exercise training can lead to fibrosis in animal models. In athletes, myocardial fibrosis is closely related to long-term endurance exercise (40). Endurance exercise increases the volume and pressure load of the two ventricles and increases myocardial mass. The degree of volume increase and changes in myocardial structure lead to impaired right ventricular function (40). High-intensity endurance exercise does not affect the left ventricle (LV) volume or function, but it will lead to RV expansion and a decrease in RV ejection fraction, which becomes more significant during exercise. At the same time, right ventricular–arterial coupling changes suggest that this may be exercise-induced right ventricular systolic dysfunction (41). Severe endurance activities can cause a particularly high pressure on RV, which may lead to an arrhythmia-promoting status similar to right or (less commonly) left ventricular cardiomyopathy. It is suggested that “exercise induced arrhythmia RV cardiomyopathy” may be the result of excessive RV wall pressure during exercise (42). In addition, a meta-analysis also concluded that long-term endurance exercise was associated with a significant reduction in RV function, while left ventricular function was relatively unaffected (43). It is suggested that future studies should examine the potential clinical consequences on RV during exercise.

Long-term overtraining can affect normal function, such as heart response. During intense exercise, the heart rate is gradually accelerated, the diastolic period of the heart is gradually shortened, and the blood perfusion time of the myocardium is shortened. These responses lead to myocardial ischemia, hypoxia, and myocardial micro-structure damage (44). Long-term exercise-induced fatigue causes myocardial cell apoptosis, which leads to abnormal morphological structure of myocardial cell nucleus and increased apoptosis rate. Excessive apoptosis of myocardial cells affects the overall heart structure and function, and even causes sudden cardiac death (45). Tuo et al. (46) evaluated the changes of myocardial morphology, injury indexes, and inflammatory-related proteins in overtraining rats, and found that astragalus polysaccharides significantly increased the cell viability of H9c2 cells, reduced the apoptosis of myocardial cells, and reduced myocardial injury related indicators. The apoptotic index and number of cardiomyocytes increased significantly. There was also an increase in B cell lymphoma/leukemia-2 and Bcl-2 associated X proteins within the myocardial tissues. Myocardial cells were damaged, and the number of myocardial cell apoptosis was significantly reduced. Overall, the heart structure and function were affected, ultimately leading to sudden cardiac motor death.



Bone phenotype

Long-term high-intensity training is detrimental to bone health. The periodicity of overload exercise will lead to damage of bone microstructure. Most studies have shown that exercise-induced fatigue can cause bone mineral density (BMD) decrease and bone loss. Kathrin et al. (47) found that the use of the treadmill’s maximum speed of 80% with a training-intensity slope of 10° led to the trabecular bone significantly decreasing. Li et al. (48) found that after 8-week high-intensity running at a rate of 26.8 m/min, a slope of 10°, each time for 60 min, the BMD of the subchondral plate and trabecular bone of rats increased abnormally, and the porosity decreased, resulting in brittle and rigid subchondral bone affecting the articular cartilage. Hind et al. (49) found that weekly running distance was negatively correlated with lumbar BMD, and long-distance running led to a large amount of energy consumption, resulting in insufficient energy and reduced bone formation, which was positively correlated with low BMD. If energy intake is insufficient, long-term long-distance running increases energy deficiency, resulting in low BMD. It can be seen from animal experiments that exercise-induced fatigue has a significant negative impact on bone mass, but there seems to be a lack of relevant research on bone strength. Polisel et al. (50) found that BMD, maximum femur load, elasticity, stiffness, and fracture displacement of high-intensity interval training in mice decreased five times a week for 10 weeks, but there was no significant difference, while the toughness of bone decreased significantly, suggesting a risk of fracture. exercise-induced fatigue also affects bone metabolism. Chen et al. (51) found that rats performing long-term high-load and high-repeat tasks (upper limb stretching and lever pulling task) led to fatigue, cortical bone thinning in the distal radius, and increased bone cell apoptosis, resulting in decreased sclerostin (SOST) upregulated osteoblasts. In addition, bone cell apoptosis promotes the release of nuclear factor-κB receptor activator ligand (RANKL), increases osteoclasts, and promotes changes in bone catabolism. As such, it is important to consider the adverse effects of excessive physical exercise on bone health.



Skeletal muscle phenotype

The occurrence of exercise-induced skeletal muscle injury is closely related to the change of mitochondrial function in skeletal muscle cells. Research focuses on mitochondrial dysfunction induced by heavy load and/or long-term exercise. Liu et al. (21) found that long-term exercise-induced fatigue significantly increased oxidative stress indexes in the skeletal muscle and serum and reduced the total antioxidant content in skeletal muscle and blood. These changes may lead to the accumulation of free radicals and induce muscle injury and fatigue. Mitochondrial respiratory chain complex activity is closely related to mitochondrial function.

Skeletal muscle mitochondrial respiratory chain activity is also affected by long-term exercise-induced fatigue. Ping et al. (52) found that exercise-induced fatigue could induce muscle structural damage, enzyme abnormality, respiratory function decline, and mitochondrial downregulation. Abnormal mitochondrial structure after weight-bearing exercises leads to dysfunction affecting skeletal muscle function, which leads to muscle injury through subsequent reactions.

We summarized the related phenotypes of some human systems and found that exercise-induced fatigue causes irreversible damage to muscles and organs (Table 3). The fatigue monitoring of athletes is often carried out through the decline in their sports performance and some simple physiological manifestations, and further detection is carried out after finding problems. The next section provides a more comprehensive idea for daily monitoring through the phenotypic changes of each system after exercise-induced fatigue, so as to be able to quickly find the fatigue state of athletes and then give recovery measures.


Table 3 | Effects on multiple organ phenotypes.






Indicators of long-term exercise-induced fatigue monitoring

It is important to monitor exercise-induced fatigue as it causes damage to muscles and organs and negatively impacts motor performance. In this section, we summarized the key indicators of exercise-induced fatigue.


Exhaustion time

The exercise endurance of the experimental animals was measured from the beginning of the exercise up to the time or onset of exhaustion. The exhaustion of the swimming model was based on drowning time (i.e., 10 s and did not appear on the water surface for three consecutive seconds). The exhaustion of the treadmill model can be manifested as the failure of animals to adhere to the original running speed at the end of exercise, and more than three times at 1/3 of the runway after being stuck successively, and the stimulation drive is ineffective. The signs after running were shortness of breath, burnout, the gap between the abdomen and runway, and slow response to stimulation; usually, these signs were used to determine the onset of fatigue and then the time is recorded. While exercise-induced fatigue will reduce exhaustion time, the following studies show that anti-fatigue drugs can effectively improve exhaustion time. Lima et al. (53) defined the effect of ibuprofen on exercise-induced fatigue by using exhaustion time. Yin et al. (54) studied the anti-fatigue and vascular protective effect of quercetin-3-O-gentiobiose (QG) on oxidative stress and vascular endothelial dysfunction induced by endurance swimming in rats. Through the establishment of load swimming fatigue model, the exhaustive swimming time was measured to determine the exercise tolerance of rats. Physical fatigue was related to long-term swimming exercise. It was found that ginsenoside Rb1 and QG prolonged the swimming time, and QG had an anti-fatigue effect. In conclusion, exhaustion time as an indicator is mostly used to test the anti-fatigue effect of drugs. Long or increased exhaustion time corresponds to better exercise capacity and endurance.



Organ index

Organ index refers to the percentage of organ weight in body weight. For example, in mice, organ index = organ weight of mice/body weight of mice × 100%. This is an important indicator reflecting the internal organs and nutritional status of experimental animals. Studies have found that exercise-induced fatigue is often accompanied by muscle and organ damage (21, 52). If organ edema or congestion occurs, organ index will increase; if the organ index decreases, it can indicate organ atrophy and other degenerative changes (55). However, the limitation of this indicator is that animal weight changes are sometimes much larger than most organ weight changes. Different animal strains, age, and other external factors usually affect the determination of this index, so this index is less used in experiments. In addition, Hsu et al. (56) believed that fatigue may lead to a decline in the index of human organs, affecting the daily life and sports performance of ordinary people and athletes.



Biochemical indicators


Lactic acid

Intensive exercise consumes a large amount of ATP and creatine phosphate (CP). When the two are insufficient in the body, the body will use anaerobic glycolysis to produce lactic acid (LA) for energy. LA usually increases linearly with exercise intensity. When the intensity exceeds a certain range, the serum LA content increases exponentially. Increased LA content is not related to age, gender, and physical condition. However, LA detection has limitations, which depend on ambient temperature, drinking water, diet, LA clearance rate, and glycogen content (57). These factors may interfere with the results of the experiment.

In the 1980s, Karlsson found that the generation of exercise-induced fatigue was related to the increase of LA after exercise. In particular, fatigue is related to muscle LA dissociation of hydrogen, leading to a decreased pH value. The decreased pH value affects the calcium-binding ability of myosin, and the activities of creatine kinase, ATPase, phosphofructose kinase, and other kinases, thus affecting the metabolism of the LA system. LA and its reduced pH value are two of the commonly used biomarkers in exercise-induced fatigue or exhaustive exercise.



Urea nitrogen

Blood urea nitrogen (BUN) is the main product of human protein and amino acid metabolism, which is positively correlated with physical function, degree of fatigue, and load. Fatigue makes glycogen and fat metabolism inadequate to meet energy needs, so the body must rely on protein decomposition to provide energy. BUN reflects the metabolic intensity of amino acids in the body and is usually used as an indicator to evaluate exercise. Intensive exercise strengthens the decomposition and metabolism of proteins and amino acids, and increases the BUN content in the body (58). Duan et al. (59) studied the anti-fatigue effect of luteolin-6-C-neohesperidin (LN) on oxidative stress injury using a swimming model in rats. LN intervention prevented the release of BUN in a dose-dependent manner. LN activated oxidative stress and inflammatory factors and significantly improved the endurance of forced swimming in rats, thus indicating improvements on fatigue-related changes. Lee et al. (60) found that the high-dose group of perch essence could reduce the serum BUN level of mice after swimming endurance training. In summary, BUN can be used as a biomarker for evaluating exercise-induced fatigue.



Malondialdehyde

Malondialdehyde (MDA) is the degradation product of polyunsaturated fatty acid peroxides, which is the product of free radicals acting on lipid peroxidation. MDA content can reflect the severity of the free radical attack and damage on cells. The plasma analysis of marathon athletes by Child et al. (61) confirmed that MDA content increased significantly after exercise. In rats, Kazim et al. (62) evaluated fatigue time and body weight and composition to study the effects of Carnipure tartaric acid supplementation on endurance, recovery, and fatigue. Fifty-six Wistar rats were divided into groups. The exercise group received an exercise program and MDA level was measured. In the exercise rats with Carnipure Tartrate supplementation, serum MDA concentration decreased. Carnipure Tartrate supplementation during exercise was also beneficial to exercise performance, recovery, and fatigue, and improved lipid distribution and antioxidant capacity. exercise-induced fatigue can increase MDA, which may react physiologically with several nucleosides to form the adducts of deoxyguanosine and deoxyadenosine. The increased exercise intensity may increase purine oxidation, resulting in an increase in the formation of uric acid. Some anti-fatigue drugs affect the content of MDA through the adaptive mechanism of oxidative stress.



Superoxide dismutase

Superoxide dismutase (SOD) is an important anti-peroxidase in the free radical scavenging system. The activity of SOD represents the content of free radicals in the body. When exercise-induced fatigue causes the content of free radicals to be high, SOD enzyme activity is also high.  After long-term exercise, plasma MDA in plasma and SOD are significantly increased. SOD can reflect the generation and elimination rate of free radicals in vivo, changes in free radical metabolism, and the degree of exercise-induced fatigue of the body (63).

Shui et al. (64) developed metabolomic methods to study the anti-fatigue mechanism of Yiguanjian (YGJ), a type of traditional Chinese medicine. They used gas chromatography–mass spectrometry and multivariate statistical techniques to estimate the degree to which YGJ alleviated swimming fatigue in mice. Biochemical indexes such as SOD, BUN, and LA were measured. In fatigued mice, SOD decreased while BUN and LA increased. These changes were reversed after YGJ treatment. SOD is one of the defense lines of the antioxidant enzyme system, which can eliminate free radicals generated in physical exercise and reduce body pressure and fatigue. In this experiment, the significantly increased SOD activity in the high-dose group suggested that YGJ is an antioxidant that can reduce oxidative stress caused by exercise-induced fatigue.



Testosterone

Testosterone is secreted by the male testis or the female ovary, and the adrenal gland also secretes a small amount of testosterone. Testosterone maintains muscle and bone strength and quality and enhances physical fitness. Studies have shown that long-term high-intensity exercise or excessive training can decrease blood testosterone. Cadegiani and Kater (65) found that the serum testosterone level of athletes with overtraining syndrome was significantly lower than that of healthy athletes, even similar to that of healthy sedentary groups. Urhausen et al. (66) found that the testosterone levels of overtraining endurance athletes decreased significantly. The monitoring results of the above human experiments suggested that after the occurrence of exercise-induced fatigue, physical fitness decreased, and exercise ability was negatively affected, resulting in the decrease of serum testosterone level. Therefore, testosterone can be used as a monitoring indicator of exercise-induced fatigue.



Glutathione peroxidase

Glutathione peroxidase (GSH-Px) catalyzes the reduction of H2O2 and protects the integrity of cell membrane structure. GSH is another substrate of the GSH-Px reduction reaction. Studies suggest that exercise-induced fatigue increases GSH-Px activity. Excessive exercise can cause GSH-Px activity in muscle tissue to increase. Li et al. (67) found that essential oils can alleviate exercise-induced fatigue in rats caused by swimming, and increase their activity of GSH-Px. Kazim et al. (62) studied the effects of Carnipure Tartrate on fatigue recovery by evaluating fatigue time and body composition in rats. The activities of antioxidant enzymes such as GSH-Px were measured. The results showed that the levels of antioxidant enzymes in rats with exercise and Carnipure Tartrate supplementation were significantly increased in a dose-dependent manner, indicating that the antioxidant capacity of rats was improved. It was concluded that Carnipure Tartrate supplementation during exercise was beneficial to exercise performance and fatigue recovery and improved antioxidant capacity.



Cortisol

Cortisol is a glucocorticoid hormone synthesized and secreted by the bundle of adrenal cortex. Its main function is to increase gluconeogenesis. It can also promote protein and fat metabolism significantly. After various sports, cortisol levels increase.

exercise-induced fatigue causes various disturbances of dynamic balance and damage of biological energy related to frequent and intense muscle activities. Stajer et al. (68) found that there was a moderate to strong positive linear correlation between the change of serum cortisol induced by exercise-induced fatigue and the level of serum guanidine acetic acid, indicating that cortisol was related to the damage of biological energy caused by intense exercise. The indicative effect of cortisol on exercise-induced fatigue was used to test the on-site performance of athletes. Schmikli et al. (69) tested athletes on-site whose performance declined during the season and found that the cortisol level was low. Mechanical massage was used to intervene in exercise-induced back muscle fatigue, and the serum cortisol level was significantly decreased after intervention (70). Cortisol can be used as a biomarker of exercise-induced fatigue.



Creatine kinase

Serum creatine kinase (CK) is a high-energy phosphate transferase for energy supply in skeletal muscle contraction. It can catalyze the reversible transfer of high-energy phosphate bonds. During exercise, it is released intracellularly. Therefore, its content can reflect the degree of skeletal muscle injury. It is positively correlated with the degree of muscle injury, which directly affects the aerobic and anaerobic metabolism ability of the body during exercise (71). Therefore, it is considered an important indicator to measure exercise-induced fatigue.

After over-distance marathon running and weight-bearing downhill running, skeletal muscle cells were damaged, resulting in a significant increase in total serum CK activity and an increase in CK activity (72). The Ironman Triathlon is a high-intensity and long-term form of exercise. Huang et al. (73) found that the CK index of athletes who intake Lactobacillus plantarum PS128 significantly decreased during the recovery stage, suggesting that it may contribute to inflammation or oxidative regulation. In the experiment, CK index was used as one of the biochemical indicators to measure fatigue recovery. Mechanical massage was used to intervene in exercise-induced back muscle fatigue. There was no significant difference in creatine kinase level immediately after intervention, but there was significant difference in creatine kinase level 24 h later between the two groups of control and treatment (P<0.05) (70).

We sorted out the relevant indicators that can reflect the exercise-induced fatigue model to some extent, mainly some biochemical indicators. However, there is a lack of a standard for the selection of indicators. At present, most animal experiments only select several of them, and most of them are in vitro experiments, lacking the experience and technology of in vivo monitoring (Table 4).


Table 4 | Monitoring indicators of exercise-induced fatigue.







Summary

Exercise-induced fatigue is a research hot spot. As a branch of exercise-induced fatigue, long-term exercise-induced fatigue on the body is different from short-term exhaustion, which cannot be ignored. The most obvious influence of long-term exercise-induced fatigue in competitive sports is the decline in sports performance. This review summarizes how the two most commonly used training methods, treadmill exercise and swimming exercise, were used to summarize the different exercise schemes of the fatigue models of different strains of large mice. There is still a lack of a unified standard for designing exercise schemes in sports.  However, after summarizing the advantages and disadvantages of these two sports methods, the modeling scheme summarized in this paper can be used or improved according to the researchers’ needs.

To establish a good animal model of exercise-induced fatigue, we must pay attention to and control the variables and exclude interference factors. As a control, researchers should pay attention to external temperatures, humidity, details of the intervention, or the strain and age of the animal, and select the appropriate exercise scheme on the premise that these factors are noted. However, there are still some problems in the establishment of fatigue models for experimental animals to simulate the exercise-induced fatigue experienced by athletes. For example, the movement habits of rats tend to prefer a dark cycle, meaning more activities in the evening, raising the question of whether the choice of exercise time in the future can be considered and controlled. The premise of establishing an ideal exercise-induced fatigue model is to discern exercise-induced fatigue. Through the observation of multiple organ phenotypes and monitoring various indicators, we can determine whether a model is successfully established. Similarly, it can provide reference when implementing exercise plans for athletes.

This paper mainly summarizes the research on animal fatigue models rather than humans, mainly because animals are easier to control than humans if researchers want to further explore a certain anti-fatigue substance or biochemical marker. In fact, the information obtained from animal research and athlete training is interchangeable. Changes in indicators or organ phenotypes found from animals can be used to monitor humans to predict the occurrence of fatigue and avoid it. Similarly, signs of suspected fatigue found from athletes can be verified by animal studies and solutions can be proposed.

Athletes’ performance is closely related to the body’s functional state. If there is long-term exercise-induced fatigue, it will affect the athletes’ performance and cause organic damage. Monitoring athletes after transient exercise-induced fatigue to ensure recovery is conducive to improving exercise capacity and breaking through their own threshold. For coaches, it can provide a theoretical basis for optimizing training programs and improving overall team performance.
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Objective

Postmenopausal osteoporosis (PMOP) is one of the most commonly occurring conditions worldwide and is characterized by estrogen deficiency as well as persistent calcium loss with age. The aim of our study was to identify significant ferroptosis-associated biomarkers for PMOP.



Methods and materials

We obtained our training dataset from the Gene Expression Omnibus (GEO) database using GSE56815 expression profiling data. Meanwhile, we extracted ferroptosis-associated genes for further analysis. Differentially expressed ferroptosis-associated genes (DEFAGs) between OP patients and normal controls were selected using the “limma” package. We established a ferroptosis-associated gene signature using training models, specifically, random forest (RF) and support vector machine (SVM) models. It was further validated in another dataset (GSE56814) which also showed a high AUC: 0.98, indicating high diagnostic value. Using consensus clustering, the OP patient subtypes were identified. A ferroptosis associated gene (FAG)-Scoring scheme was developed by PCA. The important candidate genes associated with OP were also compared between different ferrclusters and geneclusters.



Results

There were significant DEFAGs acquired, of which five (HMOX1, HAMP, LPIN1, MAP3K5, FLT3) were selected for establishing a ferroptosis-associated gene signature. Analyzed from the ROC curve, our established RF model had a higher AUC value than the SVM model (RF model AUC:1.00). Considering these results, the established RF model was chosen to be the most appropriate training model. Later, based on the expression levels of the five DEFAGs, a clinical application nomogram was established. The OP patients were divided into two subtypes (ferrcluster A, B and genecluster A, B, respectively) according to the consensus clustering method based on DEFAGs and differentially expressed genes (DEGs). Ferrcluster B and genecluster B had higher ferroptosis score than ferrcluster A and genecluster A, respectively. The expression of COL1A1 gene was significantly higher in ferrcluster B and gencluster B compared with ferrcluster A and gencluster A, respectively, while there is no statistical difference in term of VDR gene, COL1A2 genes, and PTH gene expressions between ferrcluster A and B, together with gencluster A and B.



Conclusions

On the basis of five explanatory variables (HMOX1, HAMP, LPIN1, MAP3K5 and FLT3), we developed a diagnostic ferroptosis-associated gene signature and identified two differently categorized OP subtypes that may potentially be applied for the early diagnosis and individualized treatment of PMOP. The ER gene, VDR gene, IL-6 gene, COL1A1 and COL1A2 genes, and PTH gene are important candidate gene of OP, however, more studies are still anticipated to further elucidate the relationship between these genes and ferroptosis in OP.





Keywords: postmenopausal osteoporosis, ferroptosis, biomarker, consensus clustering, candidate genes



Introduction

Osteoporosis (OP)occurs when bone metabolism fails, leading to low bone mineral density (BMD), microarchitecture deterioration, increased fragility in bones and subsequent susceptibility to fracture. OP is thought to result from an imbalance between bone resorption and bone synthesis of osteoclasts and osteoblasts (1, 2). Postmenopausal osteoporosis (PMOP) is one of the most commonly occurring conditions worldwide and is characterized by estrogen deficiency as well as persistent calcium loss with age (3). To prevent bone loss, a proactive approach is recommended to identify patients at high risk of PMOP. The development of high-throughput technologies has made gene microarray analysis a valuable method of identifying differentially expressed genes (DEGs) and thus, they could be used as biomarkers for various diseases. There have been several studies using gene microarrays to identify key genes involved in PMOP pathogenesis (4, 5). Combining multiple gene microarray analyses may help identify more accurate genetic biomarkers.

Ferroptosis is an iron-dependent form of regulated cell death driven by the lethal accumulation of lipid peroxidation. There is evidence that ferroptosis plays a role in the development and progression of many diseases, including cancer, necroinflammatory disorders, and many organ damages and degenerative changes that involve medicine, surgery, and even reproduction system (6–8). In addition, a growing body of evidence suggested that ferroptosis may represent as a new therapeutic target for osteoporosis (9–12). However, the potential biomarkers of ferroptosis-associated genes in the diagnosis and treatment of PMOP remain lacking. Therefore, in our study, DEFAGs were screened between OP patients and normal controls. Later, in order to predict the potential diagnostic value of DEFAGs in OP, we conducted a random forest (RF) analysis. On the basis of five explanatory variables (HMOX1, HAMP, LPIN1, MAP3K5 and FLT3), we developed a diagnostic ferroptosis-associated gene signature. We hypothesized that our signature would have a high diagnostic value, then we further validated it in another dataset (GSE56814). Finally, two subtypes of OP patients were categorized using consensus clustering, which might aid in the early diagnosis and individualized treatment of PMOP.



Materials and methods


Data retrieval

GSE56815 was downloaded from the (GEO) database (http://www.ncbi.nlm.nih.gov/geo) which contains data of 40 OP and 40 healthy control patients. GSE56814 containing 42 high BMD and 31 low BMD patients was downloaded for validation. All patients in both datasets were premenopausal or postmenopausal female and the sample tissues were derived from circulating monocytes. 382 ferroptosis-associated genes were retrieved from FerrDb (13) (Supplementary Table S1).



Identification of DEFAGs

“limma” package was used to screen DEFAGs between 40 OP and 40 healthy control patients with an inclusion criteria p<0.05. heatmaps were plotted using the “pheatmap” package to describe the expression of DEFAGs between OP and healthy controls.



Construction and validation of random forest model, and support vector machine model

RF and SVM models were built using the “randomForest” and “kernlab” R package, DEFAGs are used as explanatory variables, while OP patients are used as response variables. In order to obtain the most appropriate model for training, receiver operating characteristic (ROC), inverse cumulative distributions |residual|, and boxplots of |residual| were plotted. For selection of the explanatory variables, we ranked the explanatory variables by importance, and then the first five explanatory variables were selected. For further validation of our signature, GSE56814 containing 42 postmenopausal patients among which 16 were with OP and 26 were without OP was downloaded and analyzed.



Construction of the nomogram model and machine learning for classification of PMOP and healthy woman

Based on the selected explanatory variables, a nomogram model was built using the “rms” package. We calculated every item’s score by projecting upward on a small scale (points) based on the characteristics of each variable of the patient. The total value was calculated by adding the scores of each item. A higher total value indicates a higher probability of OP. An analysis of the calibration curve, decision curve analysis (DCA) curve, as well as clinical impact curve were performed to test the accuracy of the model. Machine learning of genes to classify PMOP and healthy persons was performed. Following that, we reported the classification performance of the model using sensitivity, specificity, and an area under the receiver operator characteristic curve (14).



Consensus clustering of DEFAGs

To investigate the role of DEFAGs in OP, the OP patients were divided into subgroups based on the expression of DEFAGs using “Consensus Cluster Plus” in R software. Groupings were based on the following principles (1): there is a small cumulative distribution function (CDF) that increases slowly; and (2) neither a small cluster nor a cross cluster exists in the cluster data.



DEGs identification and functional annotation

DEGs between the different ferroptosis-associated subtypes were identified using the “limma” package in R with a fold-change of 1.5 and an adjusted p-value of < 0.05. GO and KEGG functional enrichment analyses were performed on the GO and KEGG datasets using the “clusterprofile” to identify gene functions and enriched pathways related to DEGs.



Re-consensus clustering based on the DEGs

To further divide the OP patients into different subgroups based on the expression of DEGs, we used “Consensus Cluster Plus” in R software. Groupings were also based on the following principles (1): there is a small cumulative distribution function (CDF) that increases slowly; and (2) neither a small cluster nor a cross cluster exists in the cluster data.



Construction of the FAG -scoring scheme and its clinical relevance

Principal component analysis (PCA) was used to develop a FAG-Scoring system that quantifies ferroptosis correlation levels in individual patients. The DEFAGs identified from OP and normal people were used. We then curated the expression profiles of the DEFAGs for PCA analysis, and we extracted the principal components 1 and 2 which acted as the signature score. Our FAG-Scoring scheme is calculated by adopting a formula similar to previous studies (15, 16): FAG-Score = ∑(PC1i+PC2i), where is the expression of phenotype-related genes determined from final ferroptosis.



Statistical analysis

Statistical analysis was carried out using R software (version 3.6.2). For evaluating differences between the two independent groups, the student’s t-test was used (unpaired, two-tailed). Data from more than two groups were analyzed using one-way analysis of variance (ANOVA) and Kruskal-Wallis test as parametric and non-parametric methods, respectively. A P value < 0.05 was considered significant if not otherwise specified.




Results


Landscape of 45 DEFAGs in OP

Based on the inclusion criteria log2FC > 0.2 and p * 0.001, 211 differentially expressed genes (DEGs) between OP patients and normal controls were identified. Crossing the 211 DEGs with 382 ferroptosis-associated genes, 45DEFAGs were acquired (Supplementary Table S2). The 45 DEFAGs were expressed differently in OP patients and in healthy controls (Figure 1A). The chromosomal positions of the 45 DEFAGs were plotted on a loop graph (Figure 1B).




Figure 1 | Landscape of 45 differentially expressed ferroptosis-associated genes (DEFAGs) in OP patients. (A) Heat map showing the expression of 45 DEFAGs between OP patients and healthy controls. (B) Chromosomal positions of the 45 DEFAGs were shown in the loop graph. *P < 0.05; **P < 0.01; ***P < 0.001.





Construction and validation of the RF model

A RF model and SVM model were established independently to determine a diagnostic ferroptosis gene signature. Based on an analysis of the reverse cumulative distribution of |residual| and boxplots of |residual|, it is found that the RF model sustains the lowest residual distribution when compared to the SVM model (Figures 2A, B). Analyzed from the overall ROC curve, our established RF model had a higher AUC value than the SVM model (Figure 2C). Considering these results, the established RF model was chosen to be the most appropriate training model. We then further ranked the explanatory variables by importance (Figure 2D). We identified the first five explanatory variables (HMOX1, HAMP, LPIN1, MAP3K5, FLT3) and used them to establish a diagnostic ferroptosis associated gene signature (Table 1). ROC results for these 5 genes using the machine learning algorithms were showed in (Supplementary Figure S1). It was showed that there was statistical difference comparing these five genes between OP and normal patients (Figure 2E). For further validation of our signature, GSE56814 containing 42 postmenopausal patients among which 16 were with OP and 26 were without OP was analyzed. The ROC showed that this signature had a high AUC:0.98, indicating high diagnostic value (Figure 2F).


Table 1 | Basic information of these five genes.






Figure 2 | Construction and validation of a diagnostic ferroptosis-associated gene signature. (A) Cumulative distribution of |residual| in RF model and SVM model. (B) Boxplots of |residual| in RF model and SVM model. (C) ROC curve and AUC value of RF model and SVM model. (D) The relative importance of explanatory variables ranked by the RF model. (E) The comparison of these five genes between OP and normal patients. (F) The ROC result of our proposed signature in validation dataset. **P < 0.01; ***P < 0.001.





Construction of the nomogram model and machine learning for classification of PMOP and healthy woman

To facilitate the diagnosis of PMOP for physicians using the selected DEFAGs (HMOX1, HAMP, LPIN1, MAP3K5, FLT3), a nomogram model was constructed (Figure 3A). Using the calibration curves, it was found that the nomogram model accurately predicted the positive rate of OP (Figure 3B). DCA showed that although both the nomogram model and individual DEFADs generated net benefits, the nomogram model generated significantly greater net benefits than the individual DEFADs, indicating that the nomogram model may be more clinically useful than individual DEFADs (Figure 3C). An analysis of the clinical impact curve suggests that the nomogram model has a relatively high diagnostic ability (Figure 3D). Step-by-step process showing how to identify a woman with PMOP versus a healthy woman was shown in (Figure 3E).




Figure 3 | Construction of the nomogram model and Machine Learning for Classification of PMOP and Healthy Woman. (A) Construction of the nomogram model based on the selected DEFAGs (HMOX1, HAMP, LPIN1, MAP3K5, FLT3). (B) Calibration curve illustrating the diagnostic ability of the nomogram model. (C) Nomogram models have higher clinical utility than individual DEFAGs, according to DCA. (D) The clinical impact curve demonstrates a high level of diagnostic ability of the nomogram model. (E) Decision-tree diagram showed the results of gene expression levels that determine PMOP or a healthy woman.





Identification of OP subgroups by consensus clustering

By using the consensus clustering method, we divided the OP patients into several subgroups to investigate the role of the 45 DEFADs in OP. Based on the results, when k=2, 3, and 4, the CDF value increases gradually, and when k=4, the CDF value is small. (Figures 4A, B). There was a high correlation between groups, however, when OP patients were divided into three or four groups. In this regard, two subgroups (ferrcluster A and B) of patients with OP were analyzed (Figures 4C, D). Figures 4E shows that HSPB1, HMOX1, TP53, etc. were upregulated in the ferrcluster B compared with the ferrcluster A, whereas HRAS, LPIN1, SIRT1, etc. were downregulated (Figures 4E). To check the accuracy of our classification, PCA analysis based on the expression profiles of the 45 DEFAGs was performed, the result showed that it can effectively distinguish the ferrcluster A from the ferrcluster B (Figures 4F).




Figure 4 | Two OP subgroups obtained by consensus clustering. (A) Curve of the CDF when k=2-9. (B) The delta area score of the CDF curve when k= 2–9. (C) Tracking plot when k =2–9. (D) The matrix heat map was neatly categorized when k=2. (E) The expression of 45 DEFAGs between ferrcluster A and ferrcluster B is shown in the histogram. (F) PCA based on the expression of the 45 DEFAGs can distinguish OP patients in ferrcluster A and ferrcluster B. *P < 0.05; **P < 0.01; ***P < 0.001.





DEGs identification and functional annotation

DEGs between the different ferroptosis-associated subtypes were identified using the “limma” package in R with a fold-change of 1.5 and an adjusted p-value of <0.05. 37 DEGs were identified (Supplementary Table S3). GO and KEGG analysis were performed to investigate the DEGs. GO revealed that the patients in the DEGs were mainly enriched in processes such as neutrophil degranulation, neutrophil activation involved in immune response, focal adhesion, cell−substrate junction, tertiary granule, cadherin binding, actin binding, ion channel regulator activity. (Figure 5A). KEGG revealed that DEGs were mainly enriched in osteoclast differentiation (Figure 5B).




Figure 5 | GO and KEGG enrichment analysis of DEGs. GO (A) and KEGG (B) showing functional enrichment of DEGs between the genecluster A and genecluster B.





Further identification of OP subgroups by consensus clustering based on DEGs

By using the consensus clustering method, we further divided the OP patients into several subgroups to investigate the role of the 37 DEGs in OP. Based on the results, when k=2, 3, and 4, the CDF value increases gradually, and when k=4, the CDF value is small (Figures 6A, B). There was a high correlation between groups, however, when OP patients were divided into three or four groups. In this regard, two subgroups of patients with OP were analyzed (Figures 6C, D). Figure 6E showed that HMOX1, TP53, ZFP36, etc. were upregulated in the genecluster B group compared with the genecluster A group, whereas KRAS, LPIN1, SIRT1, etc. were downregulated (Figures 6E). PCA analysis based on the expression profiles of the 37 DEGs was performed, the result showed that it can effectively distinguish the genecluter A from the genecluter B (Figure 6F).




Figure 6 | Two OP subgroups re-obtained by consensus clustering based on DEGs. (A) Curve of the CDF when k=2-9. (B) The delta area score of the CDF curve when k= 2–9. (C)Tracking plot when k =2–9. (D) The matrix heat map was neatly categorized when k=2. (E) The expression of 37 DEGs between the genecluster A and genecluster (F) PCA based on the expression of the 37 DEGs can distinguish OP patients in genecluster A and genecluster B. *P < 0.05; **P < 0.01; ***P < 0.001.





Construction of the FAG-scoring scheme and its clinical relevance

Principal component analysis (PCA) was used to develop a FAG-Scoring system that quantifies ferroptosis correlation levels in individual patients. The DEFAGs identified from OP and normal people were used. We found that ferroptosis is involved in both ferrcluster A, B and genecluster A, B. Meanwhile, it is showed that ferrcluster B and genecluster B had higher ferroptosis score indicating a higher relevance to ferroptosis. Alluvial diagram of subtype distributions in ferroptosis scores with different ferroclusters and geneclusters was also performed (Figure 7A). Ferroptosis score of these DEFADs between ferrcluster A and ferrcluster B were compared. It is showed that ferrcluster B had a higher ferroptosis score than ferrcluster A (Figure 7B). Ferroptosis score of these DEFADs between genecluster A and genecluster B were also compared. It is showed that genecluter B had a higher ferroptosis score than genecluster A (Figure 7C). We also compared the important candidate genes associated with OP between ferrcluster A, B and gencluster A, B, respectively. It is showed that the expression of COL1A1 gene was significantly higher in ferrcluster B and gencluster B compared with ferrcluster A and gencluster A, respectively, while there is no statistical difference in term of VDR gene, COL1A2 genes, and PTH gene expressions between ferrcluster A and B, together with gencluster A and B (Figures 7D, E).




Figure 7 | Construction of a FAG-Scoring system. (A) Alluvial diagram of subtype distributions in ferroptosis scores with different ferrclusters and geneclusters. (B) Comparison of ferroptosis scores between the ferrcluster A and ferrcluster A and B. (C) Comparison of ferroptosis score between the genecluster A and genecluster A and genecluster B. (D) The expression of VDR gene, COL1A1gene, COL1A2gene and PTH gene between the ferrcluster A and ferrcluster  A and ferrcluster B. (E) The expression of VDR gene, COL1A1gene, COL1A2gene and PTH gene between the genecluster A and genecluster B. *P < 0.05.






Discussion

The OP can be categorized into two major categories: primary and secondary. Primary osteoporosis is divided into PMOP (type I), which generally occurs within 5-10 years after menopause in women; Senile OP (type II), which generally occurs after the age of 70; and idiopathic OP, which mainly occurs in adolescents and has an unknown etiology. Secondary OP is defined as OP caused by any disease and/or medication that affects bone metabolism and other definite causes (17). Postmenopausal women are at high risk for OP, and early screening and identification of those risk factors should be enhanced and preventive measures should be actively taken, even if a fragility fracture has already occurred (18). Thus early, molecular-level diagnosis and intervention in postmenopausal patients with OP is of profound clinical importance. OP can be prevented and treated more effectively with ferroptosis regulation, which is expected to have fewer side effects (19–21). It is still necessary to investigate the mechanism, as well as the signaling pathways related to ferroptosis to identify new treatment targets for OP. In our study, we detected that 45 DEFAGs (such as HSPB1, SLC7A11, HMOX1, TP53, JUN, HAMP, MAP3K5, SLC2A3, EGFR, LPIN1, SIRT1) between OP patients and healthy controls. In the next step, RF, and SVM models were developed separately in order to construct a ferroptosis-associated gene signature using 45 DEFAGs. RF refers to a learning algorithm that incorporates different decision trees. A RF model consists of independent sets of decision trees. Each tree is generated based on random samples. Every decision tree learns and makes predictions independently, and the final result is based on the mean value of all trees (22, 23). SVMs are discriminant classifiers that use a classification hyperplane to define their classification. Using labeled training samples, the model is trained, and then test samples are classified using the optimal hyperplane’s output (24, 25). Comparing the RF model with the SVM models, the established RF model sustains the lowest residual distribution and the highest AUC value, making it the most appropriate training model. Several diagnostic ferroptosis genes were identified, and a nomogram model, which incorporates five explanatory variables (HMOX1, HAMP, LPIN1, MAP3K5 and FLT3), was eventually developed. The analysis of DCA curve and a clinical impact curve suggested that the nomogram model is greatly beneficial for clinical diagnosis. Deng et al. (26) used GSE2208 and GSE56815 datasets for analysis and validation, they identified FOS, PTPN6, and CTSD as potential biomarkers for postmenopausal osteoporosis, which were different from ours. Using multiple osteoporosis microarray datasets (GSE2208, GSE56814, and GSE56815), Zhang et al. (27) identified and systematically characterized BMD-related genes, however, no validation was performed. Based on pathway analysis, Zhou et al. (28) identified five key independent pathways involved in regulating BMD that can be corrected for crosstalk effects providing an insight into osteoporosis functional networks. Under accession number GSE56814, the raw microarray data from this cohort has been deposited with GEO. Therefore, to further validate our signature, dataset (GSE56814) was used, notably, the results showed that in PMOP patients, our proposed signature had a high AUC: 0.98, indicating high diagnostic value. Using the nomogram generated by five explanatory variables, we could potentially select and treat PMOP patients at a comparatively early stage, and as it has been reported that early preventive treatment such as physical sports interventions, calcium and vitamin D supplements would significantly reduce the possibility of fragile fracture (3, 29). As part of exploring the role of 45 DEFAGs in OP, “ConsensusClusterPlus” was used to divide OP patients into two subgroups based on the expression of 45 DEFAGs. HSPB1, HMOX1, TP53, etc. were upregulated in the ferrcluster B group compared with the ferrcluster A group, whereas HRAS, LPIN1, SIRT1, etc. were downregulated. With a PCA analysis based on expression profiles of 45 DEFAGs, the ferrcluster A group can be distinguished from the ferrcluster B group. Our results indicate that there are two completely different subtypes of OP patients. We further identified DEGs between these two subgroups. GO revealed that the DEGs were mainly enriched in processes such as in neutrophil degranulation, neutrophil activation involved in immune response, focal adhesion, cell−substrate junction, tertiary granule, cadherin binding, actin binding, ion channel regulator activity. KEGG revealed that the DEGs were mainly enriched in osteoclast differentiation. Further studies could be performed to investigate the roles of DEGs in these enriched processes causing OP. We later constructed a FAG-Scoring system and our results found that ferroptosis is involved in both ferrcluster A, B and genecluster A, B. Meanwhile, it is showed that ferrcluster B and genecluster B had higher ferroptosis score indicating a higher relevance to ferroptosis.

PMOP is one category of the OP. OP is most likely a polygenetic disease, and these genes are closely linked to bone formation during bone growth and bone remodeling during bone loss (30). ER estrogen receptor (ER) genes, vitamin D receptor (VDR) genes, interleukin-6 (IL-6) genes, collagen type I (COL1A1 and COL1A2) genes, and parathyroid hormone (PTH) genes are among the most studied candidates in recent years (31–34). ER estrogen exerts its biological effects mainly through binding to the intranuclear specific receptors of osteoblasts and osteoclasts. There are three main types of ER have been identified: estrogen receptor α (ERα), estrogen receptor β (ERβ), and the G protein-coupled estrogen membrane receptor GPR30/GPER1 (35). Estrogen binds to receptors in osteoblasts, prompting them to secrete collagenase and release cytokines and growth factors for bone reconstruction. The effect of ER on osteogenesis is mediated by certain cytokines, such as insulin-like growth factor I (IGF-1) and tumor growth factor (TGF-β). Saoji et al. (36) studied the relationship between ER gene Pvu II and XbaI polymorphisms and bone mineral density in Indian women before and after menopause, and logistic analysis based on age, body mass index, and tobacco and alcohol consumption showed that the xx genotype in the XbaI gene polymorphism was associated with reduced spinal bone mass in postmenopausal women, suggesting that the X allele is protective. VDR gene polymorphisms can interfere with its mRNA expression and splicing, affecting the quantity and stability of mRNA, thus causing small differences in the level and function of VDR protein, which further affects bone metabolism through trans-activation between VDR protein and its target genes. Ahmad et al. (37) investigated the effect of vitamin D levels and bone mineral density in 508 postmenopausal women with OP in northern India by using genetic polymorphisms (BsmI and FokI) variant patterns of VDR, and showed that BMD was significantly lower in the spine and hip in bb genotype menopausal women, and in the spine, hip, femoral neck and forearm in ff genotype menopausal women. It is suggested that Bsm I and Fok I polymorphisms of VDR gene are significantly associated with low BMD and may be an important risk factor for OP. The study showed that estrogen works through IL-6 as a mediator against OP (38); Estrogen acts on the proximal 225bq sequence of the IL-6 gene promoter through the ER to inhibit IL-6 gene expression; in addition, estrogen modulates the signaling of gp130 (signal transducer), thereby altering the sensitivity of cells to IL-6 (39). COL1A1 and COL1A2 proteins are important proteins of bone and are the main components of bone organic matter, accounting for about 80% to 90% of bone matrix proteins, which play an important role in maintaining the integrity of bone structure, biomechanical properties and bone toughness. Grant et al. (40) was the first to report polymorphisms arising from a G→T mutation at the site on intron 1 of the COL1A1 gene that binds to the transcription factor Sp1: SS, Ss, ss, with a significantly higher incidence in OP patients (48%) than in normal subjects (20%); The frequency of COL1A1 polymorphism, especially the distribution of Sp1 binding site polymorphism, varied greatly among different races. Despite the racial variability of this gene polymorphism, the COL1A1 polymorphism has a greater value as a predictor of OP and fracture risk from a clinical perspective. However, there are no studies showing that polymorphic loci of COL1A2 gene are associated with OP. PTH as a bone resorption inhibitor is beneficial in the treatment of OP, however, PTH is a “double-edged sword” in the metabolism of bone (41). Small doses of PTH stimulate osteoblasts secreting collagen to form new bone, but large doses inhibit osteoblasts. A related study showed that continuous PTH injection stimulates osteoclast activity and reduces bone mass, whereas intermittent PTH injection stimulates osteoblast differentiation and increases bone mass (42). The ER gene, VDR gene, IL-6 gene, COL1A1 and COL1A2 genes, and PTH gene are important candidate genes associated with OP. The genetic basis of OP can be revealed through the study of OP candidate gene polymorphisms, which can identify genes closely related to OP. In our study, we further compared the important candidate genes associated with OP between ferrcluster A, B and gencluster A, B, respectively. It is showed that the expression of COL1A1 gene was significantly higher in ferrcluster B and gencluster B compared with ferrcluster A and gencluster A, respectively, while there is no statistical difference in term of VDR gene, COL1A2 genes, and PTH gene expressions between ferrcluster A and B, together with gencluster A and B. OP is a polygenic and complex disease, and future studies should pay attention to the gene-to-gene association, and multiple genes should be considered comprehensively in exploring the mechanism of OP, so as to provide a genetic basis for early clinical screening of OP patients and determination of high-risk groups for fracture, this will facilitate early and effective prevention and treatment of OP. Current research on OP has focused on iron overload and reactive oxygen species (ROS) production, but the intrinsic link between ferroptosis and OP has not been thoroughly investigated (43). Chinese herbal medicines are potentially valuable in the treatment of OP, and herbal components (artesunate (44), quercetin (45), etc. can regulate ferroptosis, but their specific mechanisms of action are not yet clear. The role of other herbal monomers in the regulation of ferroptosis needs to be further explored. In conclusion, an in-depth study of ferroptosis can help further analyze the pathogenesis of OP and provide a basis for the prevention and clinical treatment of OP.

In future studies, through differential analysis, we wish to gather more clinical characteristics such as gender, BMI, history of smoking, BMD findings that will help us distinguish between these two completely different subtypes of PMOP, which might pave the way for future diagnosis and targeted treatment of PMOP.



Limitations

The study had certain limitations. Firstly, the sample tissues were derived from circulating monocytes rather than bone tissues (osteoclasts and osteoblasts), As a result, we could not determine if the selected diagnostic markers would be appropriate to measure in bone tissue (osteoclasts and osteoblasts). Secondly, basic science and clinical studies are needed to validate our findings. At this point, our research results are only predictions.



Conclusion

On the basis of five explanatory variables (HMOX1, HAMP, LPIN1, MAP3K5 and FLT3), we developed a diagnostic ferroptosis-associated gene signature and identified two differently categorized OP subtypes that may potentially be applied for the early diagnosis and individualized treatment of PMOP. The ER gene, VDR gene, IL-6 gene, COL1A1 and COL1A2 genes, and PTH gene are important candidate gene of OP, however, more studies are still anticipated to further elucidate the relationship between these genes and ferroptosis in OP.
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Background

New vertebral compression fracture (VCF) may occur in patients who underwent percutaneous vertebroplasty (PVP) or percutaneous kyphoplasty (PKP) for osteoporotic vertebral compression fracture (OVCF). However, the risk factors of new VCF remain controversial. The research aimed to analyze the risk factors of new VCF after PVP or PKP.



Methods

From August 2019 to March 2021, we retrospectively analyzed the patients who underwent PVP or PKP for OVCF at our institution. Age, gender, body mass index (BMI), smoking, drinking, hypertension, diabetes, fracture location, surgical method, Hounsfield unit (HU) value, preoperative degree of anterior vertebral compression (DAVC), bisphosphonates, bone cement volume, bone cement leakage, and cement distribution were collected. The risk factors were obtained by univariate and multivariate analysis of the data.



Results

A total of 247 patients were included in the study. There were 23 patients (9.3%) with new VCF after PVP or PKP. Univariate analysis showed that age (p < 0.001), BMI (p = 0.002), fracture location (p = 0.030), and a low HU value (p < 0.001) were significantly associated with new VCF after PVP or PKP. A low HU value was an independent risk factor for new VCF after PVP or PKP obtained by multivariate regression analysis (OR = 0.963; 95% CI, 0.943–0.984, p = 0.001).



Conclusions

In this study, a low HU value was an independent risk factor of new VCF after PVP or PKP.
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Introduction

Osteoporotic vertebral compression fracture (OVCF) is a common disease, with an incidence of 0.307% among people over the age of 50 (1). OVCF is likely to result from low-energy trauma and may cause severe back pain and kyphosis, and even increase mortality (2, 3). Surgery is an alternative therapy for patients who have undergone failed conservative treatments such as analgesia, bed rest, and physical support.

Percutaneous vertebroplasty (PVP) was first introduced to treat vertebral angioma by Galiebert in 1987 (4). Nowadays, PVP and percutaneous kyphoplasty (PKP), with safety and efficacy, are widely used in the treatment of patients with OVCF (5–7). However, some studies reported that adverse events such as cement leakage, pulmonary cement embolism, and new vertebral compression fracture (VCF) occurred after PVP or PKP (8–10).

Currently, new VCF in patients who underwent PVP or PKP has aroused widespread concern (11). Several studies reported that some potential risk factors such as age, gender, body mass index (BMI), bone mineral density (BMD), bone cement volume, and bone cement leakage were associated with new VCF (12–14). However, the risk factors for new VCF are still controversial, especially whether PVP or PKP itself increases the risk of new VCF (11, 15, 16). The purpose of the research is to investigate and identify the risk factors of new VCF and provide clinical guidance for spinal surgeons so as to prevent the recurrence of new VCF in patients treated with PVP or PKP for OVCF.



Materials and methods


Study subjects

The study retrospectively reviewed the patients who underwent PVP or PKP for OVCF from August 2019 to March 2021 at our institution. The study obtained the support of the Ethics Committee of our institution and informed consent of all patients, and was also in accordance with the Declaration of Helsinki. These patients were divided into new VCF and control groups according to whether they have or do not have new fractures. The inclusion criteria included definite back pain in line with VCF, single-segment fresh VCF in the elderly patient diagnosed by computed tomography (CT) and magnetic resonance imaging (MRI), low-energy trauma, initial treatment with PVP or PKP, and a follow-up time of at least 12 months. The exclusion criteria included initial treatment with PVP or PKP for multi-segment VCFs, neurological symptoms, spinal cord compression, pathological fracture, vertebral burst fractures, posterior column fracture, high-energy trauma, spinal infection, spinal tumor, spinal tuberculosis, incomplete image data, and loss to follow-up.



Surgical procedure

The patient was placed in the prone position, and the procedure was performed under local anesthesia. The surgical segment was confirmed under fluoroscopic guidance. The entry point was determined on the skin surface. A puncture needle was advanced to the fractured vertebral body by unilateral pedicle with the aid of fluoroscopic guidance. If necessary, a balloon was inserted to restore vertebral height. The prepared bone cement was injected into the fractured vertebral body under fluoroscopy. If bone cement leakage was observed, the operation should be stopped immediately.



Measures

Age, gender, BMI, smoking, drinking, hypertension, diabetes, fracture location, surgical method, Hounsfield unit (HU) value, preoperative degree of anterior vertebral compression (DAVC), use of bisphosphonates, bone cement volume, bone cement leakage, and cement distribution were collected. Fracture location was divided into thoracolumbar (TL) junction and non-TL junction. Surgical method included PVP and PKP. HU value was an indicator of BMD and was used to diagnose osteoporosis (17). HU value was measured by an elliptical region of interest on the axial CT images at the first lumbar vertebral body. The HU value of L1 vertebral body was equal to the average value of the three axial slices: superior to the inferior endplate, the middle of the vertebral body, and inferior to the superior endplate (18) (Figure 1). If the first lumbar vertebral body fractured, the average HU value of the 12th thoracic vertebra and the second lumbar vertebral body was calculated. DAVC was an indicator of the degree of vertebral compression fracture. The measurement method of DAVC was the same as the previous study (19). The anterior vertebral height (AVH) of the new fractured vertebral body, the posterior vertebral height (PVH1) of the adjacent cranial vertebral body, and the posterior vertebral height (PVH2) of the adjacent caudal vertebral body were measured on lateral plain radiograph (Figure 2). DAVC of the fractured vertebral body was the ratio of the AVH to the mean of PVH1 and PVH2, with the formula DAVC = AVH/[(PVH1 + PVH2)/2] × 100%. DAVC was usually expressed as the A–P ratio. Cement distribution contained the compact type and the trabecular type (20) (Figure 3). In terms of the use of bisphosphonates, patients were given a dose of 5 mg of zoledronic acid, which was a type of bisphosphonate drug administered via an intravenous drip for at least 15 min. All the data obtained from the images were measured by two professional doctors.




Figure 1 | HU value was measured by PACS with the use of an elliptical region of interest function. (A) was a reconstructed CT sagittal image, marking the positions of the three slices. Slice (B) was chosen just inferior to the superior endplate. Slice (C) was taken in the middle of the body. Slice (D) was chosen just superior to the inferior endplate.






Figure 2 | Plain radiograph showed the measurement of the anterior vertebral height (AVH) of the new fractured vertebral body, the posterior vertebral height (PVH1) of the adjacent cranial vertebral body, and the posterior vertebral height (PVH2) of the adjacent caudal vertebral body.






Figure 3 | Cement distribution. (A) Compact type. (B) Trabecular type.





Statistical assessments

The data were processed by the SPSS 24 (IBM Corporation, Armonk, New York, USA). Risk factors of new VCF after PVP or PKP were obtained by univariate analysis and multivariate regression analysis. In the univariate analysis, continuous variables were presented as the mean with standard deviation or median with interquartile range, and categorical variables were expressed as the number with percentages. Continuous variables with normal distribution were compared by Student’s t-test; otherwise, the Mann–Whitney U test was used. Comparisons of categorical variables between the control and new VCF groups were conducted by the Chi-square or Fisher’s exact test. All variables with p < 0.05 on the basis of the results of univariable analysis were analyzed by multivariate regression analysis. p < 0.05 was considered to be statistically significant.




Results

A total of 247 patients (203 women and 44 men) were included in the study. The mean age, BMI, and HU value of 247 patients were 69.58 ± 8.40 years, 22.92 ± 3.37 kg/m2, and 73.41 ± 30.30, respectively. Of 247 patients, 206 (83.4%) fractured at the TL junction. Of 247 patients, 67 (27.1%) underwent PKP whereas 180 (72.9%) underwent PVP (Table 1).


Table 1 | Information of the study subjects and results of univariable analysis of the control and new VCF groups.



Twenty-three patients (23/247, 9.3%) had new VCF after PVP or PKP during the follow-up period. Of the 23 patients, 6 patients (26.1%) were male and 17 patients (73.9%) were female. The mean age, BMI, and HU value of the 23 patients were 76.48 ± 6.27 years, 20.84 ± 3.16 kg/m2, and 38.64 ± 25.36, respectively. Of the new VCF, 65.2% (15/23) and 34.8% (8/23) occurred in the TL junction and the non-TL junction, respectively. Nine patients (39.1%) developed cement leakage (Table 1).

In the univariate analysis, no significant difference was found in gender (p = 0.422), smoking (p = 0.358), drinking (p = 1.000), hypertension (p = 0.341), and diabetes (p = 0.290) between the control and new VCF groups except age (p < 0.001) and BMI (p = 0.002). There was no significant difference between the two groups in terms of surgical method (p = 0.542), A–P ratio (p = 0.086), bisphosphonates (p = 0.297), bone cement volume (p = 0.876), bone cement leakage (p = 0.911), and cement distribution (p = 0.266) except fracture location (p = 0.030) and HU value (p < 0.001) (Table 1). Multivariate regression analysis found that age (OR = 1.061; 95% CI, 0.992–1.135, p = 0.082), BMI (OR = 0.917; 95% CI, 0.794–1.058, p = 0.234), and fracture location (OR = 0.598; 95% CI, 0.192–1.858, p = 0.374) were not significantly associated with new VCF after PVP or PKP. Only HU value was a negative independent factor for new VCF (OR = 0.963; 95% CI, 0.943–0.984, p = 0.001) and significantly weakened the odds risk of new VCF (Table 2).


Table 2 | Multivariable regression analysis for the risk of new VCF.






Discussion

New VCF is a severe adverse event in patients who underwent PVP or PKP for OVCF. Some studies reported that the incidence of new VCF after PVP or PKP was 11.5%–34.8% (19, 21–23). In our study, the incidence of new VCF was 9.3% (23/247), which was lower than the above data. Compared with other studies, perhaps this study only included the initial single-segment VCF, which reduced the incidence of new VCF. Cao et al. (24) concluded that multiple segment VCF increased the incidence of the new VCFs after vertebroplasty. Previous studies showed several risk factors of new vertebral compression fracture after PVP or PKP. Ning et al. (25) reported that risk factors of new VCF after PKP for OVCF were gender, zoledronic acid, and previous fracture history rather than BMI, smoking, alcohol, hypertension, and diabetes. Bian et al. (26) concluded that age, HU value, TL junction fracture, and cement leakage were correlated with new VCF after PVP in patients with OVCF. In this study, only a low HU value was the independent risk factor of new VCF after PVP or PKP by multivariate regression analysis.

Osteoporosis usually occurs in the elderly. Age is considered to be associated with osteoporosis. However, whether age is a risk factor for new VCF remains controversial. Zhang et al. (27) reported that age was correlated with new VCF after PVP. However, a study conducted by Li et al. (23) demonstrated that age was not associated with new OVCF after vertebroplasty. In our study, a significant difference was found in age between the control and new VCF groups. However, age was not associated with new VCF after PVP or PKP by multivariate regression analysis.

Whether BMI is associated with new VCF is inconclusive. Ahn et al. (28) suggested that BMI was a negative independent risk factor for new VCF after PVP. However, Tanaka et al. (29) indicated that overweight and underweight were associated with fractures. In the study of 132 patients, Lee et al. (21) concluded that BMI was not related to the new VCF after PVP or PKP for OVCF. Mao et al. (12) found that BMI was not a risk factor of secondary fracture after PVP for OVCF. Moreover, in the meta-analysis, Zhai et al. (30) reported that BMI was not correlated with subsequent fracture for OVCF after PVP. In our study, there was a significant difference in BMI between the control and new VCF groups. However, multivariate regression analysis showed that BMI was not correlated with new VCF after PVP or PKP.

Spinal fractures usually occur in the TL junction. Our study showed that 83.4% of 247 patients had fractures in the TL junction. However, whether TL junction is a risk factor for new VCF is still uncertain. A research conducted by Bian et al. (31) indicated that TL junction was strongly associated with new VCF after PKP. Zhang et al. (32) retrospectively reviewed 421 patients in order to identify the risk factors for new VCF, and concluded that the TL junction was not an independent risk factor for new VCF, which was in line with our study.

BMD was used as an indicator of osteoporosis. Previous studies showed that a low T-score was correlated with new VCF after PVP (33, 34). However, Yang et al. (35) indicated that low BMD was not associated with refracture. Moreover, T-score measured by dual-energy x-ray absorptiometry (DXA) may be high due to spinal degeneration or deformity (36). Schreiber et al. (18) reported that the HU value measured by CT could be used to assess BMD. Ji et al. (37) indicated that HU value significantly associated with refracture after OVCF. In our study, we concluded that HU value was a negative independent factor for new VCF, in line with a previous study (31). Therefore, patients with a low HU value should receive appropriate antiosteoporosis treatment so as to increase BMD, which could reduce the risk of new VCF after PVP or PKP for OVCF.

There were some limitations in our study. Firstly, to some extent, there may be selection bias in this retrospective study. Secondly, the sample size was small in this study, with only 23 patients with new VCF after PVP or PKP. Prospective multicenter randomized controlled trials with a large sample size are still needed to better analyze the risk factors of new VCF after PVP or PKP in the future.



Conclusion

A low HU value was an independent risk factor of new VCF after PVP or PKP. Patients with a low HU value are likely to have new VCF after PVP or PKP for OVCF.
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Growing evidence suggests that diabetes mellitus is associated with an increased risk of fracture. Bone intrinsic factors (such as accumulation of glycation end products, low bone turnover, and bone microstructural changes) and extrinsic factors (such as hypoglycemia caused by treatment, diabetes peripheral neuropathy, muscle weakness, visual impairment, and some hypoglycemic agents affecting bone metabolism) probably contribute to damage of bone strength and the increased risk of fragility fracture. Traditionally, bone mineral density (BMD) measured by dual x-ray absorptiometry (DXA) is considered to be the gold standard for assessing osteoporosis. However, it cannot fully capture the changes in bone strength and often underestimates the risk of fracture in diabetes. The fracture risk assessment tool is easy to operate, giving it a certain edge in assessing fracture risk in diabetes. However, some parameters need to be regulated or replaced to improve the sensitivity of the tool. Trabecular bone score, a noninvasive tool, indirectly evaluates bone microstructure by analyzing the texture sparsity of trabecular bone, which is based on the pixel gray level of DXA. Trabecular bone score combined with BMD can effectively improve the prediction ability of fracture risk. Quantitative computed tomography is another noninvasive examination of bone microstructure. High-resolution peripheral quantitative computed tomography can measure volume bone mineral density. Quantitative computed tomography combined with microstructure finite element analysis can evaluate the mechanical properties of bones. Considering the invasive nature, the use of microindentation and histomorphometry is limited in clinical settings. Some studies found that the changes in bone turnover markers in diabetes might be associated with fracture risk, but further studies are needed to confirm this. This review focused on summarizing the current development of these assessment tools in diabetes so as to provide references for clinical practice. Moreover, these tools can reduce the occurrence of fragility fractures in diabetes through early detection and intervention.




Keywords: bone mineral density, bone turnover markers, diabetes mellitus, microindentation, osteoporotic fractures, quantitative computed tomography, trabecular bone score



Introduction

Diabetes mellitus (DM) affects millions of people as a global debilitating, chronic, epidemic disease. According to an assessment by the International Diabetes Federation (1), 451 million people (aged 18–99 years) worldwide had diabetes in 2017, which is expected to reach 693 million in 2045. Diabetes-related chronic heart, brain, kidney, eye, and nerve complications have a high rate of disability and mortality, reducing the quality of life and placing a huge economic burden on society (2–4). Osteoporotic fractures are also a public health problem with the aging of the population. However, the adverse effects of diabetes on bone are often underestimated or even ignored in clinical practice. In recent years, increasing evidence shows that diabetes is an independent risk factor for osteoporosis (5). Osteoporosis is defined as a systemic skeletal disease characterized by low bone mass and microarchitectural deterioration of bone tissue, with a consequent increase in bone fragility and susceptibility to fracture (6). Increased bone fragility in patients with diabetes is regarded as a common and serious complication of diabetes (7). Studies have shown that both type 1 DM (T1DM) and type 2 DM (T2DM) have a correlation with a higher fracture risk (8). The fracture risk of T1DM is three times as high as that in the general population (9), and it occurs 10–15 years earlier than that in nondiabetic individuals (10). A meta-analysis including 30 epidemiologic studies reported a significant association between T2DM and increased risk of overall fracture [summary relative risk =1.05, 95% confidence interval (CI): 1.04–1.06] (11). Recently, a population-based cohort study of 6,548,784 Korean individuals including 2418 patients with T1DM and 506,208 patients with T2DM demonstrated that fracture risk was higher in patients with diabetes than in nondiabetic individuals for all measurement sites (12). Moreover, diabetes combined with a fracture leads to reduced activities and prolonged hospital stay, further affecting the quality of life of patients, increasing the rate of disability and mortality, and bringing a huge economic burden to patients themselves and the development of society. Therefore, identifying patients with diabetes combined with a high fracture risk early is crucial.

However, the pathophysiological mechanism of fractures in patients with diabetes is complex and multifactorial. Although bone mineral density (BMD) has a correlation with bone strength, the contribution rate of BMD to bone strength is only approximately 70% (13, 14). The aforementioned manifestation is more pronounced in T2DM, as the BMD of patients with T2DM is usually normal or even higher; also, the fracture risk is higher than that in nondiabetic populations (15, 16). This suggests that other factors, such as impaired quality caused by accumulation of glycation end products, low bone turnover, and microstructural changes, which make adverse effect on mechanical properties of bone tissue, can affect the overall bone fragility and lead to the increased fracture risk in patients with diabetes (7). Moreover, extrinsic factors, such as hypoglycemia caused by treatment, diabetes peripheral neuropathy, muscle weakness, visual impairment, and some hypoglycemic agents including thiazolidinediones, SGLT2i, and insulin, also increase the fracture risk (17–19). This review aims to summarize the diabetes-related fracture risk assessment tools and discuss their advantages and disadvantages. Furthermore, the review might provide a reference for the risk assessment of osteoporotic fractures in patients with diabetes.



BMD

BMD is an important tool for assessing bone mass in clinical practice. It is traditionally thought that DXA-measured BMD is the gold standard for assessing osteoporosis. It can be used for diagnosing osteoporosis, fracture risk prediction, and drug efficacy assessment (20). Its advantages are simplicity, convenience, noninvasion, low cost, and low radiation, while its disadvantage is that DXA is a two-dimensional projection technology that can only measure the area bone density. Therefore, it cannot reflect the complex 3D bone characteristics. Measurements are mainly made at the axial skeleton, lumbar spine, and proximal femur, which are susceptible to lumbar degeneration and abdominal aortic calcification. Moreover, the measurement results of different DXA machines cannot be compared with each other without transverse quality control.

Although BMD is an important tool for assessing bone mass, the assessment of fracture risk in patients with diabetes remains controversial, especially in patients with T2DM. Studies have consistently shown lower BMD in patients with T1DM compared with controls without diabetes (9, 21). However, the fragility fracture risk in patients with T1DM is much higher than the value-at-risk predicted by the DXA method (22, 23). Additionally, the changes in the BMD of patients with T1DM of different sexes and ages are inconsistent with those of nondiabetic individuals (23). This indicates that the BMD cannot be used to generalize fracture risk in patients with T1DM. Although different studies showed discrepant results, most reported that T2DM had higher BDM than control (16, 24, 25). Nonetheless, increasing evidence indicates that patients with T2DM have an increased fracture risk. A meta-analysis including 16 studies involved 1,758,225 participants. It reported 59,909 nonvertebral fracture events and 6430 vertebral fracture events. The regulated relative risk of T2DM and nonvertebral fractures in men was 1.20 (95% CI: 1.09–1.31) (26). Similarly, another meta-analysis including observational studies showed that adults with diabetes had a higher risk of fractures for both hip fractures (RR 4.93, 3.06–7.95 in T1DM and RR 1.33, 1.19–1.49 in T2DM) and nonvertebral fractures (RR 1.92, 0.92–3.99, in type 1 and RR 1.19, 1,11–1.28 in type 2) compared with adults without diabetes (27). In conclusion, BMD alone may underestimate the fracture risk in patients with diabetes. As BMD measured by DXA can only assess changes in bone mass, only approximately 70% of changes in bone strength can be reflected. Hence, it is almost impossible to determine bone microstructure related to bone quality, whose damage is closely connected with the assessment of high fracture risk (28).



Fracture risk assessment tool

The fracture risk assessment tool (FRAX) is a web-based assessment tool developed and recommended by the World Health Organization for predicting the osteoporotic fracture risk (http://www.shef.ac.uk/FRAX). The model is established mainly based on clinical risk factors (including age, gender, height, body mass, previous fractures, parental hip fractures, smoking, glucocorticoids, rheumatoid arthritis, secondary osteoporosis, and excessive alcohol consumption) and femur and neck BMD (if any or no) to predict the probability of hip fracture and major osteoporotic fracture (centrum, forearm, hip, or shoulder) over the next 10 years (29). It is simple and convenient for FRAX to predict fracture risk, but with certain limitations. First, FRAX is not applicable for people who have been diagnosed with osteoporosis, have had fragility fractures, or have received effective anti-osteoporosis therapy. Second, differences exist in prediction ability between different regions and ethnic populations. Third, the major clinical risk factors for osteoporotic fractures included in FRAX are incomplete, with a lack of specific quantification.

It has been found in clinical practice that patients with diabetes have a higher fracture risk than the general population. However, it is not considered as a clinical risk factor by FRAX, which may influence its application in the population with diabetes. A clinical study with large samples in Canada (including 3518 patients with diabetes and 36,085 nondiabetic individuals) showed (30) that patients with diabetes had a higher fracture risk than the nondiabetic population, but the prediction ability of patients with diabetes scored by the FRAX was lower than that of the nondiabetic population. Besides, a population-based, multicenter, and cross-sectional study on postmenopausal osteoporosis in Japan indicated that patients with T2DM had an increase in the mean risk of severe osteoporotic fractures when using the FRAX without the BMD for scoring. Nonetheless, the FRAX major osteoporotic fracture risk without the BMD did not correctly indicate current bone fragility in middle-aged Japanese women with T2DM (31). Another study (32) included 566 women aged 40–90 years, with different glycometabolic states [normoglycemia, impaired fasting glucose (IFG), and diabetes]. It indicated that women with diabetes compared with women who had normoglycemia or IFG had a higher FRAX score for both major osteoporotic fracture and hip fractures, when the BMD was not included. When the BMD was included, no difference was found. Whether the results of FRAX risk assessment in patients with diabetes are reliable needs further validation, despite the potential role of FRAX in predicting the fracture risk in patients with T2DM. Moreover, the current study results on whether BMD impacted the FRAX score of patients with diabetes were not consistent; therefore, the prospective clinical study validation using large samples is further required.

Despite the limitations of using FRAX to assess the fracture risk in patients with diabetes, the FRAX score is parallel with the fracture risk. The following methods may be useful to enhance the ability to predict the fracture risk in patients with T2DM: The FRAX score is combined with the trabecular bone score (TBS) value, or rheumatoid arthritis is replaced with diabetes (33), or the patient’s age is increased by 10 years when calculating, or the T-value of BMD is regulated appropriately, such as minus 0.5 (34). According to the results from a large Canadian study in the Manitoba cohort (35) that each of the proposed methods of FRAX adjustment was found to improve performance, though no single method was optimal in all settings in T2DM. The perspective from an interdisciplinary expert panel proposed (36) that in T2DM the stratification of fracture risk and treatment thresholds should be mainly based on the presence of a previous fragility fracture and on the individual risk profile, with the inclusion of the additional T2DM related risk factors. Then, referring to the published recommendations in 2018 (37), the related risk factors for fractures in diabetes are outlined in the Table 1.


Table 1 | Risk factors for fractures in diabetes.





Trabecular bone score

The TBS is a noninvasive tool for assessing the effect of bone microstructure through the analysis of trabecular bone on texture sparsity using special computer software (TBS iNsight) based on the pixel gray variability of spine DXA images (38). Consequently, it has the same interest areas as DXA that assesses BMD, which does not require additional medical equipment or tests. Especially for patients with the same BMD, the differences in bone microstructure and bone quality can be better displayed, thus making up for BMD deficiency in assessing bone quality. Combined with BMD, the ability to predict the fracture risk can be effectively enhanced. Nonetheless, the TBS is not obtained by the physical measurement of bone tissue directly, but it is an overall score calculated after transforming the three-dimensional structure projection of bone tissue into a two-dimensional plane. The calculated TBS value represents the average level of lumbar spines from the first to the fourth (39, 40). Hence, it is only a macro-indicator to assess bone microstructure that cannot reveal specific trabecular bone structures. Also, it cannot assess bone microstructures of other parts except for the lumbar spine. At present, the WHO has not defined the standard reference range of TBS. The clinical recommendations of the TBS reference range for postmenopausal women are as follows: TBS value ≥1.350 is normal, indicating that the bone microstructure is dense and tough, and the connection between trabecular bones is close, with small gaps. A TBS value between 1.200 and 1.350 indicates partial degeneration of bone microstructure, poor connection between trabecular bones, larger gaps, and increased bone fragility. A TBS value ≤1.200 indicates that the bone microstructure degenerates seriously, and the connection between trabecular bones deteriorates further (41).

A large number of clinical studies have confirmed that the TBS of patients with diabetes is lower than that of nondiabetic individuals (42–45). Recently, a meta-analysis involved 35,546 women and 4962 men aged 30 years and older suggested that patients with diabetes had a significantly lower TBS than those without diabetes, with the standardized mean difference being –0.31 (95% CI, –0.45 to –0.16) (46). Moreover, a cross-sectional study in which 119 T1DM (59 males, 60 premenopausal females; mean age 43.4 ± 8.9 years) and 68 healthy controls were analyzed suggested that TBS values were significantly lower in T1DM with prevalent fractures (47). Another observational study including 137 patients with T2DM showed that the TBS negatively correlated with body mass index, waist circumference, HOMA-2IR index, and relative fat mass but positively correlated with the lumbar spine BMD. Other studies showed that the TBS negatively correlated with HbA1c, fasting plasma glucose level, and fasting insulin level (48, 49). As a result, multiple previous studies showed that the TBS was more advantageous in assessing the fracture risk in patients with diabetes, especially T2DM. The TBS can identify the fracture risk in patients with diabetes having normal or increased BMD but changes in bone quality or bone microstructures. The TBS can be used as a supplementary tool for BMD assessment on the fracture risk of patients with diabetes, providing strong evidence for the prevention and treatment of bone-related complications in these patients. However, clinically, the relevant study participants for predicting the fracture risk in patients with diabetes according to the TBS are mostly postmenopausal women, but the study data for adult men and premenopausal women is limited. Whether the TBS can be effectively and accurately applied to assess the osteoporosis risk in such populations still needs more data for further verification. Besides, the increased fracture risk in patients with diabetes cannot be fully explained by the differences in the TBS, and the specific mechanisms need further exploration.



Quantitative computed tomography

Quantitative computed tomography (QCT) is a method for measuring human BMD based on clinical CT scan data through QCT body model calibration and professional software analysis, which accurately converts CT values of scanned images into the equivalent density of hydroxyapatite. Thus, it is simple, convenient, and noninvasive. While QCT uses CT three-dimensional volume data for analysis, it measures the true volumetric BMD (vBMD). Moreover, it can assess cortical and cancellous bones separately. The interest areas of cancellous bones outlined by QCT on CT images are not influenced by spinal degeneration, body weight, and vascular calcification, and are highly sensitive to subtle changes in bone mass (50, 51). Since the metabolic activity of spinal cancellous bones is approximately eight times that of cortical bones, age-related or treatment-related changes in BMD measured by QCT are more sensitive than the changes in BMD of the entire centrum (cortical bones + cancellous bones) measured by DXA (52). In addition, as CT technology is applied widely in clinical practice and CT scanning of different parts can be performed simultaneously, it can not only meet the needs of clinical routine imaging diagnosis but also measure the BMD on the QCT workstation without increasing the radiation dose. HR-pQCT can be used to image and quantify the volumetric BMD and bone microarchitecture, including cortical porosity, at a low radiation dose (50). Using QCT-based FEMs, a variety of biomechanical parameters can be generated, the bone strength of different parts can be accurately predicted, and the geometric shape, structure, and various mechanical properties of bone can be reflected (53). Therefore, QCT can better reflect the changes in bone strength compared with measuring the BMD by the dual x-ray absorptiometry.

Many studies used QCT and HR-pQCT to assess vBMD and bone microstructure changes in patients with diabetes. However, whether they can predict the fracture risk in patients with diabetes has not been confirmed. The standard sites for predicting fractures by HR-pQCT are distal radius and distal tibia (54). Recently, a cross-sectional study including 59 patients with T1DM and 77 nondiabetic controls showed that patients with T1DM had the lower cortical thickness and lower cortical vBMD at the ultra distal tibia. Bone strength and bone stiffness at the tibia, determined by homogenized finite element modeling, significantly reduced in patients with T1DM compared with controls (55). This study also found that diabetic neuropathy was the determinant of the aforementioned changes, resulting in an increase in fracture risk. Coincidentally, another large, community-based study of elderly patients with T2DM (56) found there were differences in decreased cortical density and increased cortical porosity at the tibia between patients with T2DM and non-T2DM individuals. It was speculated that the decrease in the vBMD and changes in the bone microstructure in the distal tibia might be connected with high fracture risk in patients with diabetes. In contrast, a recent systematic review and meta-analysis showed that the non-weight-bearing distal radius was a more preferable site than the distal tibia for fracture prediction (57). It was speculated that the non-weight-bearing distal radius might be related to microcirculation disorder in patients with diabetes, which was similar to the neuropathy with length dependence. HR-pQCT is expected to be a powerful tool for assessing the fracture risk in patients with diabetes. However, patients with diabetes of different types and ages may have different manifestations. Most of the current studies are limited to cross-sectional observational studies. Consequently, a large number of prospective studies are needed to further verify the correlation between the aforesaid changes in bone parameters and the fracture risk in patients with diabetes.



Microindentation

Reference point indentation (RPI) is a new technique that has emerged in recent years to directly assess the mechanical properties of bones at the tissue level (58). Two RPI devices have so far been used: Biodent device and OsteoProbe device. The latter is a handheld device. The previous literature suggested that the former be named as cyclic reference point microindentation (CMI) and the latter be named as impact microindentation (IMI) to unify the names (59). Both methods use stainless steel probes with spherical tips (with radii of 2.5 μm and 10 μm, respectively) to press into the bones. The mechanism of action is that the indentation on the bone surface leads to the separation of mineralized collagen microfibers and microcracks. The deeper the probe is pressed into the bone surface, the less the bone tissue can resist mechanical pressure. CMI is mainly used for laboratory tests on in vitro samples or animals. As this review mainly focused on the clinical assessment of fracture risk in patients with diabetes, the application methods and parameters of CMI were not repeated here. IMI, a handheld device, is pressed on the bone surface until a force of 10 N is reached, at which time the device generates an additional 30-N impulse force (60). The depth of the probe at the time 10 N is reached is used as the “reference point,” and the distance the probe moves between 10 N and 40 N is measured as an indentation distance increase (IDI). This IDI is normalized to a poly(methyl methacrylate) (PMMA) (plastic) standard, and the device outputs a variable defined as bone material strength index (BMSi), which is a ratio of distances, derived from 100 times the ratio of PMMA IDI to sample IDI. Higher BMSi indicates better mechanical properties of bone tissue. The recommended standard operating procedure has been published (59). The BMSi is associated with the previous fractures and hip fracture risk. This was indicated by a cross-sectional study on men from the Geelong Osteoporosis Study (61). Recently, a systematic review of clinical studies using IMI in humans suggested that the value of BMSi was used not only in evaluating bone fragility but possibly also in the follow-up, particularly for patients with potentially underestimated fracture risk (62). The application of this technique for assessing the properties of bone materials is less invasive, simple, safe, and radiation-free. However, it has not been widely used in clinical practice and is only limited to the tibia. Whether it can reflect the properties of bone materials in the whole body needs further investigation.

Microindentation technique has been applied in clinical studies to assess the properties of bone materials in patients with diabetes. In 2019, a Spanish cross-sectional study (63) of 45 premenopausal women with T1DM and 21 healthy women found no differences in the BMSi or BMD between patients with T1DM and controls. The study speculated that the aforementioned finding might be correlated with intensive insulin therapy. This study was the first known investigation to assess the BMSi in patients with diabetes, which included premenopausal women without a history of osteoporosis or fracture. A cross-sectional study on men with T1DM from Norway in 2021 showed that the BMSi was lower in patients with T1DM compared with healthy age-matched men (64). In 2016, a population-based study (65) on elderly women with diabetes in Sweden indicated that the BMD of patients with T2DM was higher, but the BMSi was lower than that of controls (74.6 ± 7.6 vs 78.2 ± 7.5, P < 0.01). Meanwhile, women with T2DM performed clearly worse in measures of physical function. Reduced BMSi and impaired physical function might explain the increased fracture risk in T2DM. Additionally, the Geelong Osteoporosis Study on participants with different glycometabolic states, including 340 men aged 33–96 years, showed that when considering the glycemic status as a binary variable, men with T2DM had a lower mean BMSi compared with those without T2DM (normoglycemia and IFG combined), and this difference in the BMSi was independent of femoral neck BMD (66). Therefore, the BMSi can reflect the changes in the bone quality of patients with diabetes. Despite no clear relationship between BMSi and bone mass, IMI could be used as an additional tool to DXA-measured BMD in assessing bone health. Nevertheless, prospective studies using large samples with standard procedures are lacking at present.



Bone histomorphometry

Bone histomorphometry mainly uses two-dimensional microscopic images of bone tissue sections for analysis. Through analysis, measurement, and calculation for the target images, the measurement parameters of bone tissue structure can be obtained, including static and dynamic parameters of the bone (67). Static parameters are mainly used to quantitatively describe the characteristics of bone structure at a specific time point, including the thickness, volume, and surface area of bone structure, as well as the area and volume of osteoid tissue. Dynamic parameters are mainly used to quantitatively analyze the status of bone formation and bone resorption at a certain time. The reasons for the changes in static parameters are explained by describing the rate of bone surface mineralization. In the application process, static and dynamic parameters are often combined to comprehensively analyze and judge the biological characteristics of bone. It can not only qualitatively analyze the morphological and structural changes in bone tissue but, more importantly, quantitatively analyze the characteristics of bone microstructure, such as the thickness and porosity of bone cortex, the area and thickness of trabecular bone, the number of connecting points of trabecular bone, and the rate of new bone formation. The biological properties of bone can be measured on a comparative objective basis (67, 68). Nonetheless, its clinical application is limited due to the cumbersome preparation and technique and the invasiveness of this examination. It is now commonly used for exploring the causes and pathogenesis related to osteoporosis based on animal or clinical trials, especially in the research and development of prevention and treatment drugs (69). The micro-CT measurements were performed on intact bone biopsies to capture the differences in three-dimensional (3D) trabecular bone architecture and volumetric density (70).

Currently, the use of bone histomorphometry in patients with diabetes is limited. An early study in 1995 on bone histomorphometry in patients with T1DM and T2DM showed that patients with diabetes had a low rate of bone formation; including two patients with T1DM and six with T2DM who had bone biopsies (71). Another case–control study included 18 patients with T1DM, among which 5 had a history of fragility fractures. Compared with the healthy age- and sex-matched nondiabetic controls, no significant differences in histomorphometric or micro-CT measurements were found (72). However, a discrepancy in structural and dynamic trends was noted between patients with diabetes and fractures and those with diabetes but no fracture. The results of the aforementioned two studies were inconsistent, possibly because the latter included patients with diabetes having good blood glucose control and relatively short disease course, as well as those without severe diabetic complications, and these speculated factors might directly or indirectly impact the bone status. The invasiveness and complexity of bone histomorphometry have limited its application in clinical practice, although it is the gold standard for assessing bone metabolic status. It is necessary to not only improve the technique and simplify the procedure but also conduct bone histomorphometry studies using larger samples in different diabetic populations to guide the assessment and treatment of fracture risk in patients with diabetes.



Bone turnover biomarkers

Bone turnover biomarkers (BTMs) are metabolites or enzymes generated during bone turnover; they are divided into bone formation indicators and bone resorption indicators (73). The former reflects osteoblast activity and bone formation status, including total alkaline phosphatase (ALP), bone-specific alkaline phosphatase (b-ALP), procollagen type 1 N-terminal propeptide (P1NP), procollagen type 1 C-terminal propeptide (P1CP), and osteocalcin (OC). The latter represents osteoclast activity and bone resorption levels, mainly including hydroxyproline (HOP), pyridinoline (Pyr), deoxypyridinoline (DPD), carboxy-terminal cross-linked telopeptide of type 1 collagen (CTX), amino-terminal cross-linked telopeptide of type 1 collagen (NTX), and tartrate-resistant acid phosphatase 5b (TRAP5b). Furthermore, multiple important cytokines are involved in the bone turnover regulation by regulating osteogenic or osteoclast activity, such as osteoprotegerin (OPG), RANKL, sclerostin, and interleukin, all of which can be considered as regulatory factors for bone turnover (74). All these biomarkers can be obtained from blood or urine specimens; thus, the tool is simple, easy to operate, and reproducible. However, bone formation is coupled to bone resorption, which is precisely regulated by multiple factors such as endocrine hormones, mechanical stress, and drugs. Hence, the results, which are highly variable, should be carefully interpreted in clinical practice based on the actual situation of the individual (73). Bone turnover is a process of bone modeling and remodeling. Hence, BTMs can reflect the metabolic rate of bone, whose metabolic imbalance is the key pathophysiological mechanism underlying various bone diseases. Accelerated bone turnover, especially enhanced bone resorption, can cause a decrease in BMD and the breakage of bone microstructure; thus, the bone strength is reduced while the fracture risk increases (75). This is particularly obvious in postmenopausal women (76). Previous studies also indicated that bone metabolic biomarkers were independent factors for predicting new fractures regardless of previous BMD and fracture history (77). Hence, these markers are of great value in fracture risk assessment.

Abundant evidence demonstrates that bone turnover is low in patients with diabetes (78–80). In recent years, a meta-analysis involving 66 studies showed that CTX, OC, and P1NP levels in patients with diabetes were lower than those in controls, while the levels of sclerostin and OPG were higher than those in controls (81). Moreover, a cross-sectional study including 101 patients with T1DM and 96 with T2DM (patients in both case and control groups had diabetes, and they were grouped according to whether they had a vertebral fracture or incident fracture) demonstrated that sclerostin had different effects on the bone turnover of patients with T1DM and T2DM, which negatively correlated with the fracture occurrence in patients with T1DM, but positively correlated with the fracture occurrence in patients with T2DM (82). Nonetheless, the sample size of this study was small, including 21 patients with T1DM combined with fracture and 13 patients with T2DM combined with fracture. Thus, sclerostin seemed to have a predictive value for fracture risk in patients with diabetes. However, prospective studies with large samples are still needed for verification. Recently, a case–cohort study, including 223 participants who experienced incident fractures of the hip, clinical spine, or distal forearm and the subcohort comprising 508 participants randomly assigned according to 3 different blood glucose states (normoglycemia, prediabetes, and T2DM) at baseline, showed that the fracture risk increased with higher CTX, OC, P1NP levels in nondiabetic individuals, but did not increase in patients with T2DM (83). Thus, it was concluded that BTMs did not predict incident fracture risk in patients with T2DM but were modestly associated with fracture risk in nondiabetic individuals. To sum up, whether BTMs can predict fracture risk in patients with diabetes is still controversial. It might be related to the wide variety of BTMs, inconsistent statistical methods in various studies, and many confounding factors. Any single bone turnover biomarker cannot indicate the fracture risk in patients with diabetes. Therefore, BMD should be combined to make a comprehensive evaluation. Further studies should search for an objective, comprehensive, and easily accessible biomarker for indicating the fracture risk in patients with diabetes.



Discussion

As is discussed in the introduction, substantial evidence suggests that diabetes mellitus is associated with an increased risk of fragility fractures. Albeit each of the discussed methods above (Table 2) including BMD、FRAX、TBS、HR-pQCT、Microindentation、BTMs、bone histomorphometry is a powerful tool to evaluate the osteoporotic fracture risk in patients with diabetes, no single method is optimal in all settings, particularly in T2DM, which may be attributed to complex pathophysiological mechanisms.


Table 2 | Summary of fracture risk assessment methods and their respective advantages and disadvantages.



Insulin is anabolic for bones, and insulin-like growth factor-1 (IGF-1) receptor plays a critical role in the execution of the anabolic effect of insulin on osteoblasts (84). Patients with T1DM and T2DM both manifested by hyperglycemia have different insulin level, that the former is mainly insulin-deficient and the latter is characterized by insulin resistance. As a result, the mechanism of increased bone fragility in T1DM and T2DM has something in common while have something in difference. Insulin-deficient conditions in T1DM are typically associated with low levels and/or action of IGF-1, which have an adverse effect on osteoblasts during growth and can result in low peak bone mass at an early age (85–87). This is consistent with the results that lower BMD in T1DM than general population confirmed by previous studies. Although insulin resistance is the most significant feature of T2DM, which seem to partly explain the normal or higher BMD in these populations, it can also make bone quality worse by the following means. First, hyperglycemia leads to osteoblast resistance to the actions of IGF-1 (88). Second, a high level of AGEs reduces the stimulatory effect of IGF-1 on osteoblasts (89). On the other hand, higher bone resorption and adipogenesis in the state of insulin resistance are induced by loss of Dock 7 protein and silencing of Thy-1 expression, which contributes to loss of bone mass (90). Moreover, normal calcium and phosphorus metabolism of bone tissue may be disrupted by long-term hyperglycemic stimulation and insulin resistance to promote a chronic low-grade inflammatory response. It results in bone remodeling obstruction and bone microstructure deterioration, which may ultimately cause a decrease in bone quality and an increase in fracture risk in patients with DM (91). In addition, hypogonadism induced by obesity and insulin resistance has also lead to low bone mass (92). To summarize, both insulin deficiency and insulin resistance are associated with low bone mass. BMD is not decreased in T2DM which is related to hyperinsulinemia secondary to insulin resistance. Although patients with diabetes from different areas have somewhat different pathophysiological features, such as not being so obese or less insulin resistant, the role of insulin resistance in determining fracture risk is still under debate (93). Nevertheless, patients in T2DM are prone to greater fracture risk than general population, which may correlate with the damage of bone quality and other mechanisms. In fact, BMD cannot completely capture the compromised bone quality in diabetes.

As noted already in QCT section, the cortical porosity in T2DM is higher than in non-T2DM individuals (56). Interestingly, another cross-sectional observational study (94) including 171 T2DM patients (mean age, 68.8 years) and 108 age-matched non-diabetic controls found that T2DM patients with clinically significant peripheral vascular disease, assessed by transcutaneous oxygen tension(TcPO2)≤ 40 mm Hg-a measure of microvascular blood flow, had higher (+21.0%, p = 0.031) cortical porosity at the distal tibia in comparison to controls. Collectively, peripheral vascular disease in diabetes may be the potential mechanism leading to increased cortical porosity, as a result to impair bone quality. Moreover, recent studies found that patients with microangiopathy had a higher rate of osteopenia and osteoporosis than patients with diabetes without microangiopathy (95). Furthermore, diabetes-related vascular changes (cortical microangiopathy) had been postulated as the reason behind the poor cortical bone quality in diabetic patients with a fracture (96, 97). Therefore, it suggests that diabetes combined with osteoporosis may be another manifestation of microvascular diseases, which may be related to the decrease in the levels of bone resorption markers and osteocalcin. On the other hand, in the Maastricht Study (98), T2DM patients with HbA1c <7% had superior cortical bone quality than those with poor glycemic control, but no significant relation was found with the microvascular disease. Therefore, the specific mechanism between cortical porosity or microangiopathy and bone quality is still unclear.

In addition, the compromised bone quality are related to the course of diabetes and the glycemic control condition, whose specific mechanism are as follows. First, hyperglycemia acts on osteocytes, osteoblasts, and osteoclasts to reduce bone turnover. In the case of hyperglycemia in patients with diabetes, osteoclast recruitment can be inhibited by reducing the receptor activator for nuclear factor-κB ligand (RANKL) production (99). The bone formation can also be inhibited by increasing sclerostin and Dickkopf-1 (which can inhibit the pro-osteogenic Wnt signaling pathway) (100). Hence, osteocytes do not experience the damage caused by mechanical stimulation, resulting in microtrauma accumulation and thus reducing bone strength. Second, hyperglycemia can also reduce the activity of mesenchymal stem cells, inhibit their differentiation into osteoblasts, and promote their differentiation into adipocytes (101). Third, long-term hyperglycemia leads to the accumulation of advanced glycation end products (AGEs). Besides inhibiting the proliferation and differentiation of osteoblasts, AGEs accumulated in the body can not only promote oxidative stress and produce nonenzymatic crosslinking with type I collagen (the two best-characterized AGEs related to collagen are pentosidine and N-carboxymethyllysine) but also damage bone matrix and increase bone stiffness, increasing the chances of fractures (102, 103). Although some studies indicated that serum or urinary levels of pentosidine correlated with the risk of vertebral fracture in T2DM (104, 105), the feasibility of predicting fracture risk needs to be further confirmed. Recently, some evidences showed that AEGs negatively correlated with BMSi especially in T2DM (94, 106, 107). It supports the hypothesis that AGEs play a potential role in the development of skeletal abnormalities in human T2DM, and the accumulation of AGEs probably contributes to impaired bone material properties. In addition, AGEs can bind to receptor for AGE (RAGE, a transmembrane protein produced by the Agergene) which partly place in the osteoclastic and osteoblastic cell lineages, to regulate bone resorption and bone formation by signal transduction (108, 109). Collectively, hyperglycemia can damage bone quality by regulating bone turnover, stimulating adipogenesis and increasing the accumulation of AGEs.



Conclusions and prospects

In conclusion, patients with diabetes have a high risk of osteoporotic fractures, which cause great harm. Considering the complex pathophysiological mechanism, it is difficult to identify these patients in early clinical practice. BMD, measured using the traditional DXA and FRAX, tends to underestimate the fracture risk in patients with diabetes, and the TBS can indirectly assess the changes in bone microstructure to make up for the shortcomings of the aforementioned methods. Not only can subtle changes in bone mass be reflected, but the bone microstructure, bone geometric shape, and mechanical properties can be assessed using QCT, QCT-based FEMs, and HR-pQCT. Despite being of great value for fracture risk assessment in patients with diabetes, it has not been widely applied in clinical practice. Microindentation and histomorphometry can directly assess the mechanical properties of bone, but their clinical use is limited due to their invasiveness. By virtue of the diversity of BTMs and the lack of consistent studies, whether they can predict the fracture risk in patients with diabetes remains controversial. To sum up, the aforesaid methods are favorable tools for assessing the fracture risk in patients with diabetes, but none of them can comprehensively and multi-dimensionally assess the fracture risk in such patients. As a consequence, multiple methods should be combined in clinical practice to identify the osteoporotic fracture risk in patients with diabetes early.

Additionally, whether osteoporosis should be listed as a microvascular complication for patients with diabetes, and whether these patients with a high fracture risk can be identified through the early screening for microvascular complications, especially diabetes peripheral neuropathy, needs to be explored in the future. Also, it is expected to be an important method for predicting fractures that the vBMD of distal radius as well as the distal tibia, and the change of bone microstructure are measured by HR-pQCT. However, further prospective studies are needed to verify which site changes are unique to patients with diabetes. The aforementioned views may provide new ideas for the early identification of high fracture risk in patients with diabetes considering the lack of unified screening procedures and diagnostic criteria for patients with diabetes and osteoporotic fractures. It is expected that the high fracture risk in patients with diabetes can be early screened and identified so that the living quality of patients with both diseases can be comprehensively improved through unremitting efforts.
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Bone development have been shown to play an important role in regulating hematopoiesis as one major component of bone marrow microenvironment. Recent studies support the notion that there is an intricate relationship between hematopoiesis and bone homeostasis, however, little is known about the alterations in the hematopoietic lineages in pathologic conditions. Using various osteoporotic mouse models, we show here that bone microarchitecture abnormalities alter parameters of peripheral blood cells. The level of white blood cells is dynamics and negatively correlated with bone mineral density during the progression of osteoporosis. Furthermore, our clinical data confirm that osteoporosis is associated with abnormal circulating blood cell counts. These results demonstrated a causal link that osteoporosis is accompanied by the altered circulating blood cells, supporting the idea of a close interplay between hematopoiesis and bone homeostasis. Our study would propose that routine complete blood count might be applied as a potential diagnostic and putative marker for osteoporosis.




Keywords: osteoporosis, hematopoiesis, bone homeostasis, circulating blood cells, bone mineral density



Introduction

Osteoporosis (OP) is a type of systemic skeletal and age-related disease characterized by stumpy bone mass and the microarchitectural weakening, leading to elevated bone fragility and thus a subsequent increased risk of fractures (1–3). OP frequently occurs in postmenopausal women, affecting about 1 out of 3 women over 50 years old (4, 5). Notably, nearly half of women have experienced fractures one time after 50 years old (6–8). With the aging of the population, the incidence of osteoporotic fractures might be increased by approximately 25% in the next 10 years. Loss of bone mineral density (BMD) is the major diagnostic metrics of OP due to an imbalance between osteoclast-mediated bone resorption and osteoblast-mediated bone formation in these patients (9–11). However, this diagnostic method is usually performed after the onset of the symptoms of osteoporotic patients, which might delay all the efforts at prevention and treatment.

Recent studies support the notion that there is an intricate relationship between hematopoiesis and bone homeostasis in normal steady states (12, 13). Bone marrow is responsible for providing an appropriate and specific microenvironment for the maintenance of bone homeostasis and blood cells formation, in which different stages of hematopoiesis, bone formation, bone resorption and variety of immune responses are precisely controlled (14–17). The osteogenic niche comprised of osteoprogenitors, preosteoblasts, osteoblasts, osteocytes and osteoclasts, exerts established functions in providing unique niches and anatomical spaces for supporting normal hematopoiesis (18, 19). On the other hand, hematopoiesis plays a critical role in the precise regulation of special microenvironment which are directly related with the bone and blood physiology (20–22).

Given this, the nature of the relationships between blood cells formation and bone homeostasis remains undefined outside of normal physiological states. In this study, we explored the relevance of these relationships to osteoporotic conditions. Our findings demonstrated a causal link that osteoporosis is accompanied by the altered circulating blood cells, supporting the idea of a close interplay between hematopoiesis and bone homeostasis. Our study would propose that routine complete blood count is applied as a potential diagnostic and putative marker for osteoporosis. A better understanding of these relationships can offer novel insights into routine assessment and early diagnosis for bone loss related diseases including osteoporosis.



Material and methods


Ethical statement

This study was approved by the Ethical Committee of Heze municipal Hospital. The animal use protocols in this study were conducted in accordance with the Medical Ethical Committee (MEC) and approved by the Institutional Animal Care and Use Committees at Shandong University.



Study participants

Between January, 2020 and October, 2021, 608 osteoporotic patients who were received treatment at Heze municipal Hospital included in this study. All patients were diagnosed with osteoporosis according to the 2015 Guidelines for the Diagnosis and Treatment of Osteoporosis issued by the Branch of Osteoporosis and Bone Mineral Salt Diseases, Chinese Medical Association. Besides, 527 healthy participants, who were referred to Heze municipal Hospital for routine checkups, were recruited in this study.

The following exclusion criteria were employed: (1) do not meet the diagnosis of osteoporosis; (2) Rheumatoid arthritis, diabetes mellitus, hyperthyroidism, and other secondary osteoporosis; (3) history of anemia or recent blood donation in the past 2 months; (4) history of serious cardiovascular and cerebrovascular diseases; (5) history of malignancy tumor, autoimmune disease, hematological disorders, renal and liver failure, liver cirrhosis, thyroid or parathyroid disorders and current infection.



Data collection

The general information and hematological indices, including sex, age, white blood cells (WBC), number of neutrophils (NEUT#), number of lymphocytes (LYMPH#), number of monocytes (MONO#), number of eosinophils (EO#), number of basophils (BASO#), red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), red cell distribution width-CV (RDW-CV), platelets (PLT), platelets and platelet distribution width (PDW), mean platelet volume (MPV), platelet hematocrit (PCT), were recorded and analyzed.



Construction of OVX-related osteoporotic mouse models

Sixty-four female C57BL/6J mice (about 8 weeks old, 18 to 20 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. The mice were housed under standard laboratory conditions with free access to sterile standard mouse chow and water. The condition was at room temperature (22 ± 2°C) with a relative humidity (55 ± 5%) under a normal 12 h light/12 h dark cycle. After 1 week of acclimation to the environment, all the mice were randomly assigned to two groups: sham group (n=32) and OVX group (n=32).

The surgical ovariectomy (OVX) operation was conducted according to the previous study (23). The bilateral ovaries were gently removed from mice in OVX group. while some adipose tissue around the ovaries were removed from mice in sham group. After eight weeks, the BMD of mice was detected to evaluate the establishment of osteoporotic mouse models and the relationship between BMD and blood cell counts of OVX-related osteoporotic mouse models was analyzed at this timepoint.



Measurement of hematological indices in mice

For the duration of this study, the blood samples of mice were collected from the caudal vena cava for analyzing the hematological indices in mice. The hematological indices, white blood cells (WBC), lymphocytes (LYMPH#), monocytes (MONO#), neutrophils (NEUT#), red blood cells (RBC), hematocrit (HCT), hemoglobin (HGB), red cell distribution width (RDW), mean platelet volume (MPV), platelets (PLT) and platelet distribution width (PDW) were measured using Hematology Analyzer BC-2800VET (Mindray, China). The hematology analyzer has been routinely checked to guarantee that the hematological parameters of blood samples are within the precision specifications.



Detection of BMD in mice

The whole-body BMD of mice was measured by using XR-600 digital fast dual-energy X-ray scanning absorptiometer (NORLAND, USA) in Bone Density Measuring Instrument Sharing Platform of Shandong University and Health analysis and test center of Shandong university. The mice from different groups were placed on a specimen tray and kept them ventral side down with each limb and tail maintained away from the body. The full-body scans and data were obtained by the dual-energy X-ray scanning absorptiometer and manufacturer supplied software.



Establishment of iron overload-induced osteoporotic mouse models

Twenty-four male C57BL/6J mice (about 8 weeks old, 18 to 20 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. The mice were housed in the condition mentioned above. After 1 week of acclimation to the environment, all the mice were randomly divided to two groups: control (CTL) group (n=12) and iron overload-induced osteoporosis (OP) group (n=12). The mice from OP group were injected with 0.016 mL/g of iron dextran (diluted by normal saline to 10 mg/mL) every other day for eight weeks. The mice from CTL group were injected with 0.016 mL/g of normal saline by intraperitoneal injection every other day for eight weeks. After eight weeks, the BMD of mice was examined to ensure the construction of osteoporotic mouse models and the relationship between BMD and blood cell counts of iron overload-induced osteoporotic mouse models was analyzed at this timepoint.



Statistical analysis

Data were presented as mean values with standard deviations (mean ± SD). Data were double recorded and validated by using Excel spreadsheets before analysis was performed using Graphpad Prism 8 software. Data were validated for inconsistency, missing data and outliers to ensure their accuracy and quality. Correlation analysis between circulating blood cell counts and BMD was performed using Pearson correlation and multivariate linear regression analysis. P<0.05 indicated that the difference was considered statistically significant.




Results


Comparison of the hematological indices of osteoporotic patients and healthy controls

To further analyze the hematological indices in osteoporotic patients, we collected the general information and hematological indices of clinical osteoporotic patients and healthy controls. In this study, the information of 608 osteoporosis patients and 527 healthy control subjects were collected, and the baseline characteristics of the study participants were shown in Table 1. Among these participants in the study, the males respectively accounted for19.23% in control group and 18.98% in osteoporotic group, and there was no difference (p>0.05). Besides, the mean age was 71.56 ± 8.90 years and 71.23 ± 8.57 years in control group and osteoporotic group, respectively. And the results showed that there was no difference in age between control group and osteoporotic group (p>0.05).


Table 1 | Characteristics and hematological indices of osteoporotic patients.



Next, the hematological indices in osteoporotic patients and control group were compared. The results showed that the counts of WBC, NEUT# and MONO# were much higher in osteoporotic group than that in control group (Table 1). The variables of WBC, NEUT# and MONO# between these two groups were significant (p<0.001 respectively). And the results of comparison of LYMPH#, EO#, BASO#, RBC, HGB, HCT, MCV, MCH, RDW-CV, PLT, PDW, MPV, PCT showed that there was no statistical difference in these hematological indices between control group and osteoporotic group (p>0.05).

To investigate whether the alteration of hematological indices in osteoporotic patients is related to the estrogen deficiency-related menopause, we further analyzed the hematological indices in only male osteoporotic patients. The results showed that the counts of WBC, NEUT# and MONO# were much higher in male osteoporotic patients than that in male controls (p=0.0394, 0.0019 and 0.0062 respectively) (Table 2). Other hematological indices showed no statistical difference between the two group (p >0.05). These findings indicated that the increased counts of white blood cells, neutrophils and monocytes might be used as a novel prognostic factor for osteoporosis.


Table 2 | Comparison of hematological indices between osteoporotic patients and healthy controls (only male).





Construction and characterization of osteoporotic mice

To gain insight into the relationship between hematopoiesis and bone homeostasis in osteoporotic condition, two types of osteoporotic mice, including estrogen deficiency-related osteoporotic mouse models and iron overload-induced osteoporotic mouse models, were used for analysis. The estrogen deficiency-related osteoporotic mice were constructed by using bilateral ovariectomy (OVX) operation (Figure 1A). After 8 weeks, as the most clinically relevant factor, the whole-body BMD of mice was measured by using dual-energy X-ray scanning absorptiometer to quantify the osteoporotic changes. As anticipated, compared with mice from the sham group (n=32), the ovariectomized mice (n=32) showed a significant reduction in BMD, which was regarded as typical osteoporotic alterations (Figure 1B). Besides, iron overload-induced osteoporotic mice were obtained via intraperitoneal injection of iron dextran (Figure 1C). Then, the BMD of mice was detected to evaluate the establishment of osteoporotic mouse models. Similarly, compared to the control group (n=12), the mice from overload-induced osteoporotic mice (n=12) demonstrated an obvious reduction in BMD (Figure 1D). These results confirmed that the osteoporotic mice were successfully established and the osteoporotic mice displayed the obvious reduction in BMD.




Figure 1 | Construction of osteoporotic mice and identification of BMD. (A) Estrogen deficiency-related osteoporotic mouse models were constructed via bilateral ovariectomy (OVX) operation. (B) The whole body of BMD in estrogen deficiency-related osteoporotic mice was measured using dual energy-ray absorptiometry. n = 32. (C) Iron overload-induced osteoporotic mouse models were established via intraperitoneal injection of iron dextran. (D) Measurement of BMD in iron overload-induced osteoporotic mice. n=12. **p <0.01, ***p <0.001 versus sham or CTL. Sham, sham operation group; OVX, ovariectomy operation group; CTL, control group; OP, overload-induced osteoporotic group. BMD, bone mineral density.





Measurement of hematological indices in estrogen deficiency-related osteoporotic mice

According to the recent studies, there is a closed link between osteoporosis and hematopoiesis (24–26). However, the hematological indices in osteoporotic conditions have not been fully explored. Thus, the blood samples of mice were collected from the caudal vena cava and the hematological indices were measured every four weeks. Among the hematological indices, the numbers of WBC, MONO#, LYMPH# and NEUT# in peripheral blood were much higher at 4, 8, 12, 16 weeks after OVX surgery in the OVX-related osteoporotic mice than the sham group (Figures 2A–D). And the elevated numbers of WBC, MONO#, LYMPH# and NEUT# in peripheral blood of osteoporotic mice were almost restored after 20 weeks of bilateral ovarian resection (Figures 2A–D). However, compared with mice in the sham group, there was no significant difference in the RBC, HCT, HGB, RDW, PLT, MPV and PDW of OVX-related osteoporotic mice (Figures 2E–K). These results suggested that WBC, MONO#, LYMPH# and NEUT# in peripheral blood might be correlated with the development of deficiency-related osteoporotic mice.




Figure 2 | Analysis of hematological indices in estrogen deficiency-related osteoporotic mice. (A–K) The counts of WBC (A), LYMPH# (B), MONO# (C), NEUT# (D), RBC (E), HCT (F), HGB (G), RDW (H), PLT (I), MPV (J) and PDW (K) in deficiency-related osteoporotic mice were examined by Hematology Analyzer. n = 32. *p <0.05, **p <0.01, ***p <0.001 versus sham. Sham, sham operation group; OVX, ovariectomy operation group; WBC, white blood cells; LYMPH#, lymphocytes; MONO#, monocytes; NEUT#, neutrophils; RBC, red blood cells; HCT, hematocrit; HGB, hemoglobin; RDW, red cell distribution width; PLT, platelets; MPV, mean platelet volume; PDW, platelet distribution width.





Measurement of hematological indices in iron overload-induced osteoporotic mice

To present a comprehensive investigation of the potential relationship between osteoporosis and hematopoiesis, we then detected the hematological indices in iron overload-induced osteoporotic mice every four weeks. As show in Figures 3A–D, compared with mice from CTL group, the numbers of WBC, MONO#, LYMPH# and NEUT# in peripheral blood were significantly elevated in the iron overload-induced osteoporotic mice (Figures 3A–D). The increased numbers of WBC, MONO#, LYMPH# and NEUT# in peripheral blood were gradually retrieved after approximately 16 weeks (Figures 3A–D). Similarly, there was no obvious alteration in the RBC, HCT, HGB, RDW, PLT, MPV and PDW between CTL group and OP group (Figures 3E–K). These findings confirmed that there was close correlation between WBC, MONO#, LYMPH# and NEUT# in peripheral blood and osteoporosis.




Figure 3 | Detection of hematological indices in iron overload-induced osteoporotic mice. (A–K) The counts of WBC (A), LYMPH# (B), MONO# (C), NEUT# (D), RBC (E), HCT (F), HGB (G), RDW (H), PLT (I), MPV (J) and PDW (K) were examined in iron overload-induced osteoporotic mice. n=12. *p <0.05, **p <0.01, ***p <0.001 versus CTL. CTL, control group; OP, overload-induced osteoporotic group; WBC, white blood cells; LYMPH#, lymphocytes; MONO#, monocytes; NEUT#, neutrophils; RBC, red blood cells; HCT, hematocrit; HGB, hemoglobin; RDW, red cell distribution width; PLT, platelets; MPV, mean platelet volume; PDW, platelet distribution width.





Correlation of peripheral blood cell counts with BMD in osteoporosis

The peripheral blood cell counts were altered in osteoporosis, which suggested that there might be association between peripheral blood cell counts and BMD. To verify this hypothesis, we analyzed the correlation between BMD and the hematological indices in the osteoporotic condition respectively after 8 weeks of osteoporotic mouse model construction. The peripheral blood cell counts were negatively correlated with BMD in estrogen deficiency-related osteoporosis, including WBC (p <0.001, r=-0.7249), MONO# (p <0.001, r=-0.7351), LYMPH# (p <0.001, r=-0.6977) and NEUT# (p <0.001, r=-0.7541) (Figures 4A–D).




Figure 4 | Correlation of WBC, lymphocytes, monocytes, neutrophils levels with BMD in osteoporotic mice after 8 weeks of osteoporotic mouse model construction. (A–D) Analysis of the correlation between WBC (A), LYMPH# (B), MONO# (C), NEUT# (D) and BMD in estrogen deficiency-related osteoporotic mice (E, F) Analysis of the correlation between WBC (E), LYMPH# (F), MONO# (G), NEUT# (H) and BMD in iron overload-induced osteoporotic mice. Sham, sham operation group; OVX, ovariectomy operation group; CTL, control group; OP, overload-induced osteoporotic group. BMD, bone mineral density; WBC, white blood cells; LYMPH#, lymphocytes; MONO#, monocytes; NEUT#, neutrophils.



To further comform the correlation between blood cell counts and BMD in osteoporosis, we also analyzed this correlation in iron overload-induced osteoporotic mice. As expected, there were significant associations between peripheral blood cell counts and BMD in these osteoporotic mice (Figures 4E–H). The BMD of iron overload-induced osteoporotic mice was respectively and negatively associated with WBC (p <0.01, r=-0.7365), MONO# (p <0.01, r=-0.7210), LYMPH# (p <0.01, r=-0.7799) and NEUT# (p <0.01, r=-0.7276). These data indicated that peripheral blood WBC, monocytes, lymphocytes and neutrophils counts were independently and negatively associated with BMD in osteoporosis.




Discussion

Although OP is a chronic and age-dependent bone disease, its complications seriously affect the quality of life of osteoporotic patients and bring huge economic burden to the society (27, 28). With the increased lifespan of the human population, a higher proportion of the global population will be susceptible to osteoporosis (29–31). It is the current challenge to develop novel strategies to identify the high risk of osteoporosis so that the patients receive the corresponding treatment as early as possible (32–34). In this study, we demonstrated white blood cells level is dynamics and negatively correlated with bone mineral density during the progression of osteoporosis, supporting that routine complete blood count is applied as a potential diagnostic and putative marker for osteoporosis.

Accumulating evidences have indicated a close relationship between bone marrow hematopoiesis and bone formation (35, 36). There have also been some studies of the relationship between osteoporosis and indices of circulating blood cells. A study of Chinese postmenopausal women showed that the counts of RBC and HGB levels were much higher in osteoporosis compared with non-osteoporotic patients (37). While, in another study, the blood cell counts (including WBC, RBC and platelets) were significantly reduced in postmenopausal women from Seoul, Korea (38). On the contrary, our results indicated that WBC counts were increased in the peripheral blood from osteoporotic patients and osteoporotic mice, but there is no difference on the other indices of blood cells between osteoporosis and controls.

We also demonstrated that the counts of WBC were dynamics and negatively correlated with BMD in osteoporotic mice, which is consistent with a previous study in the postmenopausal osteoporosis (37). However, two independent investigations have also shown positive correlations or undetectable correlations between blood cell counts and BMD respectively (38, 39). These disparate findings may be due to the distinct comparations. There are many factors accounting for the inconsistent results from patients, including region, race, age and sex osteoporotic patients and controls. Indeed, our clinical data were collected from 97 male and 511 female osteoporotic patients, while the previous studies were mainly based on postmenopausal osteoporosis (37, 40). Furthermore, the hematological indices in osteoporotic patients and controls were separately determined in men, which showed that the counts of WBC, NEUT# and MONO# were also much higher in osteoporotic group than that in control group (Table 2). These results suggested that the alteration of hematological indices in osteoporotic patients was not limited to the estrogen deficiency-related menopause.

White blood cells-to-lymphocyte ratio have been reported to be independent predictors in many diseases including osteoporosis (41–44). In this study, we also calculated the rations of neutrophil to lymphocyte (NLR), platelet to lymphocyte (PLR) and monocyte to lymphocyte (MLR) with all the colleced data. The levels of NLR, PLR, and MLR were all higher than those in healthy control subjects (data not shown), which is consistent with the previous study (42). Thees findings provied further evidence to surpport that the value of NLR, PLR, and MLR might be used as novel potential predictors of osteoporosis.

The negtive correlation of bone mineral density and peripheral white blood cells indicated that the altered circulating white blood cells play roles in the progression of osteoporosis. The WBC subpopulations were immediately increased after 4 weeks of construction in both osteoporotic mouse model, which is earlier than that of decrease of BMD. Indeed, it has been reported that estrogen deficiency expands hemopoietic stem and progenitor cells and mature blood lineages (41), and iron exerts an important role on mature white blood cell differentiation (45). Ovariectomy and iron overload may lead to the increase of peripheral white blood cells in ther early stage of both osteoporotic mouse model construction. In addition, immune cells have been shown to directly or indirectly influence bone homeostasis via factors including OPG/RANKL, inflammatory cytokines such as IL-6 and TNFα and other mediators secreted by immune cells (46, 47).

Osteoporotic bone microenvironment may also impact hematopoietic lineage differentiaion to maintain the elevated output of circulating blood cells. Hematopoietic stem cells residing within the specialized bone marrow niche provide continuous supply of circulating blood cells (48–50). Disruption or perturbation of bone homestasis has a profound and central role in defining the operational structure of the HSC niche (24, 51, 52). However, hematopoiesis is also finely regulated by many factors such as aging (53). With aging, a chronic low-grade inflammatory phenotype is associated with elevated white blood cell (54, 55). Consistent with this, we also found that the levels of peripheral white blood cells were mild increase in elder control mice (24-weeks-post construction), which may account for the small difference beteen OP mice and control ones at this time point. On the other hand, stessed hemotopoiesis driven by osteoporosis may also be redressed by other unclear factors in the long-term adaption, leading to the decline of circulating white blood cell counts but still high in the elder OP mice conpared to that of in control ones. The exact mechanism of how hematopoiesis was regulated in osteoporosis remains unclear and requires further investigation.

In summary, our study has demonstrated a causal link that osteoporosis is accompanied by the altered circulating blood cells, which may provide a potential diagnostic and putative marker for osteoporosis. Due to the close interplay between hematopoiesis and bone homeostasis, our study also provides insights for the pathogenesis of elevated WBC-related diseases of unknown etiology.
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Osteoporosis is a skeletal system disease characterized by low bone mass and altered bone microarchitecture, with an increased risk of fractures. Classical theories hold that osteoporosis is essentially a bone remodeling disorder caused by estrogen deficiency/aging (primary osteoporosis) or secondary to diseases/drugs (secondary osteoporosis). However, with the in-depth understanding of the intricate nexus between both bone and the immune system in recent decades, the novel field of “Immunoporosis” was proposed by Srivastava et al. (2018, 2022), which delineated and characterized the growing importance of immune cells in osteoporosis. This review aimed to summarize the response of the immune system (immune cells and inflammatory factors) in different types of osteoporosis. In postmenopausal osteoporosis, estrogen deficiency-mediated alteration of immune cells stimulates the activation of osteoclasts in varying degrees. In senile osteoporosis, aging contributes to continuous activation of the immune system at a low level which breaks immune balance, ultimately resulting in bone loss. Further in diabetic osteoporosis, insulin deficiency or resistance-induced hyperglycemia could lead to abnormal regulation of the immune cells, with excessive production of proinflammatory factors, resulting in osteoporosis. Thus, we reviewed the pathophysiology of osteoporosis from a novel insight-immunoporosis, which is expected to provide a specific therapeutic target for different types of osteoporosis.
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1 Introduction

Osteoporosis is the most common skeletal disease characterized by low bone mass and microarchitectural alteration of bone tissue, accompanied by the increased risk of fractures (1). The causes of osteoporosis are divided into primary (postmenopausal and senile osteoporosis) and secondary (diabetic osteoporosis, glucocorticoid-induced osteoporosis) causes. The burden of osteoporosis affects patients’ quality of life, mainly due to femur and vertebrae fractures (1). Due to the aging population, osteoporosis incidence is rapidly increasing and gradually becoming a public health problem.

Physiologically, the skeletal system undergoes an orderly and coupled process called bone remodeling (2). Bone remodeling begins with the absorption of mineralized bone by osteoclasts and follows by the osteoblast-mediated formation of bone matrix that becomes mineralized in succession. However, the process of bone remodeling is affected by physiological alterations, including estrogen deficiency, aging, diseases and drugs. Once the balance of bone remodeling breaks, specifically, when the process of bone resorption takes over bone formation, it results in bone loss and ultimately leads to osteoporosis (1). Although classical theories define osteoporosis as an endocrine disease (3), many studies reported that interactive communication exists between skeletal and immune systems in osteoporosis. During the past two decades, a novel interdisciplinary field “osteoimmunology” was established to explore the intricate relationship between the skeletal and immune systems (4). Osteoblast and osteoclast activities are regulated by various soluble mediators secreted from immune cells, including cytokines, chemokines, and growth factors. In reverse, osteoblasts and osteoclasts regulate the hematopoietic stem cell niche from which immune cells are derived (5). Recently, accumulating evidence demonstrated that both innate and adaptive immune cells contribute to the pathogenesis of osteoporosis by producing pro-inflammatory mediators (6, 7). The term “immunoporosis” was proposed and coined by Srivastava et al. (2018, 2022) to establish a novel field emphasizing the role of immune cells in the development of osteoporosis (8, 9).

This review will present the relationship between immune cells and bone remodeling. More importantly, we focused on the pathophysiology of different types of osteoporosis using the novel insight-immunoporosis. This review helps to understand the pathogenesis of different types of osteoporosis from the level of immune cells and is expected to provide a specific therapeutic target for different types of osteoporosis.



2 Bone remodeling and immune cells

Bone remodeling is a dynamic and continuous process that maintains skeletal health (10). The process involves three consecutive phases: osteoclasts-mediated resorption; reversal, during which mesenchymal derived osteoblasts are recruited to the bone site of bone resorption; and osteoblasts-mediated formation. Hence, osteoblasts and osteoclasts are two major players in bone remodeling. However, multiple pro-osteoclastogenic and pro-osteogenic mediators are released by innate and adaptive immune cells influencing bone cell function (Table 1). In addition, different types of bone cells affect the activity of immune cells, and their complex interactions form a complex bone microenvironment. Therefore, we reviewed the relationship between common immune cells and bone remodeling (Figure 1).


Table 1 | The pro-osteoclastogenic and pro-osteogenic mediators secreted by immune cells.






Figure 1 | Immune cells promote osteoclastogenesis by secreting pro-osteoclastogenic mediators. Those immune cells include M1 macrophages, DCs, neutrophils, Th1, Th17 and B cells. M1 macrophages are also involved in osteogenic difference. M1 macrophages and Treg cells promote osteogenic differences by releasing pro-osteogenic mediators. Th2 cells play a bone-protective role. In addition to promoting osteoclastogenesis, neutrophils can recruit Th17cells and inhibit the maturation of B cells. B cells play a dual role in osteoclastogenesis. Note: Various types of immune cell image materials are from https://smart.servier.com.




2.1 Innate immune cells


2.1.1 Macrophages

Macrophages derive from the monocytic lineage, which performs immune sentinel and homeostatic functions by recognizing and eliminating pathogenic organisms. Macrophages play an essential role in the recruitment and activation of other immune cells, including T lymphocytes (T cells). Furthermore, macrophages maintain immune homeostasis by transforming polarized phenotypes (22). They infiltrate tissues during inflammation, forming pro-inflammatory phenotypes (M1) and anti-inflammatory phenotypes (M2) in different immune microenvironments. M1 macrophages are polarized by lipopolysaccharide (LPS) either alone or accompanied by T-helper 1 (Th1) cytokines, such as Interferon-γ (IFN-γ), and have the pro-inflammatory effect by producing cytokines, including interleukin-1β (IL-1β), IL-6, IL-12 and tumor necrosis factor-alpha (TNF-α). Under the stimulation of T-helper 2 (Th2) cytokines, such as IL-4 and IL-13, M2 macrophages paly an anti-inflammatory and immunoregulatory role by secreting anti-inflammatory cytokines, such as IL-10 and TGF-β. The prevailing effect of M1 macrophages is the promotion of osteoclastogenesis with a high level of reactive oxygen species (ROS) (23) and pro-osteoclastogenic cytokines, including TNF-α and IL-1β (11). In addition, a study by Liang B et al. found that M1 macrophages can promote osteogenesis by secreting high levels of chemokines to recruit mesenchymal stem cells (MSCs) (11), while another study found that M1 macrophages could promote osteoblast differentiation via cyclooxygenase-2 (COX-2)-prostaglandin E2 (PGE2) pathway (24). In contrast, M2 macrophages have a bone-protective role (22) and promote bone mineralization by stimulating MSCs and precursor osteoblasts by differentiating into mature osteoblasts. On the other hand, M2 macrophages have a high angiogenic potential, indirectly promoting osteogenesis. Additionally, M2 macrophage subsets participate in apoptotic cell clearance, contributing to steady-state bone turnover. A recent study by Kalluri R et al. found that extracellular vesicles (EVs), which contain protein and micro-RNA cargo, are secreted by some cells and endocytosed by target cells whose function is affected by those EVs’ cargo (25). Although macrophage-derived EVs contain different types of miRNAs, the current mainstream view is that naïve (M0) and M2-derived EVs promote repair/regeneration and M1 EVs inhibit bone repair and promote bone loss (26, 27). Interestingly, mesenchymal stem cell-derived EVs affect the activity and polarization of macrophages (28, 29), suggesting the interaction between mesenchymal stem cells and immune cells. The balance of M1/M2 macrophage polarization governs the fate of an injured or inflamed organ. Similarly, the phenotypic switch between M1 and M2 macrophage populations is”fluid” rather than “fixed” in response to the local bone microenvironment, which is closely related to bone remodeling (12, 22). Hence, the relationship between macrophages and bone remodeling attracts more attention.



2.1.2 Dendritic cells

DCs are the primary antigen-presenting cells derived from monocyte/macrophage progenitor cells and can activate adaptive immune responses. In addition to the exceptional ability to present antigens, DCs play distinct roles in regulating T lymphocytes cells development, differentiation, and function. Current evidence shows that DCs critically contribute to the differentiation and homeostasis of Treg cells, which serve an essential role in promoting osteogenesis and inhibiting osteoclastogenesis via anti-inflammatory effect (30). However, DCs express receptor activator of NF-kappaB (RANK) expressed in osteoclasts. Additionally, DCs also produce pro-inflammatory cytokines to promote the formation of osteoclasts, including IL-1, IL-6, and TNF-α. A recent study confirmed that in the presence of the receptor activator of NF-kappaB ligand (RANKL), DCs could transdifferentiate into osteoclasts and involve bone resorption (13). Newly formed osteoclasts can induce chemotaxis of DCs to call on more DCs, creating an osteoclast-DC cycle that continues to increase bone destruction (13). This evidence suggests that DCs serve a dual role in bone remodeling and has great potential for further research.



2.1.3 Neutrophils

Neutrophils, an effector of the innate immune response, originate from hematopoietic precursors in the bone marrow and are recruited into infected tissue to neutralize pathogens by releasing proteases and toxic enzymes. Neutrophils are reported to have protective functions for bone formation at the early stages of bone healing. A review of the role of neutrophils infiltrated that neutrophils can secrete many pro-angiogenic growth factors and osteogenic factors, such as fibroblast growth factor-2 (FGF-2), platelet-derived growth factor (PDGF), and transforming growth factor beta (TGF-β) (15). However, the hyperactive neutrophils triggered by infection or injury can harm bone homeostasis. Hajishengallis G et al. argued that neutrophils could produce chemokines to recruit proinflammatory cells, such as Th17 cells, and suppress B lymphocytes, thereby promoting inflammatory bone loss (16). In addition, Chakravarti A et al. confirmed this idea using in vitro experiments and found that activated neutrophils secrete RANKL, contributing to the formation and maturation of osteoclasts (17). According to the available evidence, the role of neutrophils on bone remodeling depends on the microenvironment, but the mechanism remains unclear, which needs to be explored further.



2.1.4 Another innate immune cells

Mast cells (MCs) are derived from hematopoietic stem cells in bone marrow, and MCs participate in the regulation of bone homeostasis and the pathogenesis of bone diseases through mediators such as synthase and cytokines. In the study about the osteogenic function of MCs in patients with rheumatoid arthritis, Kim KW et al. found that MCs could directly stimulate osteoclast formation or indirectly produce tissue-destroying cytokines (31). Natural killer (NK) cells are cytotoxic lymphocytes of the innate immune system that develop from hematopoietic stem cells. NK cells induce differentiation of osteoclasts in an M-CSF and RANKL-dependent manner to regulate bone remodeling (32). Moreover, through the in vitro validation, Feng S et al. found that cytotoxic NK cells could control the pathogenic bone resorption of osteoclasts (33). However, other studies have shown that IL-15-activated NK cells could kill osteoclasts and inhibit bone erosion, which requires contact between NK cells and osteoclasts (34). Therefore, NK cells can control or increase osteoporosis depending on the tissue microenvironment.




2.2 Adaptive immune cells


2.2.1 T lymphocytes (T cells)

T cells originate from bone marrow and mainly mature in the thymus, including two prominent cell families: CD4+ (helper) and CD8+ (cytotoxic) groups. T cell-mediated cellular immune response plays a vital role in inflammatory diseases, which can directly kill target cells by specifically binding and disrupting the membrane or releasing lymphokines that amplify and enhance the immune effect.

CD4+ T cells interact with other immune cells by surface receptors and secret cytokines to increase or decrease their activation state (35). According to their cytokine expression profile, CD4+ T cells are divided into different subsets, including Th1, Th2, Th9, Th17, Th22, Tfh, and Treg cells. Th1, Th2, Th17, and Treg cells are differentiated from Th0 cells as the main effector cells. Th1 cells are involved in the cell-mediated response to local inflammation, and they can secrete cytokines that act mainly on macrophages to exert pro-inflammatory effects. Trigged by IL-12, Th1 cells produce IFN-γ and TNF-α and can stimulate macrophage polarization toward the M1 phenotype. Previously, Th1 cells were thought to be primarily involved in inflammatory bone loss (36). However, later evidence found that Th1 cells may play a dual role in osteoclastogenesis due to the effect of IFN-γ. On the one hand, IFN-γ increases the degradation of ubiquitin ligase TRAF6, inhibiting the formation of osteoclasts. Further, IFN-γ promotes osteoclast maturation in the late stage of osteoclast formation (18). Additionally, Th1 cells are also the producers of TNF-α, which are reported to increase osteoblast apoptosis and promote osteoclastogenesis by increasing the expression of RANKL (37), and the mechanism of action needs to be explored further. Usually, Th2 cells are involved in the humoral immune process and assist in activating B cells, which play an anti-inflammatory role. In addition, Th2 cells are characterized by the production of IL-4, IL-5, and IL-13; they also participate in macrophage polarization to the M2 phenotype. There is some evidence for the relationship between Th2 cells and osteoclasts. The available evidence suggests that Th2 cells may serve a bone-protective role. A review by Pacifici R et al. concluded that active Th2 cells maintain osteoblast activity by enhancing the production of parathyroid hormone (PTH) (38). However, there are fewer relevant studies on its role in bone metabolism, specifically about the relationship between Th2 cells and osteoclasts. Th17 cells are essential in developing autoimmune diseases by secreting various pro-inflammatory factors, participating in the development of inflammation, and enhancing immunopathological damage. It can promote osteoclastogenesis by secreting various pro-inflammatory cytokines, including IL-1, IL-17, IL-22, and TNF-α (19). The prevailing view was that IL-17 upregulates the RANK receptor on osteoclast precursors to promote osteoclast differentiation (39). However, its role in osteoblasts is still controversial. Conversely, IL-17 can inhibit BMP-2-induced osteoblast differentiation (40) and induce pyroptosis in osteoblasts through the NLRP3 inflammasome pathway in vitro (41). Recent studies have reported that IL-17 can promote osteoblast differentiation, bone regeneration, and remodeling in mice (42). These different accounts provide clues to the IL-17 role in bone metabolism and deserve further investigation. Treg cells are a subset of cells with broad immunosuppressive and immunomodulatory effects. Producing anti-inflammatory cytokines, including IL-10 and TGF-β, can inhibit the over-activation and proliferation of many immune cells in the body, weaken the inflammatory response and maintain the stability of the immune system. A prevailing view pointed out that Treg cells can directly suppress the maturation of osteoclasts by expressing cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) to remove the costimulatory molecule, CD80/CD86 expressed on osteoclast precursors (43). However, a recent study reported that Treg cells have a bone-protective effect by reducing osteoclast numbers rather than causing an intrinsic defect in osteoclast differentiation (44). However, these ideas are not yet fully developed, and the role of Treg on osteoblasts is still unclear, which needs to be further explored. Accordingly, the balance of Th1/Th2 and Th17/Treg cells is crucial in maintaining bone homeostasis in the physiological state. Once pathogenic factors cause the disorder in Th1/Th2 and Th17/Treg balance, the bone remodeling process is bound to be affected, resulting in various bone diseases.

CD8+ T cells serve an important role in the clearance of intracellular pathogens and emergent neoplasms, and the mature CD8+ T cell is known as a cytotoxic T cell because of its role in recognizing damaged somatic cells and triggering the death pathway through cytotoxic proteins. They can kill target cells and enhance T cell-target cell interactions specifically. It has been reported that CD8+ T cells have an inhibitory effect on osteoclastogenesis by secreting various soluble proteins, such as osteoprotegerin (OPG), a soluble RANKL decoy receptor, to suppress the interaction of RANKL-RANK (45). In addition, osteoclasts and CD8+ T cells can form a negative feedback loop, contributing to the homeostasis of the skeletal and immune systems, which play a protective role in bone resorption (46). It has been shown that osteoclasts from peripheral blood mononuclear cells can activate CD8+ T cells (47). These CD8+ T cells are shown to be noncytolytic and anergic, expressing CD25 and Foxp3, therefore referred to as osteoclast-induced regulatory CD8+ T cells or OC-iTcREG. OC-iTcREG can express membrane-bound RANKL and CTLA-4 and produce IFN-γ, IL-6, IL-10, and IL-2 (48, 49). These factors can have either positive or negative effects on osteoclasts, thus allowing CD8+ T cells to play a regulatory role in the process of bone remodeling. However, the role of CD8+ T cells on osteoblasts is unclear and needs to be explored further. In addition, different types of bone cells have different effects on T cells. There is evidence that osteoblasts support the differentiation of T cells in the bone marrow. A study by Yu VW et al. confirmed that the expression of Notch ligand delta­like 4 by osteoblasts contributes to supporting the development of T cell progenitor (50). Studies on osteoclasts have revealed that antiresorptive drugs can affect the activity of immune cells by inhibiting osteoclast activity. For example, osteoclast precursor cells were shown to have the ability to inhibit T cell proliferation in a mouse model of autoimmune arthritis (51). This evidence suggests a regulatory role of bone cells on T cells, although it is not sufficient and needs to be further explored.



2.2.2 B lymphocytes (B cells)

B cells are derived from pluripotent stem cells in the bone marrow and are known for producing antibodies in adaptive immune responses. B cells can be stimulated by antigens and subsequently proliferate or differentiate into a large number of plasma cells, which secrete antibodies that play an immune clearance role in blood circulation. Further, as antigen-presenting cells, B cells can directly activate T cells and macrophages, thus playing an immunomodulatory role (52). It was reported that both B cells and B-cell-derived plasma cells could regulate osteoclastogenesis by delivering RANKL (21). However, the B cell is also a major source of osteoprotegerin (OPG). In addition, the effect of B cells is influenced by T cell subsets. When activated by Th1 cytokines, B cells can inhibit osteoclastogenesis, but under the stimulation of Th2 cytokines, B cells promote osteoclastogenesis (53). Although current attention to B cells is paid to osteoclastogenesis, a recent study found that B cells inhibited osteoblast differentiation by activating extracellular signal-regulated kinase (ERK) and nuclear factor-kappaB (NF-κB) signaling pathways (54), which resulted in the inhibition of bone formation. However, the study has also shown that mTORC1 signaling in pre-osteoblasts is required for normal B cell development in mice, which means that there may be a bidirectional interaction between B cells and osteoblasts (55). While many aspects of B cell biology in bone remodeling remain unclear, B cell is emerging as one of the key regulators of the process. Apart from that, bone cells affect the activity and function of B cells. Greenbaum A et al. found that depletion of CXCL12 in osteoblasts reduced the number of B lymphoid progenitors in the bone marrow. Therefore, it demonstrated that osteoblasts could support the differentiation of B cells in the bone marrow (56). Furthermore, as a potent inhibitor of osteoblast formation produced by osteocytes, sclerostin deficient mice exhibited high bone mass and reduced mature B cells, suggesting that the regulation of B cells by osteocytes is involved in the bone remodeling process (57). This evidence suggests an inextricable link between the immune and skeletal systems, and thus the concept of the interdependence of the two systems must be considered when exploring disease mechanisms or therapeutic strategies (58).





3 Postmenopausal osteoporosis

Postmenopausal osteoporosis (PMOP) is prevalent in primary osteoporosis and is characterized by excess osteoclastogenesis leading to net bone loss and brittle fractures. A previous WHO report showed that the risk of osteoporotic fractures in postmenopausal women is at least 30% and even closer to 40% (59), suggesting that the health of middle-aged and older women is affected by PMOP-related bone injury which has become one of the urgent clinical problems to be solved. It was reported that PMOP is a high-bone turnover disease: bone resorption is increased, while bone formation is also increased, just not keeping up with the bone resorption (60). The classical theory defined estrogen deficiency as a primary pathogenetic factor in PMOP. Estrogen is shown to have a protective effect on bone resorption by inducing osteoclasts apoptosis and blocking the maturation of osteoclasts (61, 62). However, without the protective effect of estrogen, the balance of bone remodeling favors bone resorption, resulting in PMOP (63). A recent study reported that estrogen deficiency-mediated bone loss has a complex mechanism mainly involving the immune system rather than a mere direct effect of estrogen on bone cells (64). Next, we reviewed the role of estrogen deficiency-mediated alteration of various immune cells on PMOP development (Figure 2).




Figure 2 | PMOP is a high-bone turnover disease. Estrogen deficiency leads to changes in the number and function of immune cells, which ultimately affecting bone remodeling and leads to osteoporosis. These changes included: the balance of M1/M2 and Th17/Treg favors pro-inflammatory M1 and Th17 cells; the activation of M2 macrophages and Treg cells are impaired; Th17 cells are overactivated and Treg cells can convert into Th17 cells; DCs become long-lived; neutrophils are activated; The number of B cells and plasma cells is increased. Note: Various types of immune cell image materials are from https://smart.servier.com.




3.1 Innate immune cells and PMOP


3.1.1 Macrophages

An ovariectomy (OVX) animal experiment demonstrated that estrogen deficiency made the M1 polarization enhanced and the M2 polarization impaired (65). Further, an increased level of pro-inflammatory cytokines was observed in postmenopausal patients, such as TNF-α and IL-1β (66). Accordingly, M1 macrophages have a promotive effect on osteoclastogenesis, which gives a reason for bone resorption in PMOP [8]. Meanwhile, blunted M2 activation leads to bone loss in PMOP (67). Contrary to our knowledge, M1 macrophages are the potential precursors of osteoclasts, and the researchers found that M2 macrophages can differentiate into osteoclasts without estrogen protection in the presence of RANKL (65). Although M2 macrophages are well known to promote osteogenesis, there is no direct evidence to confirm the relationship between estrogen deficiency-mediated alteration of M2 macrophages and impaired osteogenesis; thus, providing a view to exploring the role of macrophages in PMOP. Recently, the role of residual tissue residual macrophages in bone, osteal macrophages, has received more attention (68). Osteal macrophages are shown to support osteoclast-mediated resorption by scavenging degraded bone byproducts, inflecting that residual tissue macrophages also play an essential role in the pathology of PMOP (69).



3.1.2 DCs and neutrophils

In the absence of estrogen, DCs will long live with increased expression of IL-7 and IL-15. IL-7 and IL-15 induce IL-17 and TNF-α production in a subset of memory T cells, independent of antigen activation (14). These pro-inflammatory cytokines contribute to inflammation-mediated bone loss in PMOP by activating low-grade inflammation. The neutrophil, ratio is considered a helpful clinical tool in assessing PMOP due to its strong association with bone mineral density (70). Accordingly, hyperactive neutrophils favor osteoclastic bone resorption. The in vitro assays confirmed that estrogen blocks inflammatory-induced neutrophil overactivation (71), suggesting estrogen deficiency may cause neutrophil activation, which is important in PMOP development.




3.2 Adaptive immune cells and PMOP


3.2.1 T cells

Physiologically, thymic output and peripheral consumption contribute to the maintenance and renewal of the T cells in peripheral blood. A recent clinical cross-sectional study demonstrated that compared with premenopausal women, the leukocyte count is elevated in postmenopausal women, reflecting increased total lymphocytes and monocytes (72). Consistently, previous experimental data showed that estrogen deficiency increases the thymus output of T cells in peripheral blood (73). Further analysis found that T cells are overactivated under estrogen deficiency, particularly CD4+ T cells. Although the different subtypes of T cells may play a role in promoting or inhibiting bone resorption, it is well recognized that activated T cells contribute to osteoclastogenesis by strongly expressing RANKL in PMOP (74). As an osteoclastogenic subset of T cells, the Th17 cells population was found to be increased in bone marrow, accompanied by the elevated IL-17 level in peripheral blood. Blocking the IL-17 pathway had an effective protective role in bone loss in OVX mice (75). These results suggested that Th17 cells are a potent mediator in PMOP. In contrast, Treg cells have a bone-protective role in PMOP development (76). More importantly, it was reported that Th17/Treg balance is disturbed under estrogen deficiency, enhanced Th17, and decreased Treg cells (77). Tregs cells may lose their immunosuppressive function under estrogen deficiency and convert to Th17 cells, which explains the unbalance of Th17/Treg in PMOP (77).



3.2.2 B cells

The role of B cells is also of interest in PMOP development. Studies found that estrogen deficiency causes an increase in B cells number in the bone marrow, and some of the increased B cells give rise to osteoclasts (78). It was also supported that in OVX mice, estrogen deficiency selectively stimulated the accumulation of B cell precursors, while in the presence of estrogen, the stromal cell-dependent B cells were greatly inhibited (79). In addition, B cells isolated from the bone marrow of postmenopausal women have been reported to secrete RANKL, contributing to osteoclastogenesis (80). These results suggested that estrogen deficiency can directly promote osteoclast formation through stimulating B cells. However, an OVX animal experiment reported that the bone loss in mature B cell-deficient mice was the same as that of wild-type (WT) control mice, suggesting B lymphocytes may not be the central mediators of ovariectomy-induced bone loss (81).





4 Senile osteoporosis

Senile osteoporosis commonly occurs in older people above 70s and has become a worldwide health concern with the rising aging world population. Senile osteoporosis is usually described as a low-bone turnover disease with decreased resorption and significantly reduced bone formation (82). However, in recent years, a careful observation found that aging is usually accompanied by systemic low-grade chronic inflammation and enhanced inflammatory mediators, such as IL-6 and TNF-α (83). This will provide an important view of the development of senile osteoporosis (Figure 3).




Figure 3 | Senile osteoporosis is a low-bone turnover disease. Aging makes the immune cells senescent. On the one hand, the senescent immune cells promote the differentiation of mesenchymal cells into adipocytes and inhibit the differentiation of mesenchymal cells into osteoblasts; further, the altered immune cells promote osteoclastogenesis. Note: Various types of immune cell image materials are from https://smart.servier.com.




4.1 Innate immune cells and senile osteoporosis


4.1.1 Macrophages, neutrophils, and DCs

A recent study found that senescent immune cells, such as macrophages and neutrophils, accumulate in bone marrow during aging in rats and mice (84). The senescent macrophages and neutrophils repress osteogenesis by promoting bone marrow mesenchymal stromal cell adipogenesis. In addition to directly inhibiting osteogenesis, the senescent immune cells contribute to chronic inflammation, thus leading to inflammatory bone resorption. The M1/M2 macrophage polarization balance favors the pro-inflammatory M1 polarization phenotype in old mice (85). Moreover, neutrophil proportions increased and became long-lived and hypersegmented in elder mice, and the persistently low level of increased neutrophils contributes to chronic inflammation by releasing pro-inflammatory TNF-α during aging (86). Additionally, the endocytosis and antigen presentation capacity of DCs diminishes with aging, which may affect the production of T cell-specific cytokines (87), and thus participate in the inflammatory response and osteoporosis process. In summary, the alteration of innate immune cells in the number or function may be one of the mechanisms of senile osteoporosis.




4.2 Adaptive immune cells and senile osteoporosis


4.2.1 T cells

The data from experimental models found significant defects in CD8+ and CD4+ T cell responses with aging (88). The diversity of CD8+ T cells was reduced and severely limited the initiation of effective immune responses, leaving in a prolonged state of chronic inflammation (89). In addition, the activation of CD4+ T cells was impaired due to aging-induced alteration in cell surface glycosylation and key signaling molecules (90, 91). It has been reported that the unbalance of CD4+ T cell subsets may be responsible for chronic inflammation (72). Aging could tilt the balance of Th1/Th2 toward Th2 cells, resulting in an increased inflammatory response (92). Besides, by analyzing the proportion of Th17 and Treg cells in four different age groups from healthy human donors, Vanessa et al. found that the ratio of Th17/Tregs appeared to increase with aging, which may lead the immune system into a hypo-activated state with a high production of pro-inflammatory cytokines (93). In summary, aging contributes to continuous chronic inflammation at a low level by impairing the function of T cells or breaking immune balance, ultimately resulting in bone loss.



4.2.2 B cells

It has been widely demonstrated that aging greatly influences the number and function of B cells. A significant reduction of circulating B cells was observed in the aged bone marrow microenvironment, primarily due to the decreased formation of B cells in bone marrow (94). Besides, the elderly showed the impaired ability of memory B cells to differentiate into plasma cells and produce high-affinity protective antibodies against newly encountered antigens (95). It allows healthy elderly individuals with chronic diseases to share similar features of B cells impairment, such as loss of protective immunity and poor response to vaccinations (96). All this evidence is closely related to the previously described relationship between advanced age and chronic systemic inflammation. However, there was a lack of direct evidence on the relationship between aging-induced B cells dysfunction and osteoporosis, so further research is needed.





5 Diabetic osteoporosis

Diabetic osteoporosis is a type of osteoporosis secondary to diabetes mellitus. Clinical data showed that the prevalence rate of osteoporosis among T2DM patients in China was 37.8%, which is 4 to 5fold that of a non-diabetic patient (97). Diabetic osteoporosis has been one of the most common complications of diabetes, seriously affecting the patient’s quality of life. Current research has pointed out that the impairments in glucose/insulin metabolism, accumulation of advanced glycation end-products (AGEs), insufficiency of the bone microvasculature and alterations in muscle endocrine function may all be involved in the development of diabetic osteoporosis (98). With the deepening of research on the immunopathological mechanism of diabetes, the alteration of immune cells has been considered an important factor in developing diabetic osteoporosis in recent years. Here we reviewed the role of various types of immune cells in developing diabetic osteoporosis (Figure 4).




Figure 4 | Dibetic osteoporosis is also a low-bone turnover disease. Hyperglycemia leads to the alteration of immune cells in numbers and function, promoting osteoclastogenesis and inhibiting osteogenic differentiation, partially resulting to the development of diabetic osteoporosis. Note: Various types of immune cell image material are from https://smart.servier.com.




5.1 Innate immune cells and diabetic osteoporosis


5.1.1 Macrophages

Animal research found that hyperglycemia increased M1 macrophage polarization and osteoclast differentiation (23), and the in vitro experiments supported this result. A high glucose environment promotes the polarization of M1 macrophages and inhibits the polarization of M2 macrophages in vitro (23). Accordingly, the phenotypic switch from M2 to M1 macrophage populations increases bone resorption. Moreover, our previous results demonstrated that the enhancement of M2 macrophage polarization relieved the symptoms of osteoporosis by promoting the osteogenic difference of MSC (99). These results indirectly suggested the important role of macrophage phenotypic switch in developing diabetic osteoporosis. Through further mechanistic studies, Zhang B et al. found that overproducing reactive oxygen species (ROS) causes the polarization of macrophages toward M1 macrophages in a high glucose environment (23). ROS is an important mediator for the activating pro-inflammatory signaling pathways such as mitogen-activated protein kinases (MAPK), signal transducer and activator of transcription 1 (STAT1), signal transducer and activator of transcription 6 (STAT6) and noncanonical nuclear factor-kappaB (NF-κB) signaling which interfere with macrophage differentiation (100). Moreover, excessive glucose can alter energy metabolisms, such as increased glycolysis and mitochondrial dysfunction, producing ROS (101). Additionally, through vivo and in vitro analyses, Hu J et al. found that hyperglycemia-mediated epigenetic changes affect macrophage polarization, such as long noncoding RNA (102). Hence, those investigations will provide new targets for treating diabetic osteoporosis in an immune manner.



5.1.2 Neutrophils and DCs

Previous research found that hyperglycemia increases the number of circulating neutrophils (103). However, the later studies found that the function of neutrophils is impaired in high glucose conditions, and their phagocytic and killing functions are inhibited to a certain extent (104, 105). These results reflected that hyperglycemia induces massively impaired neutrophils in peripheral blood, resulting in chronic inflammation. In addition, it has been shown that hyperglycaemia can impair the differentiation of DCs, causing a decrease in the number of DCs (106). However, there was limited evidence on the role of neutrophils and DCs in developing diabetic osteoporosis, which needs further exploration.




5.2 Adaptive immune cells and diabetic osteoporosis


5.2.1 T cells

It has been shown that the CD4+ number differs in patients with diabetes combined with osteoporosis compared to patients with diabetes alone, inflecting the altered T cell subsets may be involved in developing diabetic osteoporosis. A recent review suggested that hyperglycemia induces the expansion of pro-inflammatory CD4+ T cells, such as Th1 and Th17 cells, and decreases the number of Treg cells (107). Accordingly, these active pro-inflammatory T cells promote bone resorption and anti-inflammatory T cells and have a bone-protective role, suggesting that hyperglycemia-mediated alteration of T cells plays a vital role in developing diabetic osteoporosis. However, the effect of high glucose on the CD8+ T-cells function is controversial and needs further exploration (108, 109).



5.2.2 B cells

As an essential antigen-presenting cell, B cells were reported to promote inflammation in type 2 diabetes (T2DM) by regulating the T-cell function (110). Interestingly, in the analysis of cytokines from patient samples by Ip B et al., B cells supported Th17 inflammation in T2DM but not in the control group (111). These results indicated that B cells play a vital role in systemic inflammation of type 2 diabetes mellitus, providing a new insight for exploring the pathogenesis of diabetic osteoporosis. However, the previous study by Sakowicz-Burkiewicz M et al. showed that hyperglycemia could impair the function of B cells such as reducing immunoglobulin production, leading to the dysfunction of humoral immune responses (112). Unfortunately, the role of B cells in the pathogenesis of diabetic osteoporosis is relatively unclear and requires more detailed study.





6 Discussion

In this review, we highlighted the role of immune cells in the development of different types of osteoporosis. These results suggested that immune cells play various roles under the action of different pathogenic factors, such as estrogen deficiency, immunosenescence and diabetes. In addition, the immune cells were involved in developing drug-induced osteoporosis, such as glucocorticoid-induced osteoporosis and chemotherapy drug-induced osteoporosis. A recent study demonstrated that glucocorticoid-induced osteoporosis could not be induced in T cell-deficient mice. However, it could be re-established by transferring the splenic T cells from wide-type mice, inflecting the essential role of T cells in the development of glucocorticoid-induced osteoporosis (113). Further, some studies found that glucocorticoids promoted the accumulation of T cells in the bone marrow and these bone marrow T cells expressed high steady-state levels of RANKL, resulting osteoporosis (113). Moreover, cyclophosphamide, a chemotherapy drug, was reported to cause immunosuppression and osteoporosis. Improving the functional status of immune cells alleviates the symptoms of osteoporosis in the immunosuppressive mouse model induced by cyclophosphamide (114), suggesting the function of immune cells may be an important factor in cyclophosphamide-induced osteoporosis.

This review mainly discusses how immune cells affect the process of bone remodeling under different pathological conditions, which provides new insight into osteoporosis. However, in addition to differentiating into osteoblast line cells, bone marrow-derived mesenchymal stem cells (BMSCs) were shown to have an immunoregulatory function by modulating immune responses via cell contact-dependent or paracrine mechanisms (115). Regarding non-specific immunity, BMSCs can induce a shift in macrophages from an M1 to M2 phenotype (116), and the interaction between BMSCs and macrophages contributes to the restriction of inflammation (117). Although BMSCs can not affect the proliferation of NK cells, they reduce the IFN-γ production of NK cells (118). It was also reported that BMSCs inhibit the maturation and function of DCs, further suppressing the activation and proliferation of T cells (119). Regarding specific immunity, studies have shown that BMSCs can inhibit the proliferation of CD4+ and CD8+ T cells which mechanisms may include direct cell-cell contact, the release of soluble factors, and induction of Treg cells (120). Thus, the balance of Th1/Th2 and Th17/Treg cell phenotypes is altered. In the past, the regulatory effect of BMSCs on B cells was unclear. However, a recent study showed that BMSCs inhibit the proliferation and function of B cells (121, 122). Combined with the functional alteration of immune cells on bone remodeling described above, the immunoregulation of BMSCs is involved in the process of bone remodeling. Meanwhile, the disordered immunoregulation of BMSCs was considered to play an important role in the pathogenesis of osteoporosis (123). This provides us with a new idea for treating of osteoporosis (Figure 5).




Figure 5 | BMSCs have immunoregulatory function by affecting the immune cells. BMSCs can favor the balance of M1/M2 toward M2 macrophages, the balance of Th17/Treg toward Treg cells. BMSCs can also inhibit the maturation and function of DCs, further suppressing the activation and proliferation of T cells. BMSCs have an inhibitory role in the secretion of IFN-γ from NK cells. Moreover, BMSCs inhibit the proliferation and function of B cells. Note: Various types of immune cell image material are from https://smart.servier.com.



To sum up, understanding the relationship between immune cells and the bone remodeling process is required to evaluate the pathological mechanism of osteoporosis. From this, identifying the immune checkpoints may provide an excellent opportunity to develop valuable immunotherapies for osteoporosis patients. However, we only focused on a few types of immune cells in this review, and more immune cells need further attention. In addition, the function of the immune system requires the participation of various cells, and different immune cells cannot function in isolation. It is hoped that future studies will pay more attention to the interaction of different types of immune cells in osteoporosis pathogenesis, which will shed much light on the role of immune cells in the development of osteoporosis.
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There is growing interest in the relationship between chronic kidney disease (CKD) and fragility fracture risk. Bone mineral density (BMD) is a major determinant of bone strength, although its role as a predictor of fracture in advanced CKD and hemodialysis is still under debate. We aimed to further investigate surrogates of bone quality and their associations with muscle strength and fracture risk in hemodialysis. Multiple clinical risk factors for fracture and an estimated 10-year probability of fracture, BMD at lumbar spine and femur, trabecular bone score (TBS), X-ray vertebral morphometry, phalangeal bone quantitative ultrasonography (QUS), tibial pulse-echo ultrasonography (PEUS), and handgrip strength were evaluated in a setting of hemodialysis patients in treatment with acetate-free biofiltration (AFB) or bicarbonate hemodialysis. The bone ultrasound measurements, both at phalangeal and tibial sites, were significantly associated with lumbar and femoral DXA values. Handgrip strength was significantly associated with the 10-year probability of fracture (r = −0.57, p < 0.001 for major fractures and r = −0.53, p < 0.001 for hip fracture, respectively), with femur neck, total femur, and L1–L4 BMD values (r = 0.47, p = 0.04; r = 0.48, p = 0.02; r = 0.58, p = 0.007, respectively), with TBS at the lumbar spine (r = 0.71, p < 0.001) and with the phalangeal QUS measure of AD-SoS (r = 0.369, p = 0.023). In the hemodialysis group, 10 participants (24.3%) reported at least one morphometric vertebral fracture (Vfx); conversely, only six participants (15%) showed Vfx in the control group. In the hemodialysis group, participants with Vfx compared with participants without Vfx reported significantly different TBS, bone transmission time (BTT), cortical thickness, and handgrip strength (p < 0.05). At multiple regression analysis, by identifying as dependent variable the 10-year fracture risk for major fracture, after correcting for age, BMI, time since dialysis, AD-SoS, cortical bone thickness, and handgrip strength, only BTT (β = −15.21, SE = 5.91, p = 0.02) and TBS (β = −54.69, SE = 21.88, p = 0.02) turned out as independently associated with fracture risk. In conclusion, hemodialysis patients showed a higher fracture risk and lower surrogate indices of bone strength as TBS and QUS parameters. In this cohort of patients, handgrip strength measurements appeared to be a useful instrument to identify high-fracture-risk subjects.
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Introduction

Fragility fractures are common in patients with chronic kidney disease (CKD), particularly in the end-stage, and are often associated with excess morbidity and mortality (1).

Disorders of mineral metabolism and bone microarchitecture arise early in the CKD course and gradually worsen along with the deterioration of kidney function; as a result, half of the CKD patients initiating dialysis treatment have already had a fracture (2). Particularly, the risk of fracture at the femur site is approximately fourfold greater in patients with end-stage disease than in the general population fracture rate (1, 3). Incident femur fractures increase the mortality rate by two times in end-stage CKD patients compared with matched end-stage CKD patients without fractures (3). Vertebral fractures (Vfx) are also a common occurrence in CKD. In fact, VFx was revealed in approximately one out of five patients with 3–5 stage CKD; the prevalence of Vfs was correlated with poor survival and raised as an independent predictor of all-cause mortality (4).

Patients with CKD who fracture because of low-grade trauma, in accordance with the Kidney Disease Improving Global Outcomes (KDIGO) classification, present a CKD-Mineral and Bone Disorder (CKD-MBD); this latter is a systemic disorder of mineral and bone metabolism manifested by either one or a combination of the following: vascular or other soft tissue calcification; abnormalities of calcium, phosphorus, parathyroid hormone (PTH), or vitamin D metabolism; or abnormalities in bone turnover, mineralization, volume, linear growth, or strength (5).

Low bone mineral density (BMD), as measured by dual-energy X-ray absorptiometry (DXA), is a recognized major predictor of fracture in the general population. However, studies have reported conflicting results on the association between DXA and fracture in end-stage CKD (2). Moreover, by considering a large population (n = 13,848) from the Third National Health and Nutrition Examination Survey (NHANES III; 1988–1994), it has been observed that while BMD decreased along with decreasing kidney function (based on estimated creatinine clearance (eCcr) calculated using the Cockcroft–Gault (CG) formula), after controlling for only sex, age, and weight, any negative association between BMD and kidney function was extinguished (6). Because of the possibility of falsely elevated BMD values due to vascular or paraspinal tissue calcifications or age-related changes in the lumbar spine, the prevalence of osteoporosis in patients with advanced CKD may be undervalued based on a T-score value of ≤ −2.5 standard deviations (SD) if BMD is measured at the lumbar spine (6–9). These findings demonstrate that BMD testing to estimate fracture risk might not always be advantageous in advanced stages of CKD. However, the 2017 KDIGO guidelines recommend that in patients with evidence of CKD-MBD and/or risk factors for osteoporosis, BMD measurement of bone density is expected to impact treatment decisions (10). The Fracture Risk Assessment Tool (FRAX) index is a validated resource for the 10-year prediction of major osteoporotic fractures, assessing clinical risk factors together with BMD, particularly in CKD stages 2–5 (11, 12). FRAX was able to discriminate fracture status among men and women with CKD but performed no better than femoral BMD alone (12). In particular, in a cohort of 718 hemodialysis patients who were followed up for 2 years, Przedlacki et al. identified the FRAX value of 5% as the prognostic threshold for an increased risk of major osteoporotic fracture (13).

Besides the bone density impairment, CKD patients are more likely to fracture because of the deterioration of bone quality. Bone strength, in fact, also depends on bone microarchitecture and materials’ properties that cannot be measured by DXA (5, 14).

The trabecular bone score (TBS) represents a novel texture parameter reflecting bone microarchitecture. It results from the computed analysis of gray-level changes in pixels of lumbar spine DXA images and may contribute to fracture risk assessment (15–17). Moreover, bone quantitative ultrasonography (QUS) has been proposed to explore fracture risk, taking into account that QUS measurements are related to some physical properties of bone tissue (e.g., structure and elasticity) that contribute to bone strength. Previous studies correlated QUS with DXA measurements, prevalent Vfx, and risk of future fractures (11, 14, 18–20). Additionally, studies using pulse-echo ultrasonography (PEUS), a novel ultrasound method that measures the thickness of cortical bone, have shown a significant correlation between density index (DI), a PEUS-derived parameter, and BMD at the hip in postmenopausal women (21, 22).

High fracture risk in hemodialysis patients is also likely to be related to a propensity to falls due to poor muscle strength and impaired balance secondary to poor nutrition, inactivity, myopathy, and peripheral neuropathy (23). Previous studies have studied the positive effects of muscle function on bone health, and the relationship between muscle strength and BMD has been highlighted (24–26). However, very little evidence exists on this association in dialysis patients (27, 28), and no data are available on the association between muscle strength and TBS or QUS/PEUS measurements intended as surrogates of bone quality or bone strength.

The primary aim of this study was to investigate bone health in hemodialysis patients with both DXA and bone ultrasonometry tools, and the secondary purpose was to measure muscle strength and investigate the possible associations between muscle and surrogates of bone strength.



Materials and methods


Participants

This cross-sectional study included adult (>18 years) Caucasian subjects with CKD 5D, referred to the Nephrology Unit of the Department of Medical Sciences, University Hospital of Messina (Messina, Italy). The enrolled patients were selected from the entire hemodialysis cohort followed up at our University Center. The research protocol was approved by the Local Ethics Committee for Medical Research, Messina University Hospital “G. Martino” and carried out in accordance with the 1964 Declaration of Helsinki and its later amendments.

Exclusion criteria were dementia or cognitive impairment; history of cancer; hypo- or hyperthyroidism; malabsorption diseases; and previous use of active bone agents, including denosumab, selective estrogen receptor modulators, and strontium ranelate. Controls were consecutively enrolled from outpatients referred to the metabolic bone disease service of the Geriatric Unit of the Department of Medical Sciences, University Hospital of Messina (Messina, Italy).

All the participants signed an informed consent before entering the study.



Clinical evaluation

Height and weight were measured at baseline according to standard procedures, and BMI was calculated as weight in kilograms divided by the square of height in meters (kg/m²).

Fracture risk assessment was estimated by the Fracture Risk Assessment Tool (FRAX®), which is a computer-based algorithm (http://www.shef.ac.uk/FRAX) that calculates the 10-year probability of a major fracture (hip, clinical spine, humerus, or wrist fracture) and the 10-year probability of hip fracture. According to FRAX, calibrated for Italian subjects, fracture risk was derived from age, BMI, and dichotomized risk factors comprising prior fragility fracture, parental history of hip fracture, current tobacco smoking, and exposure to oral glucocorticoids, rheumatoid arthritis, other causes of secondary osteoporosis, and alcohol consumption. FRAX score was calculated without considering BMD (11).

A trainer examiner assessed muscle strength by measuring handgrip strength using a Jamar dynamometer, following a standardized protocol consisting of three consecutive grip strength measurements with the second handle position of the device for each hand, with a rest period of 30 s between successive attempts. Maximal handgrip strength was recorded.



Bone status evaluation

BMD was assessed by a DXA densitometer (Hologic Discovery Wi) at the lumbar spine (L1–L4) and femoral sites (neck and total femur). The DXA densitometer was calibrated daily according to the manufacturer’s instructions, and its coefficient of variation (CV) was 0.5% at the lumbar spine and femoral site. In addition, we investigated TBS through further evaluation of DXA images by iNsight software (version 3.0; Medimaps Group, Geneva, Switzerland). TBS was evaluated considering the variogram of the trabecular bone–projected image, calculated as the sum of the squared gray-level differences between pixels at a specific distance and angle. TBS was then calculated as the slope of the log–log transform of this variogram (29).

To assess bone status, we also performed QUS measurements at the proximal phalangeal metaphysis of the last four fingers of the nondominant hand using a DBM Sonic Bone Profiler (Igea, Carpi, Italy) as previously described (30). Briefly, amplitude-dependent speed of sound (AD-SoS), bone transmission time (BTT), fast-wave amplitude (FWA), signal dynamic (SDy), and the derived ultrasound bone profile index (UBPI) (UBPI = −(0.0018 × SDy − 0.0560 × FWA 0.0560 − 1.1467 × BTT + 3.0300)) were the considered QUS variables.

Moreover, ultrasound measurements were conducted at the tibial site by using a PEUS device (Bindex®; model BI-100, Bone Index Finland Ltd., Kuopio, Finland, Software v.2.0), consisting of a pulser unit plugged into the USB port of a laptop and a focused ultrasound probe (3.0 MHz nominal center frequency). The cortical thickness (CTh) was estimated at one-third of the proximal tibia, meaning a third of the distance from the knee joint space to the medial malleolus, by multiplying the time of flight between the ultrasound echoes from the periosteal and endosteal surfaces by the speed of sound (SOS). An appropriate ruler was used to indicate the measurement at exactly one-third of the tibia length. From CTh, age, weight, and height, a DI (g/cm2) was automatically calculated (27).



Vertebral fracture assessment

All the participants underwent a lateral thoracic and lumbar spine X-ray scan to evaluate morphometric Vfx. As previously described, Vfx was diagnosed if a vertebral body had at least a 20% height reduction in the anterior, middle, or posterior height compared with the same or adjacent vertebra (31).



Hemodialysis treatment characteristics

Patients on hemodialysis were regularly treated with the Artis Physio system (Baxter Healthcare Corporation, One Baxter Parkway, Deerfield, IL 60015 USA). The scheduled hemodialysis sessions were performed three times a week using a polyethersulfone membrane. The dialysis bath (Safebag KV 95G, Hospal Spa, Bologna, Italy) had the following composition: NaCl (284.3 g/L), KCl (19.57 g/L), CaCl2 (7.72 g/L), MgCl2 (2.63 g/L), and glucose (35 g/L). Hemodialysis participants were both men and women who had been treated with hemodialysis for 4.5 ± 4 years. All patients had achieved stable dry weight for at least 3 months and had an adequate dialysis delivery [Kt/V 1.2 (1.1 to 1.2)].



Statistical analysis

Statistical analyses were performed using MedCalc software (version 20.113). Data were reported as means ± SD or median (IQR) for continuous variables and percentages for categorical variables. The Kolmogorov–Smirnov test confirmed the normal distribution of values. Student’s t-tests for unpaired observations and the Mann–Whitney test were used as appropriate. Fisher’s exact test was used to calculate differences in categorical variables. Spearman’s coefficient verified the degree of association between two variables. Multiple regression analysis was performed to analyze the relationship between a dependent variable and one or more independent variables. All reported p-values were two-sided, and values of p < 0.05 were considered to indicate statistical significance.




Results

The main clinical features of participants are shown in Table 1. Hemodialysis patients and controls did not differ for age and BMI but significantly differed for FRAX-derived 10-year hip fracture risk, BMD values at the lumbar spine, TBS, QUS parameters, PTH, phosphorus, and hemoglobin levels, as shown in Table 1. Handgrip strength was also significantly different between hemodialysis patients and controls (Table 1).


Table 1 | Main clinical features of hemodialysis patients and controls.



The associations between DXA, QUS, and PEUS variables in the hemodialysis group are shown in Table 2. Ultrasound measurements, both at phalangeal (i.e., AD-SoS, UBPI, BTT) and tibial sites (i.e., Cth, DI), were all significantly associated with lumbar and femoral BMD values (p < 0.05). Moreover, phalangeal AD-SoS was significantly related to tibial cortical thickness and DI (r = 0.36, p = 0.02 and r = 0.49, p = 0.004, respectively). The same association was observed between phalangeal BTT with Cth and DI at the tibial site (r = 0.41, p = 0.04 and r = 0.4, p = 0.04, respectively).


Table 2 | Coefficients of association (r) between DXA and ultrasound measurements in hemodialysis patients.



The 10-year probability of major fracture and hip fracture was significantly associated with femur neck BMD (r = −0.59, p = 0.003 and r = −0.581, p = 0.005, respectively), DXA-derived TBS at the lumbar spine (r = −0.45, p = 0.03), and QUS measurements; in particular, AD-SoS and BTT were associated with the 10-year probability of major osteoporotic fracture (r = −0.37, p = 0.01 and r = −0.43, p = 0.03), whereas DI was associated with the 10-year probability of hip fracture (r = −0.36, p = 0.02). Handgrip strength measurements were significantly associated with the 10-year probability of fracture (r = −0.57, p < 0.001 for major fractures and r = −0.53, p < 0.001 for hip fracture, respectively), with femur neck, total femur, and L1–L4 BMD values (r = 0.47, p = 0.04; r = 0.48, p = 0.02; r = 0.58, p = 0.007, respectively), with DXA-derived TBS at the lumbar spine (r = 0.71, p < 0.001) and with AD-SoS values (r = 0.369, p = 0.023). No significant associations were observed between handgrip strength and metabolic parameters (pfor all > 0.05) in patients and controls.

In the hemodialysis group, 10 participants (24.3%) reported at least one morphometric Vfx; conversely, only six participants (15%) showed Vfx in the control group. In the dialysis group, participants with Vfx compared with participants without Vfx reported significantly different values of TBS, BTT, cortical thickness, and handgrip strength (p < 0.05, Figure 1).




Figure 1 | Differences in the trabecular bone score, bone transmission time, cortical thickness, and handgrip strength according to the presence of vertebral fractures in hemodialysis patients. Values are expressed as median and are significantly different between Vfx and not Vfx groups (p < 0.05) for all the variables. TBS, trabecular bone score; BTT, bone transmission time; Cth, cortical thickness; Vfx, vertebral fractures.



Finally, we performed a multiple regression analysis, identifying as a dependent variable the 10-year fracture risk for major fracture, whereas age, BMI, time since dialysis, AD-SoS, BTT, cortical bone thickness, TBS, and handgrip strength were included as independent variables. In this analysis, only BTT (β = −15.21, SE = 5.91, p = 0.02) and TBS (β = −54.69, SE = 21.88, p = 0.02) turned out to be independently associated with fracture risk. Analysis showed a variance inflation factor for BTT and TBS of 1.624, excluding multicollinearity problems in this model.



Discussion

This study investigated surrogates of bone strength in hemodialysis patients by the gold-standard DXA and by ultrasonography. Simultaneously, it explored the association between muscle strength and the instrumental surrogates of bone strength, including the DXA-derived TBS. Hemodialysis patients presented poorer bone quality as suggested by reduced TBS and low QUS values compared to controls. Handgrip strength was also lower in hemodialysis patients and was significantly associated with quantitative and qualitative indices of bone strength.

Considering the aging of the CKD population, the relevance of osteoporosis is considerably increasing in this group (21). As a result, adequate screening for bone fragility to prevent the burden of osteoporotic fracture in terms of economic costs, morbidity, and mortality is urgently needed (11). Consequently, the identification of dialysis patients at high fracture risk should be encouraged and included in the diagnostic work-up of CKD patients (31, 32).

Bone fragility encompasses all the characteristics that promote fractures, mainly bone structure, bone turnover, and mineralization deficits that are all observed in CKD (21). However, the association between BMD obtained by DXA, which is the most recognized determinant of bone strength, and fragility fracture observed in CKD patients is not as strong as in the general population (31). Accordingly, Jamal et al. found no association between fractures, hip, and spine BMD; however, tests of neuromuscular function, namely the time up and go, functional reach, and the 6-min walk test, were able to discriminate among patients with and without fractures (25). These observations are consistent with our findings, particularly regarding the association between the handgrip strength and all of the QUS/PEUS surrogates of bone strength. In hemodialysis patients, we observed that participants with reduced handgrip strength were those not only with lower BMD at the lumbar spine and femur but also with lower TBS and AD-SoS, which are accepted markers of bone quality. In particular, TBS and QUS variables have been shown to correlate significantly with bone structural parameters measured by histomorphometry (33).

The reduction in muscle strength could accordingly capture both quantitative and qualitative alterations in bone. The associations shown in Table 2 between BMD, intended as a quantitative measure of bone strength, and the qualitative indices such as TBS, and also QUS and PEUS, support this hypothesis. These findings also suggest an overall (qualitative/quantitative) bone impairment in hemodialysis patients (34).

Moreover, poorer handgrip strength was noted in the participants with a higher prevalence of morphometric Vfx in the hemodialysis group; conversely, BMD alone was not able to discriminate between hemodialysis patients with Vfx. Consistently, hemodialysis patients, in comparison with the controls, presented BMD values not significantly different at the femoral level and even significantly higher at the lumbar spine. This result highlights that BMD has a low predictive value for fracture in end-stage kidney disease (9).

Since lower muscle performance is also correlated with a higher propensity to fall, it could also explain the higher rate of fractures (35).

Also, due to its simple, inexpensive, rapid, and noninvasive measurement, the handgrip strength evaluation may be considered in the clinical evaluation of CKD to identify patients suitable for further instrumental assessment of bone fragility. For the reason that DXA remains the gold-standard method to check for bone fragility, it appears valuable to also comprise the TBS calculation, at least in dialysis patients (36–40).

In this study, we explored cortical bone by PEUS. Even if no significant differences between dialysis patients and controls were found, consistent with previous data (28, 41), we observed an association between Cth and DI with BMD; DI was also significantly associated with the 10-year probability of femur fracture. The assessment of cortical bone structure in CKD could be critical since it is predominantly affected by the bone loss that is correlated with high PTH and with peripheral fractures (42). BMD measurement by DXA cannot discriminate between cortical and trabecular bone, and PEUS measurement of Cth may contribute, at least in part, to bone status evaluation, even though it is not able to capture microporosity (27).

The 10-year probability of major osteoporotic fractures was independently associated with BTT, suggesting that QUS can help distinct patients at high risk of fracture. QUS measurements have previously been proven to be related to mineral metabolism alterations in hemodialysis (43). Furthermore, the 10-year probability of major osteoporotic fractures was independently inversely associated with TBS, which in turn was strictly related to QUS measurements, probably all of these assessments being dependent on bone quality characteristics such as microarchitecture. Recently, in patients with CKD, Rampersad et al. observed that lower TBS scores were associated with lower eGFR and increased fracture risk in patients with eGFR ≥ 60 ml/min/1.73 m2 (44). Nevertheless, the role of TBS in predicting clinical fractures in prospective studies focused on dialysis patients has not yet been demonstrated (45). However, an association with higher bone turnover and prevalent fractures has recently been evidenced in end-stage CKD and dialysis (40, 46, 47).

This research has some limitations represented by the small sample size and the cross-sectional design. On the other hand, it represents the first study to investigate fracture risk by DXA and QUS/PEUS together and to explore the association of muscle strength with indices of bone quality in hemodialysis patients.

In conclusion, we observed a higher fracture risk in hemodialysis patients in comparison with controls. Hemodialysis patients showed lower indices of bone quality, including TBS and phalangeal QUS measurements; moreover, they showed lower handgrip strength. Handgrip strength was associated not only with fracture risk per se but also with TBS and phalangeal QUS measurements, which were markers of bone strength and strictly related to the probability of fracture.

Further longitudinal studies looking at the predictive values of surrogates of bone quality on fracture are needed to improve fracture risk management in hemodialysis.
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Denosumab is a pivotal treatment for postmenopausal women with osteoporosis. Although its clinical use is generally well tolerated by patients, denosumab in patients with renal insufficiency may increase the risk of hypocalcemia. Thus, we have to consider the population of denosumab in the treatment of osteoporosis and preventive measures for related complications. In a patient with cardiorenal insufficiency, we reported a case of denosumab-induced hypocalcemia complicated by acute left heart failure due to delayed administration of active vitamin D and calcium supplements. The patient’s symptoms did not improve after anti-heart failure treatment. However, after adequate calcium and vitamin D supplementation subsequently, the patient’s symptoms of heart failure were rapidly relieved, and the serum calcium level returned to normal within three weeks. Therefore, our case showed that the application of denosumab in patients requires assessment of cardiac and renal function, timely calcium and vitamin D supplementation, and enhanced monitoring of serum calcium levels to prevent acute left heart failure induced by denosumab-related hypocalcemia.
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Introduction

Denosumab is a human recombinant monoclonal antibody that prevents the binding of nuclear factor kappa-B ligand (RANKL) to receptors on osteoclasts (1), thereby inhibiting osteoclast activity. Denosumab has been approved for osteoporosis treatment, including in patients with renal insufficiency (2). Hypocalcemia, a side effect of denosumab, occurs in about 14% of patients and is more frequent in patients with chronic kidney disease (CKD) (3, 4). Although gradually gaining attention, it remains to be observed whether denosumab-induced hypocalcemia will lead to more serious complications.

Calcium plays an important role in cardiac muscle contraction and cell metabolism. Although hypocalcemia has been shown to lead to cardiac decompensation in animals, heart failure due to hypocalcemia is quite rare in clinical practice. According to previously, hypocalcemia accompanied by renal insufficiency, can induce pulmonary edema and cardiac insufficiency (5). Moreover, hypocalcemia is an independent predictive factor for left ventricular diastolic dysfunction in patients with CKD (6). The case described here is that of hypocalcemia complicated by acute left heart failure occurring after a single dose of denosumab in a patient with cardiorenal insufficiency.



Case description

An 86-year-old female with heart failure and grade four cardiac function presented to our hospital with dyspnea, coughing and phlegm that she had been experiencing for two days. The patient reported paroxysmal nocturnal dyspnea, nausea, and oliguria but otherwise had no complaints. The patient suffered from chronic cardiac insufficiency for 1 year and grade two cardiac function. Moreover, the patient had a history of hypertension for 10 years, oral nifedipine antihypertensive therapy. In addition, she had a history of coronary atherosclerosis for 10 years, chronic renal insufficiency due to chronic nephritic syndrome for 2 years, anemia for 2 years, and carotid plaque (unknown course). Physical examination revealed a coarse breath sounds, a few moist rales at the base of both lungs, arrhythmia. There were hands twitching during blood pressure measurement and no other abnormalities.

Laboratory findings revealed a serum NT-proBNP 20800 ng/L (300-450 ng/L), blood urea nitrogen of 4.93 mmol/L (2.5-6.1 mmol/L), creatinine of 102.9 μmol/L (46-92 μmol/L, estimated glomerular filtration rate of 42.26 mL/min/1.73 m2), serum calcium of 1.01 mmol/L (corrected to 1.20 mmol/L for hypoalbuminemia), parathyroid hormone (PTH) of 298 pg/mL (15-65pg/mL), serum 25-OH vitamin D of 8.4 ng/mL, arterial pH of 7.41 (7.35-7.45), ionized calcium of 0.52 mmol/L (1.12-1.32 mmol/L). The echocardiography showed that left ventricular dysfunction, the value of EF is 51% (53%-75%), left ventricular muscle thickening. The electrocardiographic showed that sinus rhythm, premature atrial contractions, poor R-wave progression, and QTc prolongation. The patient was treated with furosemide, spironolactone, antihypertensive, antiplatelet and intravenous calcium gluconate infusion. However, the patient’s heart failure symptoms and various indicators did not improve significantly.

Therefore, the Department of Cardiovascular Medicine asked the Department of Endocrinology for a suggestion, considering recalcitrant hypocalcemia may have affected the management of heart failure. Reviewing her medical history, the patient presented to the spine surgery two weeks ago with lumbago and pain in both lower extremities that she had been experiencing for 1 year. Physical examination revealed a percussion tenderness on the protuberance of the 2nd and 3rd lumbar vertebrae, no radiating pain to the lower limbs, straight leg raising test (-), leg strengthening test (-), no abnormal muscle tension, and good peripheral blood supply of the limbs. In the absence of a history of trauma, magnetic resonance imaging (MRI) of the lumbar vertebra showed a compression fracture of the 4th lumbar vertebra and mild deformation of the 2nd lumbar vertebra (Figure 1). The spine surgeon checked the serum calcium and phosphorus, both within the normal range. Then the surgeon recommended bed rest and anti-osteoporotic therapy with denosumab 60mg ih, without calcium and vitamin D supplementation.




Figure 1 | MRI of the lumbar vertebra. This image shows the MRI of the patient’s lumbar vertebra. The red arrow marks the 4th lumbar vertebra with a compression fracture.



Due to the patient’s abnormal renal function, we considered that denosumab might have induced hypocalcemia and, therefore, acute heart failure. Thus, we recommended that the patient supplement calcium carbonate 600mg bid, vitamin D 800U qd, and calcitriol 0.25ug bid combined with anti-acute heart failure therapy. Four days later, the patient’s serum calcium increased to 1.72 mmol/L (corrected to 1.90 mmol/L for hypoalbuminemia), urinary calcium of 2.95 mmol/d (2.5-7.5mmol/d), the symptoms of heart failure were relieved and the level of heart failure markers decreased, significantly. Then she left the hospital. After two weeks, the patient’s family said that the serum calcium and PTH had returned to normal levels (Figure 2), and the patient had no complaints of discomfort. Subsequently, we instructed the patient to start to reduce calcium carbonate to 600 mg qd, and visit the outpatient clinic two weeks later to adjust the calcium supplementation according to the serum calcium level.




Figure 2 | The level of serum calcium after denosumab administration. Black arrows mark the time of denosumab, calcium gluconate, calcium carbonate, vitamin D and calcitriol supplementation.





Discussion

This case report indicated that the risk of denosumab-induced acute heart failure related to hypocalcemia may be increased in patients with cardiorenal insufficiency. There have been no reports of acute heart failure following the treatment of osteoporosis with denosumab.

Denosumab is a human IgG2 monoclonal antibody that inhibits osteoclast activation by interacting with receptor activator of nuclear factor-kappaB (RANK) ligand (RANKL) to prevent its binding to the RANK receptor in osteoclasts (7). In clinical work, denosumab is often used to treat osteoporosis in postmenopausal women (8), and the usual dose is 60 mg subcutaneously, administered once every 6 months. Hypocalcemia is a common side effect of denosumab due to serum calcium may be reduced by decreasing bone resorption and increasing bone mass during denosumab. If the patient has hypocalcemia before the treatment, the hypocalcemia needs to be corrected, and the serum calcium level must be closely observed during the treatment. Calcium and vitamin D should be supplemented, especially within a few weeks of starting treatment.

Although the risk of hypocalcemia associated with denosumab has been described in the previous (9, 10), it especially appears to be higher in patients with CKD (11–13). In patients with renal failure, due to reduced intestinal calcium absorption, patients gradually exhibit a state of high bone turnover, which maintains serum calcium by transferring skeletal calcium into the circulation. In patients with CKD, treatment with denosumab for osteoporosis or high bone turnover results in a decrease in bone resorption followed by a sustained decrease in serum calcium in the absence of adequate calcium supplementation. In our case, the patient had chronic renal insufficiency. With a history of CKD, a possible abnormal bone resorption could not be excluded, masking the presence of hypocalcemia. The lack of adequate early calcium supplementation in this patient resulted in severe hypocalcemia during the treatment with denosumab for osteoporosis. Importantly, the patient experienced a significant decrease in serum calcium levels before and after treatment with denosumab, so we considered that the main reason for the hypocalcemia was the application of denosumab. The incidence of hypocalcemia in hospitalized patients is about 27.72%, mainly in people older than 65 years old (14). This data reminds us that we need to be especially vigilant about the occurrence of hypocalcemia and the supplementation of calcium before the application of denosumab, especially in elderly patients.

The RANKL/RANK/OPG pathway is involved in the pathogenesis of both osteoporosis and cardiovascular disease (15–17), suggesting that there may be a close relationship between osteoporosis and cardiovascular disease. Thus, it is significant to explore the effect of denosumab on cardiovascular outcomes in patients with osteoporosis. However, the relationship between the two is currently unclear. Although systematic reviews have identified cardiovascular adverse events in post-menopausal women with osteoporosis or low BMD treated with denosumab were more frequently compared with bisphosphonates, there is no significant difference in placebo group (17, 18).

In this case, we found that denosumab may induce acute heart failure through hypocalcemia. As described above, the patient has chronic renal insufficiency. Although denosumab is not metabolized through the kidneys, the incidence of hypocalcemia is significantly higher in CKD (3, 4). According to Catalano A, et al., hypocalcemia accompanied by renal insufficiency can induce cardiac insufficiency or heart failure (5, 19, 20). Heart failure due to hypocalcemia is often associated with idiopathic or postoperative hypoparathyroidism and vitamin D deficiency (21). In our case, hypocalcemia was accompanied by elevated PTH, suggesting that hyperparathyroidism was secondary and that the development of acute heart failure was not associated with hypoparathyroidism. Thus, hypocalcemia was mainly caused by the side effects of denosumab in the treatment of osteoporosis. In cardiomyocytes, calcium functions as a direct central mediator of electrical activation and ion channel gating, playing a key role in the mediation of excitation-contraction coupling. Due to the history of cardiac insufficiency, the symptoms of acute heart failure in the patient were relieved by the correction of serum calcium levels, without cardiac function fully recovered.



Conclusion

Reducing the risk of denosumab-induced hypocalcemia and consequent more serious complications is significant. Our observations emphasize the need for careful assessment of cardiac function in CKD patients before denosumab exposure, reinforcement calcium supplementation and close monitoring of serum calcium levels subsequently.
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Iron accumulation is an independent risk factor for postmenopausal osteoporosis, but mechanistic studies of this phenomenon are still focusing on molecular and genetic researches in model animal. Osteoporosis with iron accumulation is a distinct endocrine disease with complicated pathogenesis regulated by several proteins. However, the comprehensive proteome-wide analysis of human bone is lacking. Using multiplex quantitative tandem mass tag-based proteomics, we detected 2900 and quantified 1150 proteins from bone of 10 postmenopausal patients undergoing hip replacement. Comparing with non-osteoporosis patients, a total of 75 differentially expressed proteins were identified, comprising 53 downregulated proteins and 22 upregulated proteins. These proteins primarily affect oxidoreductase activity, GTPase activity, GTP binding, and neural nucleus development, were mainly enriched in neural, angiogenesis and energy-related pathways, and formed complex regulatory networks with strong interconnections. We ultimately identified 4 core proteins (GSTP1, LAMP2, COPB1, RAB5B) that were significantly differentially expressed in the bone of osteoporosis patients with iron accumulation, and validated the changed protein level in the serum of the medical examination population. Our systemic analysis uncovers molecular insights for revealing underlying mechanism and clinical therapeutics in osteoporosis with iron accumulation.
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Introduction

Osteoporosis is a systemic metabolic bone disorder characterized by low bone mass, deterioration of bone microstructure, and increased bone fracture risk among elderly (1, 2). Osteoporosis is the most common age-related bone disease worldwide, especially in postmenopausal women (3–5). With the rapid growth of an ageing population, the number of patients with osteoporosis is sharply increasing, and osteoporosis results in a substantial burden on both public health and economy (6). Ageing and oestrogen decline are two risk factors of the most common types of postmenopausal osteoporosis. However, recent studies have found a strong correlation between the incidence of postmenopausal osteoporosis and iron accumulation (7).

Iron, an abundant metallic element, plays an essential role in many human physiological processes, but excessive iron is harmful to multiple organs, including bones (8, 9). Thalassemia and sickle cell anaemia patients suffer from bone loss mainly due to iron accumulation, and the level of ferritin increases with age in osteoporosis of postmenopausal women (10, 11). Thus, iron accumulation is an independent risk factor for osteoporosis and can significantly accelerate the loss of bone mass in osteoporosis, especially in postmenopausal women (12, 13). In animal models, including mice, rats and zebrafish, iron accumulation triggers osteoporosis bone phenotype, but the underlying mechanism remains elusive (14, 15). Therefore, clarifying the mechanisms involved in osteoporosis with iron accumulation is urgently needed to shine a light on the effective clinical prevention and treatment of osteoporosis with iron accumulation in the future.

The Human Genome Project has been completed, life science research has gradually entered the post-genomic era charactered with functional genomics and proteomics (16, 17). Much research has been devoted to the transcriptional kinetics in osteoporosis based on transcriptome analysis, though several proteins modulate the occurrence and development of osteoporosis. Thus, increasing attention is now turning towards protein changes in osteoporosis. Currently, proteomic analyses to identify protein signature of osteoporosis have been performed on human serum and bone-related cell lines (18–22), but the proteomic analysis of osteoporosis with iron accumulation has not been conducted in human bone.

Changes in bone is the most direct manifestation of bone metabolism, it is very meaningful to directly understand the turnover in core proteins in the bone of osteoporosis patients with iron accumulation. We applied the TMT-based proteomics technique to integrally analyse differentially expressed proteins in bone tissue between the non-osteoporosis and osteoporosis with iron accumulation groups. Four core proteins of osteoporosis with iron accumulation are found. This study provides new ideas for further research on the mechanism of osteoporosis with iron accumulation and the discovery of therapeutic targets.



Materials and methods


Sample preparation

This research complies with the ethical regulations for work with human bone tissue samples. All participants were recruited from the Department of Orthopaedics, the Second Affiliated Hospital of Soochow University, China. We recruited patients who were diagnosed with one-sided femoral neck fracture, and needed to be treated with hip replacement surgery. Dual-energy X-ray absorptiometry (Hologic Delphi A; Hologic, Bedford, MA, USA) was applied to perform bone mineral density (BMD) examination on each patient 2–3 days before undergoing hip replacement surgery. Exclusion criteria included infection, tumour, developmental dysplasia of the hip, femoral head necrosis, osteomalacia, coagulopathy, renal insufficiency, hip surgery history, antiosteoporosis treatment history, and diseases that affect bone metabolism, such as thyroid disease, parathyroid disease, adrenal disease, and diabetes. A total of 18 patients were initially included in the study, 5 patients were excluded because they had received antiosteoporosis treatment, and 3 patients refused to sign informed consent, and finally 10 patients were included in the study. We distributed the patients into two groups according to their hip T-scores and serum ferritin: the non-osteoporosis (A) group was assigned T ≥ -1.2 and Fer ≤ 200nmol/mL, osteoporosis with iron accumulation (B) group was assigned T ≤ -3.2 and Fer ≥ 200nmol/mL.

An appropriate amount of femoral head tissue was obtained from a point 0.5 cm below the cartilage where the round ligament attaches to the femoral head, and all tissue samples were stored at -80°C. Frozen specimens were kept on dry ice and cut to ~50 mg of tissue from each sample to be used for proteomic analyses. Samples were first ground in liquid nitrogen, and then, the powder was transferred to a 5 mL centrifuge tube and sonicated three times on ice using a high-intensity ultrasonic processor (Scientz) in lysis buffer (including 1% Triton X-100, 10 mM dithiothreitol, 1% protease inhibitor cocktail, 50 μM PR-619, 3 μM TSA, 50 mM NAM and 2 mM EDTA). An equal volume of Tris-saturated phenol (pH 8.0) was added; then, the mixture was further vortexed for 5 min. After centrifugation (4°C, 10 min, 5 000 g), the upper phenol phase was transferred to a new centrifuge tube. Proteins were precipitated by addition of at least four volumes of ammonium sulfate-saturated methanol and incubated at -20°C for at least 6 h. After centrifugation at 4°C for 10 min, the supernatant was discarded. The remaining precipitate was washed with ice-cold methanol once, followed by three washes with ice-cold acetone. The protein was redissolved in 8 M urea, and the protein concentration was determined using a BCA kit according to the manufacturer’s instructions.

The work with tissue samples was approved under JD-LK-2020-027-01 by The Second Affiliated Hospital of Soochow University, and the work with serum samples was approved under SUDA20200424A04 by Soochow University.



Trypsin digestion

For digestion, the protein solution was reduced with 5 mM dithiothreitol for 30 min at 56°C and alkylated with 11 mM iodoacetamide for 15 min at room temperature in the dark. The protein sample was then diluted by addition of 100 mM TEAB to urea concentrations less than 2 M. Finally, trypsin was added at a 1:50 trypsin-to-protein mass ratio for the first digestion overnight and a 1:100 trypsin-to-protein mass ratio for a second 4 h digestion.



TMT labelling

After trypsin digestion, the peptides were desalted using a Strata X C18 SPE column (Phenomenex) and vacuum dried. Peptides were reconstituted in 0.5 M TEAB and processed using a TMT kit according to the manufacturer’s protocol. Briefly, one unit of TMT reagent was thawed and reconstituted in acetonitrile. The peptide mixtures were then incubated for 2 h at room temperature and pooled, desalted and dried by vacuum centrifugation.



HPLC fractionation

The tryptic peptides were fractionated via high pH reverse-phase HPLC using an Agilent 300Extend C18 column (5 μm particles, 4.6 mm ID, 250 mm length). Briefly, peptides were first separated with a gradient of 8% to 32% acetonitrile (pH 9.0) over 60 min into 60 fractions. Then, the peptides were combined into 18 fractions and dried by vacuum centrifugation.



LC–MS/MS analysis

The tryptic peptides were dissolved in 0.1% formic acid (solvent A) and directly loaded onto a homemade reversed-phase analytical column (15 cm length, 75 μm i.d.). The gradient comprised an increase from 6% to 23% solvent B (0.1% formic acid in 98% acetonitrile) over 26 min, 23% to 35% over 8 min and a climb to 80% over 3 min, holding at 80% for the last 3 min, all at a constant flow rate of 400 nL/min on an EASY-nLC 1000 UPLC system. The peptides were subjected to a nanospray ionization (NSI) source followed by tandem mass spectrometry (MS/MS) in a Q ExactiveTM Plus mass spectrometer (Thermo) coupled online to an ultra-performance liquid chromatography (UPLC) instrument. The electrospray voltage applied was 2.0 kV. The m/z scan range was 350 to 1800 for a full scan, and intact peptides were detected in the Orbitrap at a resolution of 70,000. Peptides were then selected for MS/MS using a normalized collision energy (NCE) setting of 28, and the fragments were detected in the Orbitrap at a resolution of 17,500. A data-dependent procedure that alternated between one MS scan followed by 20 MS/MS scans with 15.0 s dynamic exclusion was conducted. Automatic gain control (AGC) was set at 5E4. The fixed first mass was set at 100 m/z.



Database search

The resulting MS/MS data were processed using the MaxQuant search engine (v.1.5.2.8). Tandem mass spectra were searched against the database concatenated with the reverse decoy database. Trypsin/P was specified as a cleavage enzyme, allowing up to 2 missing cleavages. The mass tolerance for precursor ions was set as 20 ppm in the first search and 5 ppm in the main search, and the mass tolerance for fragment ions was set as 0.02 Da. Carbamidomethyl on Cys was specified as a fixed modification, and oxidation of Met was specified as a variable modification. The false discovery rate (FDR) was adjusted to < 1%, and the minimum score for peptides was set at > 40.



Principal component analysis (PCA)

Principal component analysis of 10 bone tissue samples and proteome were performed using SIMCA software (version 14.0; Umetrics, Umea, Sweden).



Enrichment of gene ontology analysis

Proteins were classified by GO annotation into three categories: biological process, cellular compartment and molecular function. For each category, a two-tailed Fisher’s exact test was employed to test the enrichment of the differentially expressed protein against all identified proteins. GO terms with a corrected p value < 0.05 were considered significant.



Enrichment of pathway analysis

The Encyclopedia of Genes and Genomes (KEGG) Pathway, WikiPathways, Hallmark Gene Sets and Reactome Gene Sets database were used to identify enriched pathways using a two-tailed Fisher’s exact test to test the enrichment of the differentially expressed proteins against all identified proteins. Pathways with a corrected p value < 0.05 were considered significant.



Membership analysis

The membership analysis of differently expressed proteins on bone and iron metabolism were conducted on the bioinformation website Metascape (23).



Protein–protein interaction network

All differentially expressed protein database accessions or sequences were searched against the STRING database version 10.5 for protein–protein interactions. Only interactions between the proteins belonging to the searched data set were selected, thereby excluding external candidates. STRING defines a metric called the “confidence score” to define interaction confidence; we fetched all interactions that had a confidence score >0.7 (high confidence). The interaction network from STRING was visualized Cytoscape, and ClueGO was used to visualize the nonredundant biological terms for large clusters of genes in a functionally grouped network.



ELISA assays

The levels of GSTP1, LAMP2, COPB1 and RAB5B in serum were detected using the following ELISA kits: GSTP1 ELISA Kit (RayBio, # ELH-GSTP1, US); LAMP2 ELISA Kit (Abcam, #ab277449, UK); COPB1 ELISA Kit (Abbexa, #ABX507968, US); RAB5B ELISA Kit (SAB, #EK7817, US).



Statistical analysis

The quantitative data are expressed as the mean ± standard deviation (SD). Correlation analysis is using Pearson’s correlation analysis, Student’s t test and one-way ANOVA followed by Bonferroni post hoc tests were used for the comparison analysis using SPSS 21.0 software. P<0.05 or 0.01 was considered statistically significant.




Results


Weak correlation between classical markers of bone metabolism and bone density in iron accumulation with osteoporosis

To character the protein signature of osteoporosis with iron accumulation, we collected serum and bone tissue from10 postmenopausal women who underwent hip replacement surgery due to hip fracture, 5 were non-osteoporotic with normal serum ferritin (Group NOP), and 5 were osteoporotic patients with iron accumulation (Group OIA). The mean age at baseline was 80.2 ± 7.7 years, the mean BMI was 21.53 ± 4.27 kg/cm2, and the mean T scores of the hips, serum ferritin, PINP and β-CTX are shown in Table 1.


Table 1 | Baseline characteristics of the patients in our cohort.



Serum ferritin is known as a marker of iron accumulation. Thus, a Pearson correlation analysis was used to test the correlation between serum ferritin and bone mass. We found a strong correlation between serum ferritin and bone mass indices, including hip T score, total hip BMD, lumbar T score, lumbar BMD, femoral neck BMD, and greater trochanter BMD (Figures 1A, B and Supplementary Figures 1A-D). This result indicates that iron accumulation is closely related to postmenopausal osteoporosis. Moreover, age, height, weight, and BMI did not show a correlation with serum ferritin, and serum PINP and β-CTX were also not associated with serum ferritin (Supplemental Figures 2A-F). Unexpectedly, the levels of serum PINP and β-CTX, known bone metabolic biomarkers, did not show a correlation with the hip T score and did not differ significantly between the groups (Figures 1C–F). These results suggest that traditional clinical serum markers may not intuitively reflect the bone density in osteoporosis with iron accumulation, and its core proteins which tightly correlated with iron urgently need to be discovered.




Figure 1 | Correlation analysis of clinical index, proteomic analysis workflow. (A) Pearson correlation analysis of hip T score and serum ferritin. (B) Pearson correlation analysis of total hip bone mineral density and serum ferritin. (C) Pearson correlation analysis of serum PINP and hip T score. (D) Pearson correlation analysis of serum β-CTX and hip T score. (E) Serum PINP level of patients from Group NOP and OIA. (F) Serum β-CTX level of patients from Group NOP and OIA. (G) Workflow for quantitative mass spectrometry profiling.





Identification of differentially expressed proteins in the bone of osteoporosis patients with iron accumulation

To identify the changed proteins of osteoporosis patients with iron accumulation, we collected bone from the femoral heads of postmenopausal women who underwent hip replacement surgery, and proteome of these samples were analysed via high-resolution mass spectrometry (Figure 1G and Supplemental Figure 3). The peptide lengths and mass error distribution were used to access each identified peptide. The distribution of the mass error was less than 5 ppm and the lengths of peptides varied from 7 to 20 amino acids, suggesting that the sample preparation met the standard (Supplement Figures 4A, B). In total, our proteomic profile assessment of the 10 bone tissue samples led to the discovery of 2900 proteins, of which 1150 were specifically quantified.

Replicate proteome measurements showed high consistency and independently recapitulate the difference between NOP and OIA (Figure 2A). High intra-group consistency within each group was observed, especially in OIA, and the synchronous protein expression is disappeared on inter-group correlation analysis (Figure 2B). A volcano plot was used to display the proteomic reprogramming (Figure 2C). Of a total of 1,150 quantified proteins, 22 proteins were upregulated (Figure 2C, red circle), whereas 53 proteins were depleted in OIA (Figure 2C, blue circle). Substantial but not the strongest changes in 5 known molecules that related to eBMD were observed in the volcano plot, demonstrating reliability of these data and other potential core proteins, and the 5 most upregulated and 5 most profoundly downregulated proteins are shown. Of the 75 differentially expressed proteins, 66 (88%) proteins were expressed in murine osteoblasts, and 54 (72%) were expressed in murine osteoclasts (Supplement Table 1). The heatmap of the differentially expressed proteins (DEPs) is shown in Figure 2D, which indicated that the expression of these proteins changed obviously in the bone tissue of osteoporosis patients with iron accumulation. A subcellular localization analysis based on Protein Atlas showed that both no- differentially expressed proteins (NDEPs) and DEPs mainly locate in cytosol and nucleoplasm, but DEPs is more positioned in microtubules, less positioned in plasma membrane and endoplasmic reticulum (Figures 2E, F). Protein types of NDEPs and DEPs are similar (Supplement Figure 5). These results suggest that this human bone proteomic data is stable and the core proteins can be screened from 75 DEPs.




Figure 2 | Quantitative proteomics analysis of human bone from osteoporosis patients with iron accumulation. (A) Principal component analysis (PCA) plot showing unsupervised clustering among the 10 samples, demonstrating clear distinction between two Groups. (B) Pearson correlation analysis of proteomic data from 10 samples. (C) Volcano plots comparing bone proteome of Group NOP and OIA. (D) Heatmap and cluster of the differentially expressed proteins. (E, F) Subcellular localization chart of NDEPs (E) and DEPs (F). The amount of protein in each section is expressed as a percentage.





GO terms and pathway enrichment analysis for DEPs

To further elaborate the function of differentially expressed proteins, we performed GO enrichment and pathway enrichment analysis (Figure 3A). These proteins were also enriched in a wide range of biological processes, such as positive regulation of ATP-dependent activity, neural nucleus development and osteoblast differentiation. The top enriched CC terms were ficolin-1-rich granule, extracellular matrix, and focal adhesion. The DEPs were significantly enriched in MF terms related to redox and energy metabolism.




Figure 3 | GO terms and pathway enrichment analyses of DEPs between OIA and NOP samples. (A) GO and pathway analysis of the 75 DEPS. (B) Changes in 6 top enriched proteins of GO terms in the osteoporosis with iron accumulation. (C) Membership analysis of DEPs associated with bone metabolism. (D) Membership analysis of DEPs associated with iron metabolism. **P<0.01.



We performed enrichment pathway analysis with 4 databases, KEGG Pathway, WikiPathways, Hallmark Gene Sets and Reactome Gene Sets. These pathways were neurodegeneration-multiple diseases, followed by Parkinson’s disease, Alzheimer’s disease. Other than that, carbon metabolism, oxidative phosphorylation, VEGFA-VEGFR2 signalling pathway, mTORC1 signalling, SLITs and ROBOs and nervous system development were highly enriched (Figure 3A).

Six proteins, COPB1, GSTP1, RPL18, RPL11, RPS7 and RAB5B, were hit in results of all three enriched GO terms pertaining BP, CC and MF. The significant changes of these proteins in osteoporosis with iron accumulation were validated in primary proteomic data (Figure 3B). To test the association between differentially expressed proteins and bone metabolism and iron metabolism, we conducted a membership analysis for these proteins in bone-related terms/pathways (GO:0001649, GO:0001503, hsa04935, hsa04915) and iron-related terms/pathways (GO:0035732, GO:0051539, hsa04971). As expected, the percentage of bone-related proteins among the DEPs was significantly high, and 5.33% of the DEPs were related to iron metabolism, which was higher than the proportion of iron-related proteins in all protein databases (Figures 3C, D).

Together, above analyses indicated that DEPs were mainly correlated with energy metabolism, nervous system disease, mTORC1, SLIT and ROBO pathways. Comparing with total proteins, DEPs were more significant in bone and iron related terms.



PPI network and pathway cluster analysis of DEPs

To understand the potential interactions between differentially expressed proteins, a PPI network was constructed. Based on STRING predictions, we found that these differentially expressed proteins had multiple interactions and two clusters in the network were discovered, and these clusters were mainly associated with proteasome and nervous disease. Construction of two PPI networks revealed 49 nodes and 65 edges. 14 DEPs, such as ADK, PSMD3, LAMP2 and GSTP1 have higher degrees than the other nodes in the PPI network suggesting these are hub proteins in DEPs (Figure 4A).




Figure 4 | Protein–protein network and network of terms/pathways. (A) Protein–protein interaction networks of up- and downregulated signatures, and DEPs with connected nodes >3 were listed. (B) Network of terms/pathways identified using ClueGO highlighting the terms/pathways of differentially expressed proteins.



ClueGO can visualize the nonredundant biological terms for large clusters of genes in a functionally grouped network. Here, we generated a network of terms/pathways to gain a better understanding of these differentially expressed proteins. The differentially expressed proteins were mainly involved in nervous system development, Parkinson’s disease, regulation of the expression of SLITs and ROBOs, and metabolism of amino acids and derivatives (Figure 4B). These results were consistent with the GO and pathway enrichment analyses.



Core proteins of osteoporosis with iron accumulation

The enrichment and PPI network analysis indicate several important proteins in osteoporosis with iron accumulation. Then, we attempt to further screen out core proteins. By analysing the primary proteomic data of DEPs, we found that most of the DEPs were related to bone mass but only 4 DEPs were related to both bone mass and serum ferritin (Figures 5A–D, Table 2 and Supplement Tables 2, 3). Therefore, we speculate that these 4 DEPs (GSTP1, LAMP2, COPB1, RAB5B) may be novel candidate core proteins of osteoporosis with iron accumulation. Furthermore 25 samples of serum from postmenopausal women undergoing physical examination were collected for validation by ELSIA, including 10 normal and 15 osteoporosis with iron accumulation serum samples, as expected, these protein changes in bone tissue were also confirmed in serum samples (Figures 5E–H). Moreover, these core proteins were either hits in highly enriched GO terms or hubs in PPI network (Figures 3B and 4A). Together, these 4 core proteins (GSTP1, LAMP2, COPB1, and RAB5B) may account for osteoporosis with iron accumulation, and potentially be a serum marker for it.




Figure 5 | Core proteins were screened from the DEPs and validated in serum. (A-D) Correlation analysis of hip T score, serum ferritin and protein levels of core proteins, GSTP1 (A), LAMP2 (B), COPB1 (C), and RAB5B (D). (Pearson correlation analysis). (E-H) Serum protein levels of physical exam volunteers were tested by ELSIA kits. *P<0.05, **P<0.01.




Table 2 | Proteins differentially abundant in osteoporosis and iron accumulation.






Discussion

Our knowledge of the protein changes in osteoporosis with iron accumulation is lacking, and the assessment of holistic protein expression under pathological conditions is mainly limited to serum or blood cells. Using a TMT-based high-throughput proteomics strategy to directly screen differentially abundant proteins in the bone tissue of osteoporosis patients with iron accumulation, we detected 2900 proteins in the bone of the patient cohort, and 1150 proteins could be quantitatively analysed in each single sample. Using the 1.2-fold change and P value <0.05 cutoff, we found that 22 proteins in the bone of the patients with osteoporosis with iron accumulation were increased compared with those of the NOP group, and 53 were decreased. Multiple bioinformatics tools were used to analyse these proteins. We further confirmed the relationship of these proteins to iron metabolism and bone metabolism. Several differentially expressed proteins showed a significant correlation with both serum ferritin and bone mass.

Changes in the proteins in this study suggest that these differentially expressed proteins may play essential roles in the pathogenesis of osteoporosis with iron accumulation. The results of GO enrichment analysis showed that differentially expressed proteins were related to redox, energy metabolism and neural processes. Energy metabolism plays a role in bone metabolism. Research has shown that glycolysis is the major metabolic pathway to meet the demand for ATP during osteoblast differentiation, and osteoblast dysfunction in clinical diseases, including diabetes, anorexia nervosa, and ageing, results from impaired substrate availability, ultimately leading to skeletal fragility and osteoporotic fractures (24). Bone resorption is a process that consumes large amounts of adenosine triphosphate (ATP) produced by glycolysis and oxidative phosphorylation, osteoclasts are the main performers of this biological process, and glucose, fatty acids and amino acids can also be used as substrates to produce energy through oxidative phosphorylation according to recent research (25). Iron is essential for cell energy metabolism, and iron can positively affect the activity of mitochondrial aconitase and increase mitochondrial oxygen consumption and ATP formation via oxidative phosphorylation (26). Therefore, it makes sense that the differentially expressed proteins are related to energy metabolism. The brain is the largest energy-consuming organ in humans, and abnormal iron metabolism impairs energy metabolism in a brain region-specific manner, particularly in hippocampal neurons (27). Similar to the results of GO enrichment analysis, pathway enrichment analysis for differentially expressed proteins also suggests a relationship with neurological diseases, and there is mounting evidence that neurological conditions are associated with a significantly increased risk of osteoporosis and fractures. Parkinson’s disease was identified in the Global Longitudinal Study of Osteoporosis in Women study as significantly associated with osteoporosis (28). These studies show a strong link between iron, osteoporosis and the nervous system, but the mechanism still needs to be further explored.

Pathway enrichment results based on 4 databases in addition to the above related Alzheimer’s disease and oxidative phosphorylation also included the VEGFA-VEGFR2 signalling pathway, mTORC1 signalling and regulation of the expression of SLITs and ROBOs. VEGFA is an important proangiogenic factor, and the generation of blood vessels is essential to maintain bone homeostasis (29). Abundant bone vessels can accelerate bone regeneration and healing of bone fractures (30). Therefore, the angiogenesis pathway may play an important role in osteoporosis with iron accumulation. Interestingly, consistent with our previous findings that iron accumulation impairs the osteogenesis and angiogenesis of osteoporosis via the osteoblastic mTORC1 pathway (31), these differentially expressed proteins of bone from osteoporosis patients with iron accumulation were also enriched in the mTORC1 pathway. SLITs and ROBOs mainly regulate nerve growth guidance and multisystem angiogenesis (32). Xu et al. found that Slit3 knockout mice had reduced bone mass, mainly due to a decreased number of H-type blood vessels in the bone (33). Based on the network analysis, a majority of proteins were involved in proteasome and nervous disease, and proteins related to the proteasome were closely associated with post-transcriptional, translational, and post-translational regulation (34). These pathways may differ from the canonical bone metabolic pathway, and these functional pathways in osteoporosis with iron accumulation need to be further investigated.

Membership analysis of differentially expressed proteins demonstrated a strong correlation with bone metabolism and iron metabolism. Analysing the expression level of differentially expressed proteins with serum ferritin and bone mass by Pearson correlation analysis, we found that most of the differentially expressed proteins were related to either bone mass or serum ferritin. Proteins related to both ferritin and bone mass are the most critical proteins in osteoporosis with iron accumulation. Finally, we screened four candidate proteins of osteoporosis with iron accumulation, GSTP1, LAMP2, COPB1, and RAB5B (Figure 6A). Glutathione-S transferases (GSTs) are a family of enzymes involved in catalysing the detoxification of endogenous and exogenous substances by their conjugation with glutathione (GSH). GSTP1 belongs to the pi class of these enzymes, and iron can induce intracellular GSH/GST antioxidant system changes. Mlakar et al. found that glutathione S-transferases play a role in the bone remodelling process in an analysis of the GSTP1 genotypes and haplotype interactions in Slovenian post/premenopausal women (35). The protein encoded by LAMP2 is a member of a family of membrane glycoproteins. This glycoprotein provides selectins with carbohydrate ligands, and mutations of LAMP2 cause the classic triad of myopathy, cardiomyopathy and encephalopathy of Danon disease (DD) (36). LAMP2 deficiency reduces the cytosolic cysteine concentration, resulting in low glutathione (GSH), poor antioxidant capacity and mitochondrial lipid peroxidation, ultimately leading to ferroptosis (37). The relationship between LAMP2 and osteoporosis has not been examined. COPI coat complex subunit beta 1 (COPB1) is a protein subunit of the coatomer complex associated with nonclathrin-coated vesicles. The coatomer complex, also known as coat protein complex 1, forms in the cytoplasm and is recruited to the Golgi by activated guanosine triphosphatases (38). Depletion of COPI in cancer cells resulted in decreased cell survival and impaired autophagy and ER stress (39). A genetic study showed that COPB1 subunits are essential for brain development and human health (40). RAB5B is a member of the RAB subfamily of small GTPases and plays a role in cell migration and proliferation. LRRK2 kinase activity functions as a Rab5b GTPase activating protein and has been identified as a causative gene for Parkinson’s disease (41). However, no research on COPB1 or RAB5B has been focused on bone metabolism-related diseases. Based on this discussion, we speculate that these critical proteins are involved in the occurrence of osteoporosis with iron accumulation by affecting the interaction of ferroptosis, energy metabolism, brain development and bone metabolism. (Figure 6B) These proteins may provide new ideas for in-depth mechanistic studies, helping to discover novel therapeutic targets for osteoporosis with iron accumulation.




Figure 6 | Graphed summary of four core proteins. (A) The changes of four core proteins between NOA and OIA. (B) The possible effects of four core proteins on the related pathogenesis.



There are still some limitations in this study. Due to difficulty of obtaining clinical bone tissue samples, especially in people with iron accumulation, our sample size is limited. Osteoporosis with iron only occurs in a subset of the population, these core proteins may not account for other types of osteoporosis. In addition, we validated the core proteins level in serum of postmenopausal women undergoing physical examination, but not the bone tissue directly, and the specific functions and mechanisms of these proteins in bone metabolism need further research. Bone mineral density and bone strength are important indicators for evaluating bone quality, and bone mineral density is the most used clinical bone health index, because bone mineral density can be detected by low-radiation non-invasive DXA (Dual-emission X-ray Absorptiometry). Bone strength is determined by its material composition and structure. However, the most effective detection method of bone strength is bone biomechanics, which requires isolated bone samples for detection, so there is no standard detection method and bone strength parameters in clinical practice. In this proteomics study, we mainly used the index of bone mineral density, and further analysis of bone strength index may make our results more objective and comprehensive.

Iron accumulation is an independent risk factor for postmenopausal osteoporosis. Current postmenopausal osteoporosis proteomics research mainly focuses on serum proteomics research. Serum proteomics is often more advantageous in the discovery of biomarkers. However, changes in bone tissue make the most direct manifestation of osteoporosis. Therefore, bone tissue proteomics may be able to find more critical molecules than serum proteomics, but it is very difficult to obtain human bone tissue compared to serum. In addition, we also tested the screened core proteins serum level of 30 patients by ELISA. On the one hand, it is for preliminary verification, and on the other hand, it is to explore their application potential in serological detection.

To our knowledge, this is the first study to use a proteomics approach for human bone to explore the proteins of osteoporosis with iron accumulation, and we emphasize that the current study is a preliminary exploration of the proteins in bone tissue of osteoporosis patients with iron accumulation. By bioinformatic analysis and experimental validation, we identified 4 core proteins in osteoporosis with iron accumulation. We will focus on some potential target proteins in the future for in-depth research on the underlying mechanisms of osteoporosis with iron accumulation. Applications of proteomics in a larger population may be an effective means of discovering new biomarkers and useful in revealing the biological underpinnings of osteoporosis with iron accumulation.
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Osteoporotic fractures, also known as fragility fractures, are prevalent in the elderly and bring tremendous social burdens. Poor bone quality, weak repair capacity, instability, and high failure rate of internal fixation are main characteristics of osteoporotic fractures. Osteoporotic bone defects are common and need to be repaired by appropriate materials. Proximal humerus, distal radius, tibia plateau, calcaneus, and spine are common osteoporotic fractures with bone defect. Here, the consensus from the Osteoporosis Group of Chinese Orthopaedic Association concentrates on the epidemiology, characters, and management strategies of common osteoporotic fractures with bone defect to standardize clinical practice in bone repair of osteoporotic fractures.




Keywords: osteoporosis, fracture, bone repair, expert consensus, biomaterials



Introduction

Osteoporosis is a systemic bone disease characterized by reduced bone mass, bone microstructure damage, leading to increased bone fragility and susceptibility to fracture (1). The latest epidemiological data showed that the prevalence of osteoporosis in individuals of 40–49 years in China was 2.4% in men and 4.3% in women, the prevalence of osteoporosis in people aged 50–59 years was 4.6% in men and 16.4% in women, the prevalence of osteoporosis in populations 60–69 years reached 5.4% in men and 37.1% in women, and the prevalence of osteoporosis in populations 70–79 years reached 12.3% in men and 67.5% in women (2). The highest prevalence of osteoporosis reached to 79.8% in women older than 85 years old (3).

Osteoporotic fractures, also known as fragility fractures, refer to fractures that occur after minor trauma or in daily activities and are commonly found in the vertebrae, hip, distal forearm, proximal humerus, and distal tibia in elderly (4, 5). Aging of the world populations increased the incidence of osteoporotic fractures in recent years. The prevalence of vertebral fractures in China is about 15% in women over 50 years old and 36.6% in women over 80 years old. The incidence of hip fractures in elder over 50 years old was 83/100,000 for men and 80/100,000 for women in 1990–1992 and 129/100,000 for men and 229/100,000 for women in 2002–2006 (6). It is estimated that the number of osteoporotic fractures in China will be 4.83 million in 2035 and will reach 5.99 million in 2050 (7).

The basic changes in bone structure of osteoporosis are loss of bone mass and reduction of bone density. Specifically, osteoporosis patients are manifested by thinning of the cortex bone, sparseness of cancellous bone, and increased bone fragility. It is difficult to obtain stable compression and fixation of fracture with conventional internal fixation. The implant cannot firmly integrate with bone, which may lead to internal fixation failure (8). Poor osteointegration combined with molecular and cellular defects of osteoporosis increases the risk of internal fixation failure and bone healing (9). Osteoporotic fractures are often accompanied by bone defects due to changes in bone microarchitecture, decreasing deposits of bone mineral and bone matrix components, sparseness of bone trabecular, decreased bone strength, and increased bone fragility (10, 11). To achieve good clinical outcomes, bone implants or bone substitutes are required for osteoporotic bone defect repair and internal fixation augmentation. Appropriate bone grafting provides sufficient biomechanical support for fracture healing and bone repair. In addition, the application of memory alloy-fixation system can improve clinical outcomes in fractures with large bone defect, articular surface collapse, and bone non-union (12–14).

In order to provide a suggestion for clinical treatment of osteoporotic fracture, this consensus is developed by the Osteoporosis Group of the Chinese Orthopaedic Association, in collaboration with the Orthopaedic Specialist Committee of the Chinese Society of Gerontology and Geriatrics, the Traumatic Orthopaedics and Multiple Injuries Group of the Emergency Resuscitation Committee of the Chinese Medical Association, and the Osteoporosis Committee of the Shanghai Society of Integrated Traditional Chinese and Western Medicine.



Bone repair materials in osteoporotic fractures

High porosity and low strength of cancellous bone lead to failure of internal fixation in osteoporosis patients (10). Bone grafting can fill the bone defect to improve biomechanical properties. Current bone repair materials should have at least one of these two roles: (1) bone conductive role, which provides mechanical stability and enhances osteointegration of the implant or (2) bone inducible role, which enhances bone repair by inducing bone remodeling. Clinical bone repair materials are autologous bone, allogeneic bone, and artificial bone.


Autologous bone

Autologous bone graft is the “gold standard” for the treatment of bone defects. Cortical bone can be selected for structural grafting to increase fracture stability. Cancellous bone can be used to fill the bone defect to facilitate fracture healing. Autologous cortical bone grafts have excellent structural integrity and can provide mechanical support in the early stages of fracture healing (15). For osteoporotic proximal humeral fractures, autogenous fibular segment graft combined with locking plate fixation can enhance the support of the internal fixation, against varus stress, reduce the risk of internal fixation failure and humeral head necrosis (16–18). The large surface area of autogenous cancellous bone grafts facilitates vessel reconstruction and bone conduction. Meanwhile, autologous cancellous bone is rich in mesenchymal stem cells (MSCs) and bone inductive factors that promote osteogenesis (19). However, autologous bone still has several disadvantages. Sources of autologous bone are limited. Fibula and iliac bone are common sources of autogenous bone grafting. Trauma, infection, or former bone graft history of donor site may restrict autologous bone application. Obtaining autologous bone is an invasive procedure with risks associated with surgery such as bleeding and infection. These potential complications may cause secondary damage to patients.



Allogeneic bone

Allogeneic bone is a suitable substitute for autologous bone. Allogeneic bone can be obtained from living or non-living donors and preserved in bone tissue bank. Allogeneic cancellous bone grafts are mainly used in spinal fusion enhancement and filling bone defects in patients with osteoporosis. Cortical allografts are primarily used for vertebroplasty to fill bone defects that require immediate loading. Demineralized bone matrix is also a kind of bone graft material for spinal fusion, bone non-union, and bone defects. The integral property of allogeneic bone is similar to autologous bone, triggers endochondral ossification, and, eventually, forms new bone at the implantation site (20). The disadvantages of allogenic are immune rejection and lack of bioactivity. There is a risk of immune rejection of allogeneic bone grafts, which may lead to local redness, swelling even bone resorption. The lack of bioactivity of allogeneic leads a longer duration of bone healing. Those disadvantages are not unacceptable compared with the wide source of homogeneous allogeneic bone and the unrestricted dosage.



Artificial bone material

Calcium sulfate grafts are absorbable synthetic bone substitutes, which could be resorbed within 1–3 months faster than bone grafts (21–23). Calcium phosphate (CaP) ceramics are a family of calcium salt compounds composed of varying proportions of calcium ions and organic phosphates. CaP ceramics have applied as an absorbable ceramic with good bone conductivity (24–27).

Bone cement has been used in the treatment of compressive osteoporotic vertebral fractures. However, the risk of complications caused by bone cement still exists. Indications of bone cement application should be controlled. In addition, the procedure of bone cement should be noticed to prevent leakage. Polymethylmethacrylate (PMMA) bone cement is widely used in clinical practice. PMMA bone cement can stabilize the injured vertebral body rapidly and relieve patients’ symptoms. However, PMMA has no bone conductive property and cannot be integrated within the host bone. PMMA cannot conduce adhesion and growth of bone cells after injected into fracture sites. High modulus and stiffness of PMMA can easily lead to local microfracture and compression fractures of adjacent vertebrae (28). Calcium phosphate cement (CPC) is a white powder and a good substitute for bone grafts. CPC is widely used to fill bone defects in fragility fractures. The remodeling process of CPC occurs at the bone-cement interface where deposition of new bone and resorption of CPC occurred simultaneously (29). Zinc, magnesium, copper, and other metal ion can be added in artificial bone materials to promote bone repair in a delicate concentration (30–34). Bioactive composite also showed great prospect in application of bone repair (35–37). Bioactive materials such as biocompatible hydrogel or materials with bioactive factors such as BMP-2, MMP-cleavable peptides were reported in treating large bone defect with good outcomes (38–40). The bioactive materials that carry bioactive factors to create bone organoid may be a new research direction in bone repair (41).



Bone-targeting biomaterials

Bone-targeting materials are mainly divided into two categories: matrix-targeted materials and cell-targeted materials (42). Inorganic hydroxyapatite (HA) is the main component of bone matrix. Matrix-targeted materials select HA high-affinity substances as drugs or drug carriers, mainly include tetracycline and bisphosphonates (43, 44). The cellular components of bone tissue include MSCs, osteoblasts, osteoclasts, and adipocytes (45). Complex functions and the interaction of bone cells need that the drug delivery system has precise cells targeted ability (46, 47). Advances in cell-targeted materials research used high-cell affinity peptides and nucleic acids as targeting components and growth factors as drug components (48). Recently, several studies reported that several exosomes from special origin are highly bone-targeting in vivo and have high drug delivery potential (49–52). Reactive Oxygen Species (ROS) appear in many aging diseases and can be a target in osteoporosis (53). There are many drugs that have bone-targeted function, including many small molecules from traditional Chinese drugs, which were reported could improve osteogenesis in fracture (53–55).




Bone augmentation strategies for common osteoporotic fractures


Proximal humerus fracture

The proximal humerus is a common site for osteoporotic fractures in the elderly. Conservative treatment is the first choice and gold standard for proximal humerus fractures with insignificant fracture displacement (lower than 1 cm). For large displacement fracture, the presence of significant bone loss in metaphysis of the proximal humerus fracture often results in fracture displacement and internal fixation failure after surgery, impedes early exercise of shoulder (56).

Fibular graft and calcium phosphate bone cement are suitable bone strengthen materials for different types of proximal humerus fracture. For varus proximal humerus fractures with defect of medial support, fibular bone grafting of fibular segment is feasible to support the humeral medial screw. Fibular segment graft can fill the bone defect and achieve good mechanical support of the medial cortex, reduce micro-movement of screws, strengthen the stability of the plate screw system, and reduce the incidence of postoperative complication (57, 58). In addition, allogeneic iliac bone and femoral head grafts can also increase bone volume and provide cortical enhancement of internal fixation but are not preferred (59). However, homogeneous fibular segments are of limited origin and are only indicated for severely comminuted proximal humeral fractures that lack medial support. Vascularized fibular graft can also promote bone healing but make second damage to patients so is not preferred.

For valgus-impacted fractures, bone defects occur at the lateral wall of the proximal humerus. The application of calcium phosphate bone cement technique during surgery can increase the strength of the bone and improve the local mechanical strength (60). Injectable calcium phosphate bone cement has certain advantages during operation. Whether to use CPC should consider the degree of bone defect and degree of osteoporosis. CPC and PMMA bone cement can be used as a bone augmentation for most osteoporotic proximal humerus fractures, but its mechanical strength is weaker than that of bone graft. Therefore, for proximal humeral fractures lacking support in the non-medial wall, bone cement injection can effectively enhance the treatment outcome. Proximal humeral fractures lacking medial support is the indication for bone grafting. Fibular graft is recommended, and other methods can be selected depending on the operative situations. Local bone substitute filling plays a positive role in treating valgus-impacted proximal humeral fractures.



Distal radius fracture

Distal radius fracture is the second prevalent osteoporotic fracture (61). Non-operative treatment including closed reduction and immobilize with splint and cast is recommended for a majority of distal radius fracture (62). Osteoporotic distal radius fractures have bone defects, articular surface collapse, fracture displacement after reduction, or secondary fracture need surgical intervention. Autologous iliac cancellous bone filling and inlay support with cortical bone can achieve structural reconstruction and prevent distal articular surface collapse. Stable maintenance of reduction after bone graft prevents loss of distal radius height and fracture re-displacement (63). Homogeneous bone and artificial bone are also an optional selection and avoid second damage (62). CaP injection combined with volar locking plate fixation of distal radius fracture is still controversial and is not preferred in this recommendation (64, 65). Autogenous iliac bone is ideal for effectively restoring the height of the distal radius, providing support to the collapsed cartilage surfaces, and increasing the stability of the internal fixation. Allograft bone and artificial bone may also be an alternative option.



Tibial plateau fracture

Ostesoporotic tibial plateau fracture is not common in elderly. Schatzker types I, II, and III fractures are main fracture type because of low-energy trauma (66). Conservative treatment through cast or orthosis is indicated for patients with small or non-displacement. For patients with significant displacement and acceptable soft tissue condition, plate fixation can promote functional rehabilitation under-weight bearing (67). Although high-energy tibial plateau fracture is not common in osteoporosis patient, late repair and total knee arthroplasty are recommended to protect soft tissue and restore knee function. The goals of surgical treatment are joint surface reconstruction and strong internal fixation. Bone graft assisted locking plate internal fixation has shown good outcome in the treatment of tibial plateau fractures (68). For Schatzker II–VI type tibial plateau fractures with articular surface collapse greater than 5 mm, calcium phosphate or calcium sulfate injected artificial bone can be used to fill the bone defect to prevent postoperative articular surface collapse and reduce the occurrence of traumatic osteoarthritis. Sufficient artificial bone graft can maintain anatomical reduction and support internal fixation with definite clinical results. However, it is not clear whether artificial bone resorption is coupled with bone formation and whether a bone defect will form after resorption. Therefore, further research is needed. Bone graft combines with locking plate internal fixation therapy is still the mainstream in osteoporotic tibial plateau fractures treatment. Calcium phosphate or calcium sulfate injectable artificial bone can be used as a bone repair material for tibial plateau fractures with large articular surface collapse.



Pilon fracture

The collapse of the distal tibial articular surface in pilon fractures is caused by axial force, and intra-articular damage is severe in patients with osteoporosis (69). The four classical principles of pilon fractures treatment are as follows: restoration of fibular length, reconstruction of tibial articular surface, autologous bone grafting, and application of buttress plates (70). Autologous iliac bone graft or allogeneic bone graft can be used in the treatment of pilon fracture to enhance the mechanical support of the articular surface to increase stability of fracture sites. Bone graft can promote fracture healing and prevent the occurrence of late articular surface collapse. Autogenous iliac bone or allograft bone can be chosen as bone grafting material in treatment of pilon fractures.



Calcaneus fracture

It is still controversial whether bone graft is needed in calcaneus fracture. For Sanders’ type II and above calcaneus fracture, bone defects larger than 2 cm3, articular surface collapse large than 2 mm or difficult to maintain articular surface, bone graft is beneficial if soft tissue conditions allow. Bone graft permits early postoperative weight-bearing rehabilitation and helps to maintain articular surface stability (71, 72). Because calcaneus infection is a disaster for patient, it is generally considered safer to use autologous bone or allogeneic bone (73). The necessity for bone graft in calcaneus fractures remains controversial, and decision is based on the degree of articular surface collapse and bone defect.



Vertebral fracture

Osteoporotic Vertebral Compression Fracture (OVCF) happened within 3 months with significant pain, and an intact posterior wall of vertebra should be treated with vertebroplasty. Percutaneous vertebroplasty (PVP) and percutaneous kyphoplasty (PKP) are main vertebroplasty in clinic; both of them can restore the height and strength of the compressed vertebral body, improve spinal stability, prevent vertebral collapse, relieve pain, and improve spinal function. PKP has advantages in reducing the occurrence of cement leakage, restoring the height of the vertebral body, and correcting spinal deformity. In severe OVCF with vertebral height less than 1/3 of the original height, PKP is superior to PVP in restoring normal vertebral angle and height (73, 74). There is no consensus on how to choose between these two techniques; decision should be made according to preoperative condition and radiology image (75, 76). The amount of bone cement should be limited to 2–5 ml. Excessive bone cement may increase the risk of cement leakage, but long-term benefits are limited (77, 78). In clinical practice, the amount of bone cement should consider the size of the vertebral body, operative fluoroscopy, and the operator’s experiences.

For OVCF with significant spinal cord injury, pedicle screws internal fixation with decompression and reduction is an option in patients without contraindications. There are no uniform criteria whether to use cement reinforcement in pedicle screw fixation. If the bone quality is poor during operative evaluation or screw loosens after nail insertion, cement strengthening techniques are indicated. The reinforced segment may choose 1–2 screws either in cephalad or caudal, and the whether to reinforce screws in the intermediate segment may be decided by operative condition (75, 79).

For most patients with OVCF, PVP or PKP can achieve similar outcomes, but PKP is more suitable for severe compression fractures. Strict operation is required to avoid the risk of cement leakage. Bone cement strengthening technique can be used as an important technique in OVCF internal fixation, which can help reduce incidence of internal fixation failure and loss of reduction.




Rehabilitation aids in osteoporotic fractures

Rehabilitation aids can be a non-operative treatment for osteoporotic fractures and accelerate postoperative rehabilitation. Early exercise and weight-bearing under the protection of aids are important for fracture healing and avoiding deterioration of osteoporosis.

Osteoporotic distal radius fractures need more time to recover and may lead to long-term functional disorders (80). The functional disorders have severe damage to ability and quality of life. Static stretch splints and dynamic stretch splints can lengthen soft tissues and restore range of motion to contracted joints. Those splints can be used to treat persistent wrist stiffness and prevent bone loss after distal radius fractures and are effective when used in the early stage of rehabilitation (81).

Rehabilitation aids have been widely used in the treatment of osteoporotic foot and ankle fractures. The intrepid dynamic exoskeletal orthosis (IDEO) is a foot and ankle orthosis with energy storage-redistribution function. IDEO is originally designed for the rehabilitation of soldiers with complex lower extremity trauma to cure gait disorders. IDEO is also beneficial for patients with post-traumatic osteoarthritis, mild paralysis, and muscle atrophy (82). Studies have shown that IDEO improves walking speed in patients after pilon fracture and may be helpful for patients with high demand of activity (83). Calcaneus orthosis can be a non-operative treatment of calcaneus fractures without displacement. Full weight bearing can be achieved with the protection of the calcaneus orthosis. The pressure pad can be adjusted to gradually increase the weight bearing on the foot that facilitates early weight bearing and rehabilitation (84). In displaced osteoporotic calcaneus fractures, orthosis can also accelerate postoperative recovery.

The thoracolumbar orthosis provides rigid support and increases intra-abdominal pressure. Orthosis provides a semi-rigid cylindrical support around the spine and distributing the load on the spine. Clinical trials have demonstrated that thoracolumbar orthoses significantly increase trunk muscle strength, improve lung function, reduce kyphosis, and pain in patients with OVCF (84–86). Traditional rigid spinal orthoses are limited due to trunk muscle atrophy and restriction of breath and harmful for patients with osteoporosis (87). Dynamic thoracolumbar orthoses have a lower degree of immobilization based on the biofeedback activation of the low-back muscles and reported good clinical results (88). Although the application of thoracolumbar orthoses as a treatment in vertebral fracture is still contentious, it could be used as an aid in post-operative rehabilitation.

Consensus: Dynamic and static stretch splints are effective for early rehabilitation of distal radius fractures; foot and ankle orthoses have been widely used for foot and ankle osteoporotic fractures, facilitating early weight bearing and rehabilitation training; and dynamic thoracolumbar orthoses can help patients with osteoporotic thoracolumbar fractures to increase muscle strength and reduce pain.



Statement

This consensus is not a clinical treatment standard for osteoporotic fractures in the elderly but only an academic guideline recommendation. Under the constraints of individual patient and actual clinical conditions, the clinical treatment plan varies from person to person. With the development of medical technology, some parts of this consensus will be further improved.
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Background

Ceritinib is used for the treatment of patients with anaplastic lymphoma kinase (ALK)-rearranged non-small cell lung cancer (NSCLC), who are at the risk of developing bone metastasis. During bone metastasis, tumor cells release factors that induce osteoclast formation, resulting in osteolysis. However, the effect of ceritinib on osteoclast formation remains unclear.



Methods

Osteoclastogenesis was induced to assess the effect of ceritinib on osteoclast formation and osteoclast-specific gene expression. Western blotting was used to examine the molecular mechanisms underlying the effect of ceritinib on osteoclast differentiation. An in vivo ovariectomized mouse model was established to validate the effect of ceritinib in suppressing osteoclast formation and preventing bone loss.



Results

The differentiation of osteoclasts and the expression of osteoclast-specific genes were inhibited upon ceritinib stimulation. Ceritinib suppressed Akt and p65 phosphorylation during the receptor activator of nuclear factor kappa-B ligand (RANKL)-induced osteoclastogenesis. The administration of ceritinib to ovariectomized mice ameliorated trabecular bone loss by inhibiting osteoclast formation.



Conclusions

Ceritinib is beneficial in preventing bone loss by suppressing osteoclastic Akt and nuclear factor κB (NF-κB) signaling.





Keywords: osteoclast, ceritinib, LDK378, Akt, p65



Introduction

Ceritinib (LDK378) is a second-generation anaplastic lymphoma kinase (ALK) inhibitor (1). It exhibits robust anti-tumor efficacy in patients with ALK-rearranged non-small cell lung cancer. Generally, it increases ALK selectivity approximately 20 times more potently than the first generation ALK-targeted compound, crizotinib (2). In crizotinib-resistant mutants, ceritinib can inhibit the activity of ALK mutants, including Leu1196Met, Gly1269Ala, Ile1171Thr, and Ser1206Tyr. Therefore, ceritinib was granted accelerated approval by the FDA in April 2014, for the treatment of ALK-positive NSCLC (3, 4).

ALK is a receptor tyrosine kinase that belongs to the insulin receptor superfamily. It is activated upon ligand-induced homo-dimerization, which can subsequently activate various signaling pathways, including Janus kinase (JAK)-signal transducer and activator of transcription (STAT), phosphoinositide 3-kinase (PI3K)-Akt, and mitogen-activated protein kinase (MAPK) signaling cascades (5). Downstream PI3K-Akt activation triggers signaling cascades mediated by transcription factors such as mammalian target of rapamycin (mTOR), glycogen synthase kinase 3β (GSK3β), and forkhead box O (FOXO). ALK activity initiates the transcription of several genes, including NF-κB (6).

Approximately, 30-40% of patients with non-small cell lung cancer develop bone metastasis during the course of the disease (7). During non-small cell bone metastasis, osteolysis prevails over bone formation due to the activity of tumor-secreted factors, such as PTHrP, IL-11, IL-6, and TNF-α, which induce excessive osteoclast formation (8). In addition to bone metastasis, changes in bone mineral density also occur; moreover, according to clinical studies, the prevalence of osteoporotic vertebral fractures is 30–40% in lung cancer patients (9). Therefore, compounds, such as bisphosphonates, that can target osteoclast formation are preferred for the treatment of bone metastasis caused due to non-small cell lung cancer or to improve the bone mass in these patients (10–12).

Osteoporosis is highly prevalent worldwide with typical characteristics of low bone mineral density and high possibility of fracture. The prevalence of osteoporosis was calculated by several countries and indicated higher risks in women from 2 to 8 times one in men (13). Excessive formation and activation of osteoclasts leads to development of osteoporosis (14). Most of current clinical antiresorptive agents include estrogen; bisphosphonates (BPs); human monoclonal antibody against receptor activator of NF-κB ligand (RANKL) denosumab; selective estrogen receptor modulators (SERM) raloxifene; and strontium ranelate (SR). However, their efficacy and safety have not been established for long-term therapy completely (15). And there have been reported that BPs caused osteonecrosis of the jaw (ONJ); and alendronate causing atypical fractures (16), and estrogen replacement therapy brought concern of increased breast cancer risk (17, 18).

RANKL, the critical factor of osteoclast differentiation, downstream signaling pathways are activated including NF-κB, JNK, p38 MAPK, extracellular signal-related kinase and Akt. RANKL activates the IκB kinase (IKK) complex and thus phosphorylates NF-κB–associated IκBα to release RelA/P65 (one of the members of NF-κB family) to cytosol. Further P65 translocates to nucleus and activates downstream transcriptions (19, 20). Phosphatidylinositol 3-kinase (PI3K) and further phospholipid dependent activation of the Akt (serine/threonine kinase) mediate to suppress the apoptotic function in various cells. Increased expression levels of phospho-Akt enhanced RANKL-induced osteoclastogenesis (21, 22). Activation of Ras, Raf-1 and mitogen-activated protein kinase (MAPK) signaling cascades are essential in cell proliferation and differentiation (23, 24). And MAPK activates downstream of ERK1 (p44 MAPK) and ERK2 (p42 MAPK) to maintain osteoclast survival and polarity, and ruffled border formation (25–27).

Myostatin binds to and activates complex of ALK4/5 and strongly accelerates RANKL-mediated osteoclast formation. Meanwhile ALK inhibitory effect has been found in reducing osteoclast differentiation critically (28). Here we introduced an anti-cancer drug ceritinib (LDK378) with additional inhibiting effect on osteogenesis and potential in treating related osteoporosis. Ceritinib was reported as an inhibitor of anaplastic lymphoma kinase (ALK) (1).

A previous study reported that the first-generation ALK-targeted compound crizotinib could prevent prostate cancer-associated bone loss (29). In this study, we aimed to investigate the effects of ceritinib on osteoclast formation in vitro and in vivo. We demonstrated that ceritinib also has a beneficial effect in preventing bone loss through the inhibition of osteoclast formation. Our findings suggest that ceritinib can not only suppress ALK-rearranged non-small cell lung cancer but also prevent osteoclastic osteolysis.



Methods


Cell proliferation assay (CCK-8)

The cell counting kit-8 (CCK-8, Dojindo, Japan) was used to examine the proliferation of BMMs. Cells were seeded into 96-well plates at a density of 3 × 103 cells per well and cultured at 37°C with 5% CO2 for 12 h to allow the cells to adhere. The original medium was replaced with 10% (v/v) CCK-8/complete high glucose DMEM or α-MEM, and the cells were incubated for an additional 2 h. The Infinite M200Pro microplate reader (Tecan Trading AG, Hombrechtikon, Switzerland) was used to measure the absorbance at 450 nm. Each experiment consisted of three individual replicates.



Osteoclast differentiation assay and bone resorption assay

Primary bone marrow-derived cells were extracted from the bone marrow of hindlimbs of 6 to 8-week-old C57BL/6J mice. After culturing in complete α-MEM (containing 10% FBS and 1% penicillin/streptomycin) in the presence of M-CSF (50 ng/ml, R&D Systems, MN, USA) for 4 days, all attached cells were treated as osteoclast precursor cells (bone marrow-derived monocytes and macrophages, BMMs), which were maintained and used for the following experiments. BMMs were subsequently induced to differentiate, using M-CSF (50 ng/ml) and RANKL (100 ng/ml, R&D Systems, MN, USA), for 5 days.

M-CSF-dependent BMMs were seeded into 96-well plates at a density of 1 × 104 cells/well in complete α-MEM and stimulated with 100 ng/ml of RANKL, as well as with different doses of ceritinib (CAS No.: 1032900-25-6; Cat. No.: HY-15656; purity: 99.98%; MedChemExpress LLC, China). The medium containing RANKL and the drug treatments were changed every two days. After 5-6 days of incubation, when large multinucleated osteoclasts were observed in the RANKL-only positive control group, all cells were fixed with 4% paraformaldehyde (PFA) and stained to detect tartrate-resistant acid phosphatase (TRAP). The TRAP-positive (violet) cells of more than or equal to 3 nuclei were defined as multinucleated cells (MNCs). The number, total area or area per cell were circled out manually, and quantified within a well as a whole, using the open-source software Fiji. Each set of experiments was repeated trice.

Then for bone resorption assay, M-CSF-dependent BMMs were also seeded in hydroxyapatite-coated Osteo Assay Surface Polystyrene Microplates (Corning Inc., NY, United States) at a density of 1.3 × 104 cells/well in complete α-MEM and stimulated with 100 ng/ml RANKL and respective agents for 7 days. Thereafter, the wells were incubated in 5% sodium hypochlorite solution to remove the cells. The bone resorption pits on the microplates were captured using a phase-contrast inverted light microscope (IX71; Olympus, Hamburg, Germany).



RNA extraction and qPCR analysis of osteoclastogenesis-related genes

Total RNA from BMMs stimulated with RANKL in the presence or absence of ceritinib for 5 days, was extracted using the RNA miniprep kit (Axygen, AZ, USA) according to the manufacturer’s protocol. Then, cDNA was synthesized from total RNA using the PrimeScript RT Master Mix (Perfect Real Time) cDNA synthesis kit (RR036, Takara Bio Inc., Dalian, China) according to the manufacturer’s instructions. RT-qPCR was performed on the ABI Flex 6 real-time PCR System (Applied Biosystems, CA, USA) using the TB Green® Premix Ex Taq™ (Tli RNaseH Plus) (RR420, Takara Bio Inc., Dalian, China). Each reaction was performed in triplicate. Primer sequences of osteoclastogenesis-related genes are listed as follows: (1) Ctsk forward: 5’ TAGCCACGCTTCCTATCCGA ‘3, reverse: 5’ CCTCCGGAGACAGAGCAAAG ‘3; (2) Nfatc1 forward: 5’ TGTTCCTGGCAATAGCGTGT ‘3, reverse: 5’ AGGGTCGAGGTGACACTAGG ‘3; (3) Acp5 forward: 5’ CCTCCGGAGACAGAGCAAAG ‘3, reverse: 5’ CATCGTCTGCACGGTTCTG ‘3; (4) Gapdh forward: 5’ ACCCAGAAGACTGTGGATGG ‘3, reverse: 5’ CACATTGGGGGTAGGAACAC ‘3. Relative fold changes in gene expression were calculated using the comparative CT (2−ΔΔCT) method.



Western blotting

BMMs were pre-stimulated with ceritinib for 2 h in serum-free medium and then stimulated with RANKL (100 ng/ml) for the indicated time points. Total proteins from whole cells were extracted with RIPA Lysis Buffer (medium-level intensity) (Beyotime, Shanghai, China) in the presence of PMSF and protease inhibitor cocktail; subsequently, these proteins were electrophoretically separated using ExpressPlus PAGE (GenScript Laboratories, Piscataway, NJ, USA) and transferred onto PVDF membranes using an e-blot device (GenScript Laboratories, Piscataway, NJ, USA). The membranes were blocked with 5% (w/v) skim milk in tris-buffered saline (TBS) containing 0.1% (v/v) tween-20 (TBST, pH 7.4), and incubated for 1 h at room temperature (RT). The membranes were washed three times for 15 min with TBST and incubated for 12 h at 4°C with the following primary antibodies: p-Akt, Cell Signaling Technology #4060; Akt, Cell Signaling Technology #9272; p-p65, Cell Signaling Technology #3033; p65, Cell Signaling Technology #8242; p-ERK, Cell Signaling Technology #9101; ERK, Cell Signaling Technology #9101; and Actb, Cell Signaling Technology #3700. Membranes were washed thrice with TBST and incubated with either an IRDye 800CW anti-mouse secondary antibody (LI-COR) or an anti-rabbit secondary antibody conjugated to fluorescence (LI-COR), at 1:10000 dilution. Finally, the membranes were washed thrice with TBST and visualized using the Odyssey near-infrared (NIR) fluorescence imaging system (LI-COR, NE, USA). The grayscale ratio of each phospho-protein to its respective total protein was calculated. The ratios were then standardized, using the first control lane as the baseline (1.00), as shown below each western blot lane in the figures.



Animal model

Female C57BL/6J (12-week-old) mice were purchased from Jihui (Shanghai, China) and maintained in an SPF-grade animal facility. Mice were anesthetized and subjected to ovariectomy (OVX) or sham operation. The mice were under observation for 1 week, and then 18 mice, in good condition, were randomly allocated into three groups (Sham, OVX, OVX plus ceritinib, n = 6 per group); mice in each group were intraperitoneally injected with PBS, PBS, and ceritinib (10 mg/kg body weight), respectively. The treatments were administered twice per week for a total of 8 weeks. At the end of the treatment period, all mice were euthanized and weighed. Hindlimb tissues were fixed in 4% PFA for 48 h. The tibiae were analyzed with micro-CT first and then decalcified in 10% EDTA (pH = 7.4) for 21 days.

Finally, all these tissues were embedded in paraffin and sliced for histological examination, including hematoxylin and eosin (H&E) staining and TRAP staining. TRAP staining results were evaluated based on two parameters: N. Oc (number of osteoclasts)/BS (bone surface) and Oc. S (osteoclast surface)/BS. All procedures were performed following the protocols approved by the Institutional Animal Care and Use Committee of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine.



Micro-CT

Bone morphometry within the metaphyseal region of the proximal tibia was quantified with micro-CT (SkyScan 1176, Billerica, MA, USA) using an X-ray tube voltage of 50 kV and a current of 500 μA with a 0.5 mm aluminum filter. The resolution was set to 9 μm, and 1.8 mm of the bone sample was acquired for each CT scan. The 3D images of the scans were reconstructed and analyzed using the SkyScan NRecon program. Trabecular morphometry was characterized by measuring the bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular spacing (Tb.Sp). Cortical morphometry was characterized by measuring the bone area (BA), tissue area (TA), cortical area fraction (BA/TA), and cortical thickness (Ct.Th).



Statistical analyses

All data were analyzed with one-way ANOVA using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). Once a significant effect was detected, a post hoc Student’s t-test was performed for further analysis. Results are presented as mean ± standard deviation (SD); number ≥ 3; all the p-values are displayed in the figures results; p < 0.05, p < 0.01, and p < 0.001 were considered statistically significant (*), highly statistically significant (**), and extremely statistically significant (***). To reduce the risk of type I errors, we considered |beta| ≥.20 as significant regarding the predictions.




Results


Ceritinib revealed no obvious cell toxicity in BMMs

We examined whether the inhibitory effect of ceritinib on osteoclast formation was due to the inhibition of cell proliferation. Cell viability of BMMs was examined by incubating the cells with 150, 300, 600, or 1200 nM ceritinib. Compared to that in the control group, no obvious cell toxicity was detected in BMMs upon ceritinib treatment, indicating that ceritinib at concentrations of 150, 300, 600, or 1200 nM did not inhibit BMM proliferation until 96 hours (Figure 1).




Figure 1 | Ceritinib did not affect BMM-cell in vitro. Cell viability and proliferation capacities (absorbance) of BMMs remained stable when they were incubated with ceritinib (150, 300, 600, and 1200 nM) for 24 (A), 48 (B), 72 (C), and 96 h (D).





Ceritinib inhibited osteoclastogenesis inhibited osteoclast-specific gene expression in vitro

To investigate whether ceritinib has any effect on osteoclast formation, we cultured BMMs with different concentrations of ceritinib (Figure 2A). Increased number of TRAP-positive and multinucleated osteoclasts was observed in the control group (Figure 2B). However, fewer TRAP-positive osteoclasts were observed in the presence of 150, 300, 600 or 1200 nM ceritinib (Figure 2B). We noticed a dose-dependent inhibitory effect of ceritinib on osteoclast formation. There was a significant decline in the number (Figure 2B) and total area (Figure 2C) of TRAP-positive multinucleated cells (MNCs) upon ceritinib treatment. The osteoclasts were smaller in the presence of ceritinib (Figure 2D). Taken together, these data suggest that ceritinib inhibits osteoclast formation in vitro. Next, we examined the bone resorption activity of osteoclasts, the bone resorption pit areas were unobvious in the 150, 300, 600 and 1200 nM ceritinib group compared to the positive control group (Figures 2E, F).




Figure 2 | Ceritinib inhibited osteoclast differentiation and osteoclast-specific gene expression in vitro. (A) TRAP staining displayed diminishing tendency of osteoclast differentiation upon treatment with ceritinib (150, 300, 600, and 1200 nM). Scale bar = 10 µm. Statistical graphs show significantly reduced numbers (B) as well as decreased total (C) or per cell (D) area (%) of TRAP-positive MNCs upon treatment with different doses of ceritinib. (E) Bone resorption assay using hydroxyapatite-coated microplates showed a larger area of resorption pits after treatment with ceritinib (150, 300, 600, and 1200 nM). Scale bar = 200 μm. (F) Statistical graphs show significantly reduced total resorption area (%) upon treatment with different relative doses of ceritinib. MNC, multinucleated cell. The mRNA expression levels of osteoclast differentiation-related genes, Ctsk (G), Nfatc1 (H), Acp5 (I), decreased upon ceritinib treatment (150, 300, 600, and 1200 nM).



In agreement with the suppression of osteoclast formation and resorption activity in vitro, the expression of osteoclast-specific genes, such as cathepsin K (Ctsk) (Figure 2G), acid phosphatase 5 (Acp5) (Figure 2H), and nuclear factor of activated T-cells, cytoplasmic 1 (Nfatc1) (Figure 2I), was significantly inhibited by ceritinib at concentrations above 150 nM. Together, these data confirmed the inhibitory effect of ceritinib on osteoclast-specific gene expression.



Ceritinib suppressed the phosphorylation of Akt and p65

Based on the observed inhibitory effect of ceritinib on osteoclast formation, we aimed to elucidate the possible underlying mechanisms. BMMs were treated with RANKL for 0, 5, 10, 20, 30, and 60 min in the presence or absence of ceritinib. As shown in Figure 3, RANKL activated Akt phosphorylation from 0 to 20 min. However, decreased Akt activation was observed in the ceritinib-treated group. In addition, phosphorylation of p65 was observed in the RANKL-treated group. However, ceritinib almost completely abolished the activation of p65. Interestingly, it did not alter the activation of the ERK signaling pathway (Figure 3). Collectively, ceritinib inhibited Akt and p65 phosphorylation during osteoclast formation.




Figure 3 | Molecular mechanisms of ceritinib in RANKL-mediated osteoclastogenesis. The status of different signaling pathways during RANKL-induced osteoclastogenesis: ceritinib inhibited the activation of phospho-Akt (Ser473) and phospho-p65. However, there was no significant change in ERK signaling.





Ceritinib prevented ovariectomy-induced bone loss in vivo

Finally, to validate the inhibitory effect of ceritinib on osteoclast formation and function, we used an ovariectomy-induced osteoporosis model. Reconstructed images of the 3D scans of the left tibia are presented. There was a distinct decrease in trabecular and cortical bone volume in the OVX group, confirming the successful establishment of an ovariectomy animal model (Figures 4A–J). Compared with that in the OVX group of trabecular bone, higher BV/TV (Figure 4B) and Tb.N (Figure 4C), lower Tb.Sp (Figure 4D), and non-significant Tb.Th (Figure 4E) were observed in the OVX plus ceritinib group, suggesting that ceritinib prevented bone loss. Cortical bone results suggest no significant changes of BA (Figure 4G), TA (Figure 4H), BA/TA (Figure 4I), and Ct.Th (Figure 4J) in the OVX plus ceritinib group.




Figure 4 | Ceritinib rescued osteoporosis by inhibiting osteoclasts in vivo. (A) Representative 3D micro-CT images of trabecular bone of the Sham, OVX, and OVX plus ceritinib groups. Micro-CT trabecular results suggest higher BV/TV (B) and Tb.N (C), lower Tb.Sp (D), and non-significant Tb.Th (E) in the OVX plus ceritinib group. (F) Representative 3D micro-CT images of cortical bone of the Sham, OVX, and OVX plus ceritinib groups. Micro-CT cortical results suggest no significant changes of BA (G), TA (H), BA/TA (I) and Ct.Th (J) in the OVX plus ceritinib group. (K) Representative images of H&E staining (Scale bar = 100 µm). (L) Representative images of TRAP staining (Scale bar = 2 µm). TRAP staining results demonstrate that ceritinib reduced the number (M) and decreased the surface of osteoclasts (N) per bone surface of trabecular bone compared to those in the OVX group.



Further, histomorphometry analysis confirmed the preventive effect of ceritinib on bone loss. H&E staining confirmed the increased bone mass in the ceritinib-treated group compared to that in the OVX group. (Figure 4K). To assess the condition of osteoclasts in vivo, TRAP staining was performed, which showed fewer osteoclasts and decreased osteoclast surface per bone surface in the OVX plus ceritinib group compared to those in the OVX group (Figures 4L–N). Collectively, these data support the conclusion that ceritinib inhibited osteoclast formation in the OVX model.




Discussion

Ceritinib is typically used to treat patients with ALK-rearranged non-small cell lung cancer. Our study demonstrated that, in addition to inhibiting cancer development, ceritinib was also beneficial in preventing bone loss. Our data showed that ceritinib effectively inhibited osteoclast formation and osteoclast-specific gene expression. More importantly, the inhibition of osteoclast formation resulted in the prevention of trabecular bone loss in vivo. Our result also suggested that ceritinib presented non-significant cortical bone loss prevention unlike the trabecular bone. According previous studies, cortical bone can be differentially affected by hormones and medications compared with trabecular one (30). Bone loss was first found in trabecular bone after menopause, and cortical bone later. The other explanation was that the effect of ceritinib on cortical bone probably need more time to observe. Notably, advanced non-small cell lung cancer metastasizing to the bone leads to osteolytic bone invasion (31–33). However, ceritinib shows great potential in repressing such skeletal-related events, besides suppressing tumor growth and extending survival.

ALK is a receptor tyrosine kinase that activates the PI3K-Akt signaling pathway (6). A previous study reported that overexpression of EML4-ALK variant 3 in HEK293T cells led to enhanced phosphorylation of Akt, whereas increased phosphorylation of ERK1/2 was not prominent in COS-7 cells (34). On the contrary, another study showed that treatment of NCI-H2228, a human non-small cell lung carcinoma cell line, with CH5424802 (a selective ALK inhibitor) led to reduction in p-Akt expression (35). Remarkably, crizotinib-resistant H3122CR-1 cells showed a dramatic downregulation of ALK and p-ALK and upregulation of the Akt/mTOR/S6 kinase pathways. Activation of autophagy in these cell lines positively altered the Akt/mTOR signaling pathway (36). The relationship between ALK and Akt indicated that ALK-driven neuroblastomas gradually acquired resistance to ALK inhibitors, but this effect was attenuated when combined with a p53 activator. This shift towards apoptosis, and away from cell-cycle arrest, is mediated by inhibition of the ALK–Akt–FOXO3a axis (37). In addition, previous studies have shown that nucleolar phosphoprotein nucleophosmin (NPM)/ALK, similar to other members of this family, activates PI3K and its downstream effector Akt (38, 39). This suggests that ceritinib, an ALK inhibitor, reduced the activity of ALK in order to negatively control the activity of Akt. In our study, we demonstrated that the underlying mechanism was due to the inhibition of phosphorylation of the Akt signaling pathways, which are canonical targets during osteoclastogenesis. Notably, Akt activates NF-κB signaling through phosphorylation of IκB (40, 41). A previous study suggested that in uterine carcinosarcomas, the ALK-mediated Akt/NF-κB/Twist1 pathway participates during the initial stage and regulates morphological alterations towards the sarcomatous phenotype (42). In addition, the induction of Akt was found to activate NF-κB/p65-dependent transcription, probably through repression of IκBα expression (43). Therefore, logically, the inhibition of p65 phosphorylation might be influenced by Akt inhibition in our study.

To the best of our knowledge, no previous study has reported that ceritinib can inhibit osteoclast formation and thus prevent bone loss. Interestingly, the first generation ALK inhibitor crizotinib has been reported to inhibit osteoclast formation and prevent prostate cancer bone destruction (29). These data suggest that ALK inhibitors have a preventive effect on bone loss. However, to generalize the applications in other metabolic bone diseases, the effect of ceritinib on other cells, such as osteoblasts, should also be taken into consideration. Also, to provide the stronger evidence to realistic bone invasion of cancer therapy, the administration of ceritinib on the mouse cancer models with bone loss (e.g., breast cancer, prostate cancer) should be analyzed in the future.

In conclusion, our data demonstrate that ceritinib can inhibit osteoclast formation by suppressing Akt and p65 phosphorylation, thereby preventing bone loss in vivo. Taken together, the use of ceritinib in patients with non-small cell lung cancer might improve their bone quality.
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Purpose

Exercise therapy and key regulators of bone quality exert anti-hyperglycemic effects on type 2 diabetes mellitus (T2DM) mice. A number of programs have been reported to have an effect on bone disease in T2DM. Major unanswered questions concern the potential correlation of exercise with the improvement of bone quality in T2DM mice and how the nonlinear optical properties of bone are correlated with changes to its crystal structure.



Methods

Subjects were randomly divided into six groups: 1) control (C) group, which was fed a normal diet (n = 8); 2) T2DM quiet group, which was given a high-fat diet and quiet (n = 8); 3) T2DM plus swimming (T2DM+S) group, which received T2DM and swim training (n = 8); 4) T2DM plus resistance exercise (T2DM+RE) group, which was given T2DM and resistance exercise (n = 8); 5) T2DM plus aerobic exercise (T2DM+AE) group, with T2DM and medium-intensity treadmill exercise (n = 8); and 6) T2DM plus high-intensity interval training (T2DM+HIIT), with T2DM and high-intensity variable-speed intervention (n = 8). The levels of runt-related transcription factor 2 (RUNX2), osterix (OSX), and alkaline phosphatase (ALP), as well as the bone microstructure and morphometry, were measured at the end of the 8-week exercise intervention.



Results

Compared with the C group, the bone microstructure indexes [bone mineral density (BMD), bone volume/tissue volume (BV/TV), cortical thickness (Ct.Th), and connectivity density (Conn.D)], the bone biomechanical properties (maximum load, fracture load, yield stress, and elastic modulus), and the osteogenic differentiation factors (RUNX2, OSX, and BMP2) of the T2DM group were significantly decreased (all p < 0.05). Compared with the T2DM group, there were obvious improvements in the osteogenic differentiation factor (OSX) and Th.N, while the separation of trabecular bone (Tb.Sp) decreased in the T2DM+AE and T2DM+HIIT groups (all p < 0.05). In addition, the bone microstructure indicators BV/TV, tissue mineral density (TMD), Conn.D, and degree of anisotropy (DA) also increased in the T2DM+HIIT group, but the yield stress and Ct.Th deteriorated compared with the T2DM group (all p < 0.05). Compared with the T2DM+S and T2DM+RE groups, the BV/TV, trabecular number (Tb.N), Tb.Sp, and Conn.D in the T2DM+AE and T2DM+HIIT groups were significantly improved, but no significant changes in the above indicators were found between the T2DM+S and T2DM+RE groups (all p < 0.05). In addition, the BMD and the expression of ALP in the T2DM+AE group were significantly higher than those in the T2DM+HIIT group (all p < 0.05).



Conclusion

There was a significant deterioration in femur bone mass, trabecular bone microarchitecture, cortical bone geometry, and bone mechanical strength in diabetic mice. However, such deterioration was obviously attenuated in diabetic mice given aerobic and high-intensity interval training, which would be induced mainly by suppressing the development of T2DM. Regular physical exercise may be an effective strategy for the prevention of not only the development of diabetes but also the deterioration of bone properties in patients with chronic T2DM.
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Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disease characterized by high blood sugar caused by impaired insulin activity (1). With increasing incidence year by year, T2DM has become a worldwide epidemic. As a serious, long-term condition, T2DM has a negative impact on the life and well-being of individuals, families, and society (2). A number of studies have shown that T2DM is highly significantly associated with an increased risk of hip (3) and ankle and wrist (4) fractures, which is attributed to the change in bone mineral density (BMD) (5, 6). Studies have found that 46.8% of diabetic patients suffer from osteoporosis (OP), which may be due to the dysfunction of cells caused by systemic diseases and the regulation of bone metabolism (7). OP is caused by the degeneration of the bone microstructure, which can lead to an increased risk of fracture and a decrease in bone density and quality (8, 9).

There is still a lot of confusion on the relationship between T2DM and OP. Research shows that a higher body weight and hyperinsulinemia in patients with T2DM may be favorable for enhancing the bone density, which contributes to bone formation (10, 11). However, some studies have shown the negative effects of T2DM on the trabecular bone structure and mechanical properties (12). Researchers have further found that the bone biomechanical properties show considerable impairments in patients with T2DM, which is also a major reason for the increased risk of fracture (13). Although the bone disease caused by T2DM is a common complication (14), there is still a great lack of studies on the cause of the rising risk of fracture in patients with T2DM, which represents a considerably significant and extremely urgent issue.

As is known, physical activity can not only effectively regulate the blood glucose level in T2DM (15, 16) but also play a positive role in increasing BMD, thus is helpful to improving balance (17, 18) and reducing falls (19). Exercise is also effective in preventing chronic diseases (5). Therefore, experts have advised patients with T2DM to have proper physical exercise, which is crucial for the prevention and treatment of diabetes and its complications, including OP (20, 21). In T2DM model rats, 6 weeks of resistance exercise (RE) showed an obvious increase in the bone volume fraction (bone volume/tissue volume, BV/TV) and cortical bone thickness (22). Another study showed that both moderate- and low-intensity treadmill exercise can significantly increase the BMD of the whole bone and distal femur in T2DM model rats (23). Different diseases need appropriate sports type and intensity. However, there is still no systematic study on the effects of exercise on the bone tissue of T2DM model mice. Therefore, the aim of this study was to investigate the effects of exercise on the bone microarchitecture, bone biomechanics, and the osteogenic differentiation genes in mice with T2DM.



Materials and methods


Animal

Five-week-old male C57BL/6J mice were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China). The animals were housed in a room with a 12-h light/dark cycle, 21 ± 2°C temperature, and 40%–60% humidity. They were allowed ad libitum access to water and chow. After a week of acclimatization, the mice were randomly divided into two groups: the control diet (C) group (n = 8) and the high-fat diet (HFD) group (n = 40). Mice in the C group were fed a normal diet (Research Diet, D12450J; 10% kcal from fat and 20% kcal from protein, 3.85 kcal/g; SYSE Ltd., Jiangsu, China) for the duration of the experiment, while mice in the HFD group were fed a high-fat diet (Research Diet, D12492; 60% kcal from fat and 20% kcal from protein, 5.24 kcal/g; SYSE Ltd., Jiangsu, China) for 12 weeks.



Induction of T2DM and exercise groups

After 12 weeks, T2DM was induced in mice fed a HFD by a single intraperitoneal injection of streptozotocin (STZ) (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) dissolved in citrate buffer (pH 4.4) at a dose of 100 mg/kg (24, 25). Control mice received the same volume of citrate buffer. Seven days after STZ injection, fasting blood glucose was measured by blood sampling from the tail vein using a glucometer (Roche Basel, Switzerland). Mice with a fasting blood glucose concentration >13.8 mmol/l were considered diabetic (25 of 30) (25). T2DM mice were randomly divided into four groups: T2DM without exercise (T2DM+NE group, n = 8); T2DM with high-intensity interval training (T2DM+HIIT group, n = 8); T2DM with aerobic exercise (T2DM+AE group, n = 8); T2DM with swim training (T2DM+S group, n = 8); and T2DM with resistance exercise training (T2DM+RE group, n = 8). The experimental technology roadmap is shown in Figure 1. All experimental protocols were approved by the Ethics Review Committee for Animal Experimentation of Shanghai University of Sports (approval no. 2016006).




Figure 1 | Flowchart of the experimental design. (A) Acclimatization phase. (B) High-fat diet induction for diabetic animals and commercial feeding in non-diabetic mice. (C) Injection of streptozotocin (100 mg/kg) in diabetic groups. (D) Acclimatization to exercise. (E) Physical training. (F) End of experiment. Euthanasia and tissue collection. HFD, high-fat diet; T2DM, type 2 diabetes mellitus.





Body weight measurement

Body weight (BW) was measured at the beginning (5 weeks of age) and at the end of the experiment. Changes in BW were compared among and within the groups pre- and post-modeling.



Exercise protocol

All mice in the T2DM+HIIT, T2DM+AE, T2DM+S, and T2DM+RE groups were exercised for 60 min/day, 5 days per week, for 8 weeks. The four groups of mice were matched with four different exercise training programs, which were slightly modified from previous reports (26–28). AE involves running on the platform at a speed of 15 m/min without incline, which is a moderate-/low-intensity treadmill exercise (29). In the T2DM+S group, the mice were placed in a 42-cm-long × 40-cm-wide × 36-cm deep container (30), while mice in the T2DM+RE group climbed a 1.1-m vertical ladder with 30% weights attached to their tails. RE was performed three times per week, with three climbs per session and five dynamic movements per climb (26). Group T2DM-HIIT mice underwent 8 weeks of HIIT, the speed of which was 16–26 m/min for 4 min with complete rest for 2 min, in a 10-round cycle, with warm-up and relaxation before and after exercise for 2 min (31). Mice in the T2DM-NE, T2DM-HIIT, T2DM-AE, T2DM-S, and T2DM-RE groups were kept on a HFD during the 8 weeks of exercise (Figure 1).



Tissue collection and handling

After 8 weeks of exercise, the animals were sacrificed by decapitation 48 h after the last training session. The femurs were removed and cleaned of muscles and tendons. Subsequently, the left femurs were washed with saline, frozen in liquid nitrogen, and stored at −80°C for later analysis. The right femurs were immersed in a 4% formaldehyde solution.



Micro-computed tomography measurements

The influence of T2DM and exercise on the trabecular and cortical bone mass and microstructure was assessed at the right femur metaphysis. The total femur and distal two-thirds of the femur were scanned using VIVACT80 (SCANCO Medical AG, Brüttisellen, Switzerland) at isotropic voxel sizes of 15.6 and 11.0 µm with an X-ray power source of 55 kV, 145 µA, and 8 W.

Three-dimensional (3D) reconstruction and quantitative analyses were performed using SCANCO Medical Evaluation software (SCANCO Medical AG, Brüttisellen, Switzerland). A direct 3D evaluation of the structural parameters of the trabecular and cortical bone was carried out in a region of interest (ROI) that consisted of 110 slices. The start site of the ROI for the trabecular bone was the growth plate, as previously described (26, 32). The cross-sectional geometry of the cortical bone was evaluated at the mid-diaphysis of the tibia, as previously described (26, 32).

The outcomes of the trabecular and cortical microarchitecture included bone volume (BV), tissue volume (TV), BV/TV, bone surface (BS), bone surface/bone volume (BS/BV), BMD, trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), trabecular number (Tb.N), structure model index (SMI), degree of anisotropy (DA), connectivity density (Conn.D), and cortical thickness (Ct.Th).



Three-point bending test

Biomechanical strength of the left femur was examined using three-point bending (32, 33). Before the test, the bones were thawed at room temperature and then positioned with the posterior condyles downward on a three-point bending machine with a 25-N load cell (TA3200; Leica, Wetzlar, Germany).The femoral bone was placed directly under the testing machine with a span length of 8 mm, which moved at a rate of 1 mm/min until fracture (33). The maximum load (in newton), fracture load (in newton), yield stress (in megapascal), failure strain (Ɛ), and elastic modulus (in gigapascal) were calculated using load–displacement curves (34).



Real-time quantitative PCR

DNAse-treated total RNA was extracted from mouse tibiae using Trizol reagent (DP304; Tiangen Biotech Co., Ltd., Beijing, China). The concentration of the extracted DNA was measured at 260 nm with a microplate reader (BioTek Corporation, Vermont, USA). RNA was converted to complementary DNA (cDNA) using the Takara PrimeScript™ RT reagent Kit (RR037A; Takara, Shiga, Japan). The quantitative PCR (qPCR) reaction system included SYBR Green (Vazyme, Nanjing, China), nuclease-free water, forward and reverse primers (designed and synthesized by Shanghai Shenggong Biology Engineering Technology Service, Ltd.), and DNA, made to a total volume of 20 µl/well. StepOne Plus (Applied Biosystems, Carlsbad, CA, USA) was used for amplification by applying the following parameters: denaturation for 5 min at 95°C, 40 cycles of priming at 95°C for 10 s, and annealing at 60°C for 30 s. The following primers were used: for osterix (OSX): 5′-CCTCTTGAGAGGAGACGGGA-3′ (forward) and 5′-TGTACCACGAGCCATAGGGA-3′ (reverse); for runt-related transcription factor 2 (RUNX2): 5′-TAGCGTCGTCAGACCGAGA-3′ (forward) and 5′-CAAGGTGCCGGGAGGTAAG-3′ (reverse); for alkaline phosphatase (ALP): 5′-ACTGGCTGTGCTCTCCCTAC-3′ (forward) and 5′-GACCTCTCCCTTGAGTGTGG-3′ (reverse); and for β-actin: 5′-CAGCCTTCCTTCTTGGGTATG-3′ (forward) and 5′-AGCTCAGTAACAGTCCGCCT-3′ (reverse). Relative gene expression was calculated and quantified using the 2−ΔΔCt method after normalization to the expression level of β-actin RNA.



Statistical analysis

All data were presented as the mean ± SD. For statistical analysis, SPSS 23.0 software was used. All samples conformed to normal distribution. Comparison of the mean values was performed using an unpaired t-test. Analysis of variance (ANOVA) was utilized when comparing differences between groups, and least significant difference (LSD) was used for post-hoc tests in ANOVA. Statistical difference was considered significant at p < 0.05.




Results


HFD/STZ induce changes of the metabolic indexes in C57BL/6 mice

To establish T2DM mice, the animals were administered a HFD and 100 mg/kg STZ injection. It was found that HFD and STZ injection led to increased BW during the induction period (Table 1). In addition, compared to mice in the C group, fasting blood glucose was increased in T2DM mice (23.18 ± 0.85 vs. 4.80 ± 0.25 mmol/l, p < 0.01) (Table 1). The above data indicate that the T2DM mouse model was successfully established.


Table 1 | Animal characteristics.





Osteoporosis was induced in T2DM mice

The T2DM+NE group showed extensive changes in the morphology of both the trabecular and cortical bone compared to the C group (Table 2). There were significant decreases in BV/TV, TMD, and Conn.D of the trabecular bone in the T2DM+NE group compared with the C group (all p < 0.05). Moreover, there was a significant increase in the BS/BV in T2DM mice (p < 0.05) (Figure 2G). The cortical bone parameters were also significantly affected, with Ct.Th and TMD reduced in T2DM mice (all p < 0.05) (Figures 3C, E). Moreover, the BMD and BV/TV of the whole bone were signaficantly decreased in T2DM mice (all p < 0.05) (Figures 4B-D). Table 3 shows the values of biomechanical parameters of femur  in T2DM group and C group. The mechanical parameters (maximum load, fracture load, yield stress, and elastic modulus) were also reduced in T2DM mice (all p < 0.05) (Figures 5A-F). HFD caused a decrease in the expression of the OSX and ALP genes in all six groups (all p < 0.05) (Figures 6A, C).


Table 2 | Micro-CT analysis of the femur parameters in the control and treatment groups.




Table 3 | Biomechanical parameters obtained from the three-point bending test of the femur.






Figure 2 | High-fat diet (HFD) decreased the bone volume/tissue volume (BV/TV), tissue mineral density (TMD), and connectivity density (Conn.D) of the trabecular bone in type 2 diabetes mellitus (T2DM) mice. Moreover, HFD increased the bone surface/bone volume (BS/BV) of T2DM mice. High-intensity interval training (HIIT) increased the trabecular number (Tb.N), bone volume/tissue volume (BV/TV), tissue mineral density (TMD), connectivity density (Conn.D), and degree of anisotropy (DA) in T2DM mice compared with the T2DM without exercise (T2DM+NE) group. In addition, the trabecular separation (Tb.Sp) value was reduced in the T2DM+HIIT group. (A) Three-dimensional reconstruction plot of the trabecular bone. (B) Values of BV/TV. (C) Tb.N. (D) Trabecular thickness (Tb.Th). (E) Tb.Sp values. (F) Bone tissue density (TMD). (G) Bone surface (BS/BV). (H) Conn.D values. (I) Structure model index (SMI). (J) DA values. Data are the adjusted mean ± SD, n ≥ 7 per group. **p < 0.01, *p < 0.05 [independent-samples t-test was used to analyze the control (C) and diabetes model (T2DM+NE) groups, while one-way ANOVA followed by least significant difference (LSD) post-hoc analysis was applied for comparisons within the physical exercise groups].






Figure 3 | High-fat diet decreased the cortical thickness (Ct.Th) and tissue mineral density (TMD) of the cortical bone in type 2 diabetes mellitus (T2DM) mice. High-intensity interval training (HIIT) increased the bone volume/tissue volume (BV/TV) in T2DM mice. The exercise intervention did not improve the Ct.Th and TMD in T2DM mice. (A) Three-dimensional reconstruction plot of the cortical bone. (B) Values of BV/TV. (C) Ct.Th. (D) Bone mineral density (BMD). (E) Bone tissue density (TMD). Data are the adjusted mean ± SD, n ≥ 7 per group. **p < 0.01, *p < 0.05 [independent-samples t-test was used to analyze the control (C) and diabetes model (T2DM+NE) groups, while one-way ANOVA followed by least significant difference (LSD) post-hoc analysis was performed for comparisons within the physical exercise groups].






Figure 4 | High-fat diet decreased the bone mineral density (BMD) and bone volume/tissue volume (BV/TV) of the whole bone in type 2 diabetes mellitus (T2DM) mice. High-intensity interval training (HIIT) increased the BV/TV in T2DM mice. The BV/TV values in the T2DM+HIIT group were the largest and better than those in the T2DM plus aerobic exercise (T2DM+AE) group when compared to other exercise interventions. (A) Three-dimensional (3D) reconstruction plot of the entire femur. (B) Reconstruction of the 3D cross-section of the distal femur. (C) Values of BV/TV. (D) BMD values. Data are the adjusted mean ± SD, n ≥ 7 per group. **p < 0.01, *p < 0.05 [independent-samples t-test was used to analyze the control (C) and diabetes model (T2DM+NE) groups, while one-way ANOVA followed by least significant difference (LSD) post-hoc analysis was conducted for comparisons within the physical exercise groups].






Figure 5 | High-fat diet decreased the maximum load, fracture load, yield stress, and elastic modulus in type 2 diabetes mellitus (T2DM) mice. The yield stress of the T2DM plus high-intensity interval training (T2DM+HIIT) group was worse compared with the T2DM without exercise (T2DM+NE) group. (A) Mechanical properties measured using three-point bending tests. (B-F) Yield stress, maximum load, failure strain, fracture load and elastic modulus. Data are the adjusted means ± SD, n ≥ 6 per group. **p < 0.01, *p < 0.05 [independent-samples t-test was used to analyze the control (C) and diabetes model (T2DM+NE) groups, while one-way ANOVA followed by least significant difference (LSD) post-hoc analysis was performed for comparisons within the physical exercise groups].






Figure 6 | High-fat diet and physical exercise altered the OSX, RUNX2, and ALP gene expression in the six groups. RNA from the tibia was isolated, converted to cDNA, quantified by real-time PCR, and normalized to β-actin for OSX (A), runt-related transcription factor 2 (RUNX2) (B), and alkaline phosphatase (ALP) (C). The results are presented as the mean fold change in expression ± SD of the control (C) and T2DM groups (n = 3 per group for OSX, RUNX2, and ALP; all individual samples were run in triplicate). **p < 0.01, *p < 0.05 [independent-samples t-test was used to analyze the C and diabetes model (T2DM+NE) groups, while one-way ANOVA followed by least significant difference (LSD) post-hoc analysis was employed for comparisons within the physical exercise groups].





Effect of exercise training on the microstructure of the bone trabeculae in T2DM mice

Compared with the T2DM group, the T2DM+AE and T2DM+HIIT groups showed a significant increase in Th.N, while the Tb.Sp of T2DM mice was significantly decreased (all p < 0.05) (Figures 2C, E). In addition, the T2DM+HIIT group also showed increased bone microstructure indicators (BV/TV, TMD, and Conn.D) compared with the T2DM group (all p < 0.05) (Figures 2B, F, H). On the other hand, the BV/TV, Tb.N, Tb.Sp, and Conn.D in the T2DM+AE and T2DM+HIIT groups were significantly improved compared with the T2DM+S and T2DM+RE groups, but there was no significant change in the above indicators between the T2DM+S and T2DM+RE groups (all p < 0.05) (Figures 2B, C, E, F, H). Similarly, the SMI and DA in the T2DM+HIIT group were significantly improved compared with those in the T2DM+S and T2DM+RE groups (all p < 0.05) (Figures 2I, J). In addition, the TMD value in the T2DM+HIIT group was significantly higher than that in the T2DM+AE group (all p < 0.05) (Figure 2F). However, there was no significant difference in trabecular thickness among the groups (all p>0.05) (Figure 2D).



Effect of exercise training on the cortical parameters in T2DM mice

BV/TV and Ct.Th decreased after exercise when compared with the T2DM+NE group mice (p < 0.05) (Figures 3B, C), but the other cortical bone parameters did not significantly differ after exercise intervention (Figures 3A-E). AE significantly increased the Ct.Th (p < 0.05) and BMD (p > 0.05) compared with the other three exercise intervention groups (Figures 3C, D).



Effect of exercise training on the geometry of the whole femur in T2DM mice

As shown in Figure 4, the BV/TV of the whole bone was increased in the T2DM+RE, T2DM+AE, and T2DM+HIIT groups compared with the T2DM-NE group (p < 0.05) (Figure 4B). However, the BV/TV values in the T2DM+AE and T2DM+HIIT groups were significantly higher than those in the T2DM+S and T2DM+RE groups (p < 0.05) (Figure 4B). Additionally, no differences in the BMD among the four exercise interventions were found (p > 0.05) (Figure 4C).



Effect of exercise training on the morphology of the femur in T2DM mice

Compared with the T2DM+NE group, the number of trabeculae increased, the distance of the bone trabeculae decreased, and the arrangement of the bone trabeculae was orderly in the T2DM+HIIT group. Moreover, trabecular dispersion was highest in the T2DM+S group (Figure 2A). The bone cortex of the four groups with exercise intervention was generally similar to that of the T2DM+NE group (Figure 3A). The longitudinal section also showed that the T2DM+RE group had more severe bone curvature than the other groups (Figure 4A).



Effect of exercise training on the biomechanical index of the femur in T2DM mice

Table 3 shows the values of biomechanical parameters of femur in each exercise intervention group of T2DM. The T2DM+HIIT group showed worse yield stress compared with the T2DM+NE group (p < 0.05) (Figure 5B). The maximum load, fracture load, failure strain, and the elastic modulus were not significantly impacted by training, as shown in Figures 5C-F (p < 0.05). These data demonstrate that HIIT reduced the yield stress, but had no other effects on the femur in T2DM mice.



Effect of exercise training on gene expression in T2DM mice

The T2DM+AE and T2DM+HIIT groups showed an increased relative expression of OSX compared with the T2DM+NE group (p < 0.01) (Figure 6A). The T2DM+AE group also showed increased relative expressions of RUNX2 and ALP compared with the T2DM+NE group (p < 0.01) (Figures 6B, C). Similarly, the T2DM+S group also showed an increased relative expression of ALP compared with the T2DM+NE group (p < 0.01) (Figure 6C). The relative expression of ALP in the T2DM+RE (p < 0.05) and T2DM+HIIT (p < 0.01) groups was significantly increased compared to that in the T2DM+AE group (p < 0.01) (Figure 6C).




Discussion

In this study, we showed that T2DM and exercise had differential effects on the cortical and trabecular bone of the femur when compared to their control counterparts. More specifically, T2DM mice, regardless of exercise status, showed significant negative alterations in the bone microarchitecture indexes (BV/TV, Ct.Th, TMD, and Conn.D) and biomechanical properties (maximum load, fracture load, yield stress, and elastic modulus). On the other hand, the expression levels of the osteogenic differentiation genes (OSX, RUNX2, and ALP) were significantly reduced. Negative morphological changes were seen in the total bone and cortical bone of the T2DM mice in this study, which is supported by previous studies (33, 35). Studies comparing the cortical bone and the femur in patients with normal and T2DM osteopathy found that patients with type 2 diabetes had loss of cortical bone mass and significant cortical void (35). This decrease in cortical bone mass and cortical bone volume ratio was also seen in our study and in previous studies (33). Therefore, T2DM model mice injected with STZ after given a HFD could simulate the bone disease of T2DM. The negative changes seen in the trabecular bone of the T2DM mice in this study are supported by previous studies (36, 37). However, our three-point bending data suggest that T2DM induces the deterioration of femoral biomechanical properties, but without significant differences. Our results replicated those of previous reports on mice and rats alike demonstrating changes in the BMD and biomechanical indexes in response to T2DM (5, 6, 38).

It is important to understand the basics of OP prevention behaviors such as adequate calcium intake and regular exercise, which are essential to building and maintaining healthy bones throughout life in individuals with T2DM (39, 40). However, different exercise methods have different effects on the peak bone mass. We found that HIIT and AE, started after skeletal maturity, could reverse some of these negative alterations in the cortical and trabecular bone of T2DM mice, while swimming could exacerbate some of these negative alterations. Additionally, RE caused bone deformation in the femur. Therefore, the exercise interventions in the T2DM group had differential effects on the cortical geometry and trabecular microarchitecture compared to T2DM+NE. However, HIIT significantly reduced the yield stress of the femur (p < 0.05), and the failure load capacity was also the worst (p > 0.05). In addition, AE also showed increased relative expressions of OSX, RUNX2, and ALP compared with T2DM+NE.

Previous studies have shown that exercise therapy can effectively prevent bone loss in patients with OP (41, 42). Therefore, we analyzed the effects of four types of exercise interventions on the bone microstructure and bone biomechanics of T2DM mice and determined the most suitable exercise for alleviating OP. Swimming can improve cardiopulmonary function (43), reduce the level of blood lipid (44), improve the collective antioxidant capacity, and delay aging (45). Previous studies have shown that swimming leads to lower bone mass in teenagers or college students (46–48). On the contrary, other studies have also shown that swimming can increase bone mass in postmenopausal women (49–51), which might explain the promotion of osteoclast-led bone resorption by swimming exercise (49). These observations demonstrate that swimming reduces cortical bone volume and thickness and, therefore, is not suitable for improving the bone microstructure and biomechanical properties of patients with T2DM. These results are consistent with previous studies, which may have been due to the lack of gravity activation (52). However, in this study, swim training significantly increased the expression of ALP in the T2DM+S group. Swimming also caused a significant increase in BW and in RUNX2 mRNA expression, while the trabecular morphological structure of the distal femur and the indexes of bone histomorphology were not significantly improved in T2DM mice (30). Swim training significantly increased the RANKL/OPG ratio compared to the diabetic group (53, 54). Based on analysis of the literature and the results of this experiment, swim training may promote the expression of early osteogenic differentiation factors, but the reduction of gravity stimulation will significantly promote bone absorption, which will lead to the reduction of bone mass.

A lot of systematic reviews and meta-analyses have shown an increase in the quality of life (55) and the physical function and body composition (56) in patients when practicing RE. Previous studies have shown that RE is beneficial for bone mass (57–60). Some recent studies have reported that RE combined with medication increased the BMD, but RE alone did not affect BMD (61, 62). Our micro-CT (μCT) data on the cortical bone also suggest that RE did not affect the measures of the microstructure and bone biomechanics, except that it reduced the Ct.Th in T2DM mice. The RE group showed poor performance in terms of bone microstructure and bone biomechanics of the trabecular bone in the four T2DM groups given exercise training. These observations demonstrated that RE reduced the Ct.Th and caused bone deformation in T2DM. Therefore, RE is not suitable for improving the bone microstructure and biomechanical properties of patients with T2DM. However, these results indicate that the 6-week resistance training regimen effectively increased the BMD and improved bone quality in the proximal tibial metaphyseal trabecular bone of T2DM model rats (22). It is possible that RE exerts different effects on the bone quality of the tibia and femur.

Previous studies have shown that moderate-/low-intensity treadmill exercise could increase femoral BMD in T2DM mice (63–65). In addition, previous μCT scans and mechanical tests revealed that the trabecular bone microarchitecture and bone mechanical properties of T2DM mice were improved after 8 weeks of treadmill exercises (66). Our μCT data also suggested that the AE group had better performance in terms of bone microstructure and bone biomechanics. However, the bone biomechanics of the T2DM+AE group was not significant compared to the T2DM+NE group. The duration of treadmill exercise in our study was only 8 weeks, which may have caused AE improvement, but with no significant difference. As reported by Minematsu et al., wheel-running for 17 months could prevent the deterioration of the bone properties (tibia bone mass and trabecular bone microarchitecture) in T2DM rats (67). Furthermore, the combination of teriparatide and treadmill exercise increased the BMD and trabecular and cortical bone strength of the femur with improved microarchitecture in T2DM model rats (68). Thus, a longer duration of AE and diet could induce significant improvements in the bone microstructure and bone biomechanics of T2DM mice.

Our μCT data suggested that the HIIT group had the best performance in terms of bone microstructure in the femur bone in the four T2DM groups given exercise training. Our results are in accordance with previous studies showing that HIIT with resistance training can significantly increase the BMD (69, 70). Eight weeks of HIIT and downhill running exercise mediated the Meg3/P62/Runx2 pathway to promote bone formation in T2DM mice (31). However, except for OSX, HIIT did not significantly improve the expression of RUNX2 and ALP compared with the T2DM+NE group. In addition, studies have shown that a 10- or 12-week HIIT intervention did not induce significant changes in BMD (71, 72). The differences in the results of this experiment could be due to the short duration of the intervention program or the intervention program without resistance training since longer programs and resistance training are needed to induce improvements in BMD (49). These data demonstrate that AE and HIIT are suitable exercises for the alleviation of OP in patients with T2DM compared to the other three types of exercise.

The present study has some limitations. Firstly, this study did not track the weight, blood sugar, and body composition of each exercise intervention group. Secondly, the molecular mechanisms of T2DM and exercise intervention on bone disease were not further explored. Finally, different exercise intensities, exercise cycles, and other factors will lead to different experimental results. Therefore, more detailed exercise programs need to be designed in order to verify our findings.

Significant deterioration was observed in femur bone mass, trabecular bone microarchitecture, cortical bone geometry, and bone mechanical strength in diabetic mice. However, such deterioration was obviously attenuated in diabetic mice given AE and HIIT, which would be induced mainly by suppressing the development of T2DM. Regular physical exercise may be an effective strategy for the prevention of not only the development of diabetes but also the deterioration of bone properties in patients with chronic T2DM.
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Background

Osteoporosis is common in the elderly, and malnutrition is considered a major risk factor for osteoporosis. This study investigated the relationship between the Geriatric Nutrition Risk Index (GNRI) and osteoporosis based on a large cross-sectional study of the National Health and Nutrition Examination Survey (NHANES).



Methods

We included 7405 older adults from NHANES (2005 to 2018) and divided them into the High-GNRI and Low-GNRI groups based on GNRI levels to compare the prevalence of osteoporosis among the two groups. A multi-factor logistic regression analysis was used to determine whether GNRI was an independent risk factor for osteoporosis. Spearman’s rank correlation coefficient was computed to investigate the linear relationship between geriatric nutritional risk index (GNRI) and bone mineral density (BMD) T-score. Finally, a generalized additive model (GAM) revealed whether there was a non-linear relationship between GNRI and osteoporosis.



Results

The prevalence of osteoporosis was higher in the Low-GNRI group than those in the High-GNRI group (12.2% vs. 8.2%; P = 0.001). Similarly, the femoral neck BMD T-scores (-1.09 ± 1.42 vs. -0.91 ± 1.31; P = 0.003). However, there was no significant difference between Low-GNRI group and High-GNRI group in lumbar BMD T-scores (1.700 ± 1.69 vs 1.85 ± 1.72; P>0.05). The multi-factor logistic regression analysis identified low GNRI as an independent risk factor for osteoporosis (OR: 1.544; 95% CI: 1.179-2.022; P < 0.001). Besides, GNRI showed a positive linear correlation (P < 0.001) with femoral neck BMD T-scores in older adults, with a progressive trend towards higher BMD as GNRI increased. By contrast, there was no linear correlation between GNRI and lumbar BMD T-score (P = 0.978). Lastly, the dose response curve revealed the non-linear negative correlation between GNRI and the risk of osteoporosis in the elderly (non-linear P < 0.001). With the increase of GNRI, the risk of osteoporosis gradually decreased, especially when GNRI was greater than 100, the downward trend was more significant.



Conclusion

GNRI is an independent risk factor for osteoporosis in the elderly and is negatively and non-linearly associated with the risk of osteoporosis in the elderly population.
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Introduction

Osteoporosis causes patients’ bone mineral density (BMD) and bone quality to decrease, resulting in a variety of fractures throughout the body (1, 2). In the elderly, osteoporotic fractures affect up to 50% of women and 20% of men over the age of 50 (3). Therefore, identifying risk factors associated with osteoporosis is essential for its prevention and treatment.

Geriatric nutritional risk index (GNRI), first reported in 2005 (4), is a simple dietary index strongly associated with the prognosis of many diseases such as diabetes, heart failure, and cancer (5–7). Various studies (8) have found a significant correlation between GNRI and bone mineral density and osteoporosis. In the Chinese population, the GNRI value was increased with the BMD level (8). Similarly, GNRI was positively correlated with BMD and negatively correlated with the incidence of osteoporosis in T2 diabetic patients (5). In hemodialysis patients, GNRI was significantly associated with BMD of the femoral neck, lumbar spine, and distal radius, and combining GNRI with traditional risk factors (age, sex, diabetes, and cardiovascular disease) accurately predicted patient mortality (9). Moreover, a low GNRI level is also considered a risk factor for decreased bone mineral density in the femoral neck in young men with rheumatoid arthritis (10). The studies mentioned above confirm that GNRI is strongly linked to osteoporosis and bone mineral density. Nonetheless, the studies generally include small populations (fewer than a few hundred people), are primarily single-center studies, and focus on older men.

The National Health and Nutrition Examination Survey (NHANES) is a large-scale population-based cross-sectional survey that collects information about the health and nutrition of the U.S. household population. NHANES database has broad sample coverage and various indicators that provide access to demographics, socioeconomics, diet and health, physiological measurements, laboratory tests, and other information throughout the US. In the present study, we identify the correlation between GNRI and the risk of osteoporosis in the elderly population with the help of the NHANES large-scale cross-sectional study, which can be used as a reference for the prevention of osteoporosis.



Methods


Database and survey populations

The data used in this study were acquired from NHANES (https://www.cdc.gov/nchs/nhanes/index.htm) website. This is a cross-sectional survey conducted by the National Center for Health Statistics (NCHS) and the Centers for Disease Control and Prevention. NHANES is designed to provide nationally representative data on the civilian population of the U.S. The NCHS Ethics Review Board approved the data collection protocol, and all survey participants gave informed consent before being interviewed and examined. For this study, a dataset was constructed using publicly available data files of NHANES responses from 2005 to 2018. The study population included all NHANES respondents.



GNRI evaluation and grouping

According to previous research, the GNRI was calculated using the subject’s height (cm), weight (kg), ideal weight (kg), and serum albumin (g/L) (4, 5). Calculation formula: GNRI = (1.489) × Albumin (g/L) + 41.7 × [body weight/ideal body weight], ideal body mass = 22 × Height (m) × Height (m). When the weight exceeds the ideal weight, set the weight/ideal weight = 1. GNRI nutritional assessment level determination: High nutritional risk (GNRI < 98), low nutritional risk (GNRI ≥ 98) (4, 7). The patients included in this study were divided into two groups: High-GNRI group (GNRI ≥ 98) and Low-GNRI group (GNRI < 98).



Osteoporosis assessment

The World Health Organization (WHO) (11), defines osteoporosis as failure to meet one of the following conditions: (1) previous self-reported history of osteoporosis as determined by a physician’s diagnosis; (2) no self-reported history of osteoporosis, but laboratory dual-energy x-ray absorptiometry (DXA) showing a femoral neck or lumbar spine (L1-3) T-score ≤ -2.5 (12, 13).



Demographic characteristics

Demographic characteristics such as age, gender, and race were confounding factors between exposure and the primary outcome. The socioeconomic covariates comprise education level, marital status, and health insurance coverage. Data on health-related behaviors, such as smoking, alcohol consumption, physical activity, and history of glucocorticoid use, were also collected. Physical activity during leisure time for the past 30 days was assessed based on questionnaire data to determine their level of physical activity, frequency, and duration of each exercise session. Metabolic equivalent (MET) scores were calculated for the average physical activity level over the past 30 days based on the recommended MET scores provided for each response in the questionnaire section of the NHANES methodology. Similarly, medical comorbidity variables were also acquired, including body mass index (BMI), blood calcium, glomerular filtration rate (GFR), hypertension, diabetes, and cancer. For the missing covariate data, we used the variable missing interpolation method to supplement the missing data through the R software MI program.



Statistical analysis

Data were analyzed using χ2 test to analyze weighted differences in cohort characteristics and outcome variables between exposure groups. For preliminary analysis, multifactorial logistic regression was used to determine the association between exposure and outcome variables. All descriptive studies were tested for significance using two-sided tests at a significance level of P < 0.05. Finally, a generalized additive model (GAM) was used to examine the nonlinear relationship between the outcome variable and the exposure factors. Moreover, Spearman correlation analysis was performed to investigate the correlation between GNRI and BMD. All data analyses were computed using Empower Stats software (www.empowerstats.com, X&Y solutions, Inc. Boston MA) and R.3.5.2 (http://www.R-project.org). Furthermore, sample sizes were based on available data, and no ex-ante minimum sample size calculations were performed.




Results

We collected survey data from 70190 participants. After excluding those who lacked outcome or exposure data, 7450 participants (including 632 with osteoporosis and 6773 in the non-osteoporotic control population) were included in the analysis (Figure 1).




Figure 1 | Flow diagram of the screening and selection process.




Characteristics of participants in the High-GNRI and Low-GNRI group

The distribution of cohort characteristics stratified by GNRI level degree is shown in Table 1. In the preliminary analysis, 12.2% (67/550) of participants in the Low-GNRI group had comorbid osteoporosis compared to 8.2% (565/6855) of participants in the High-GNRI group, with a significant difference between the two groups (P = 0.001). The Low-GNRI group had a higher proportion of males, 59.5% (327/550), and significantly higher mean age (71.2 ± 7.3 vs. 69.9 ± 7.1; P < 0.001) than the High-GNRI group. Besides, the Low-GNRI group also had a lower BMI (28.6 ± 5.3 vs. 25.4 ± 6.0; P < 0.001) than the High-GNRI group. In terms of social factors, the Low-GNRI group had a higher proportion of divorced, separated, or widowed people (44.2% vs 35.0%) than the High-GNRI group. However, the Low-GNRI group had a lower proportion of people with a high school education than the High-GNRI group (61.3% vs 70.6; P<0.001). Furthermore, there was also a statistical difference between the two groups regarding hypertension, diabetes mellitus, and cancer history (P < 0.05). HbA1c (6.05 ± 1.09 vs. 6.01 ± 1.10; P < 0.001) was higher in the High-GNRI group than in the Low-GNRI group, which could be attributed to the higher prevalence of diabetes (31.6% vs. 26.2%; P < 0.001) in the High-GNRI group than in the Low-GNRI group as well. Subsequent analysis after direct deletion of all missing data showed that the estimates of the effect of direct deletion of missing values and multiple interpolation were similar.


Table 1 | Characteristics of participants included in study from the NHANES (2005 to 2018).





BMD T-scores distribution of participants in the High-GNRI and Low-GNRI group

The femoral neck BMD T-scores (-1.09 ± 1.42 vs. -0.91 ± 1.31; P = 0.003) in the Low-GNRI group were lower than those in the High-GNRI group (Figure 2A). Similarly, the lumbar spine BMD T-scores (1.700± 1.69 vs. 1.85 ± 1.72; P>0.05) in the Low-GNRI group were also lower than in the High-GNRI group, but the difference is not significant (Figure 2B). Thus, the trend toward lower femoral neck BMD T-scores was temporarily outweighed by the lower GNRI levels.




Figure 2 | The violin plot of BMD T-scores distribution in High-GNRI and Low-GNRI group subjects. (A) Distribution of femoral neck BMD T-scores in two groups. (B) Distribution of lumbar BMD T-scores in two groups.





GNRI level and osteoporosis

Take High-GNRI as control group, a multifactorial logistic regression analysis was used to determine whether Low-GNRI was a risk factor for osteoporosis. In an unadjusted survey-weighted analysis, the OR for predicting osteoporosis risk by Low-GNRI was 1.544 (P = 0.001, Table 2). After adjusting for covariates such as age, sex, race, education level, marital status, BMI, smoker, alcohol user, glucocorticoid user, physical activity, blood calcium, hypertension, cancer, diabetes, the OR for predicting osteoporosis risk by Low-GNRI was 1.834 (P < 0.001, Table 2). In short, it is suggested that Low-GNRI is a risk factor for the development of osteoporosis.


Table 2 | Logistic regression analysis for associations between Low-GNRI and osteoporosis.



Furthermore, subgroup analysis by age, gender, ethnicity, showed consistent results across categorized subgroups of the population, with low levels of GNRI consistently associated with an increased risk of osteoporosis prevalence in the elderly population, all at P < 0.05 (Table 3).


Table 3 | Subgroup logistic regression analysis for the association between Low-GNRI and osteoporosis.





Linear correlation analysis of BMD T-scores and GNRI in older adults

Results indicated a positive linear correlation between GNRI and BMD T-scores of the femoral neck in older adults (P < 0.001), with a gradual increase in BMD T-scores as GNRI increased, but the correlation between lumbar spine BMD T-scores and GNRI was not strong (P = 0.978, Figures 3A, B).




Figure 3 | Correlation between BMD T-scores and GNRI. (A) Correlation between femoral neck BMD T-scores and GNRI. (B) Correlation between lumbar spine BMD T-scores and GNRI.





Dose-response relationship between GNRI and risk of osteoporosis in older adults

The dose-response curves between GNRI and the risk of osteoporosis revealed a non-linear negative association between GNRI and the risk of osteoporosis in the elderly population (non-linear P < 0.001). Similarly, after adjusting covariates (age, sex, ethnicity, and race), a negative association between GNRI and risk of osteoporosis was also found (non-linear P < 0.001; Figure 4). With the increase of GNRI, the risk of osteoporosis gradually decreased, especially when GNRI was greater than 100, the downward trend was more significant.




Figure 4 | Dose-response association between OR of osteoporosis and GNRI (adjusted for age, sex, race, smoker, alcohol user, glucocorticoid user, hypertension, cancer, and diabetes).






Discussion

Osteoporosis is a complex biological process that primarily involves loss of bone mass and loss of bone strength with increasing age (12). Osteoporosis is characterized by the deterioration of bone microstructure, resulting in increased bone fragility and fracture (1). The occurrence of osteoporosis is closely related to age, gender, height, weight, smoking, alcohol, diabetes, dementia, cancer, asthma or chronic obstructive pulmonary disease, cardiovascular disease, chronic liver disease, and many other physiological or pathological conditions (12).

Chronic alcohol abuse is known to be associated with osteoporosis and the development of osteoporotic fractures. Ethanol promotes elevated P21 expression, while high P21 expression inhibits osteoblast differentiation and mineralization, which further interferes with bone remodeling (14, 15).

Besides, several clinical studies have found a positive association between alcohol consumption and the development of osteoporosis (OR = 2.95, P < 0.05). Compared to abstainers, those who drank 0.5-1 drink per day had 1.38 times the risk of developing osteoporosis (OR = 1.38, P < 0.05) and 1-2 drinks per day (OR = 1.34, P < 0.05); those who drank two or more drinks per day had 1.63 times the risk of developing osteoporosis (OR = 1.63, P < 0.05) (16). In addition, smoking research can also lead to osteoporosis, and a study by the Taiwan Biobank found that the smoking-only group was more likely to develop osteoporosis than non-smoking participants (OR=1.24, P=0.003) (17). Smoking has an effect on bone integrity, where this adverse effect is mainly attributed to nicotine, one of the main components of the particulate phase of tobacco smoke (18). Smoking alters bone remodeling, including altering osteoblast bone formation, increasing osteoclast osteoblastic degeneration, or both. Clinical studies have also found that smoking significantly reduces bone density in the femoral neck and lumbar spine, and epidemiological studies have shown that smokers lose more cortical bone than nonsmokers (19).

Our study also observed that the Low-GNRI group had a higher prevalence of smoking (59.1% vs. 51.2%; P < 0.001) and alcohol consumption (85.5% vs. 82.6%; P = 0.091) compared to the High-GNRI group. Therefore, in a subsequent logistic regression, we adjusted for smoking as well as alcohol as covariates, and the results still supported a significantly higher risk of osteoporosis in the Low-GNRI population than in the High-GNRI.

Adequate nutrition plays an essential role in the stability of bone structure. Malnutrition often leads to lower daily activities and longer hospital stays and recovery times for the elderly (20). Studies suggested that high protein intake positively affects bone mineral density or content (21). In contrast, lower levels of serum albumin (< 3 g/dL) were strongly linked to the development of osteoporosis in the lumbar spine, femoral neck, and hip (22). Takako et al. found that 36.4% of patients with osteoporotic vertebral compression fractures (OVCFs) develop malnutrition, an important factor in the reduced activities of daily living and postoperative falls (23). The GNRI is a simple tool for determining a patient’s nutritional status based on height (cm), weight (kg), ideal weight (kg), serum albumin, and other factors (4). BMI is calculated from height and weight. BMI and osteoporosis occurrence are closely related, but not in a simple linear relationship. High BMI (> 26-28 kg/m2) as well as low BMI (< 22-24 kg/m2) can increase the occurrence of osteoporosis (24–26). In people over the age of 50, a BMI of 23.0-24.9 kg/m2 can reduce the risk of osteoporosis and type 2 diabetes (27). Wang et al. (5). also demonstrated that GNRI was positively associated with the lumbar spine, hip, and femoral neck BMD and negatively associated with osteoporosis development in patients with type 2 diabetes. Furthermore, GNRI is a more accurate clinical predictor of osteoporosis occurrence than BMI, albumin, and age. In addition, GNRI was positively correlated with BMD-T scores, body composition, and grip strength in hemodialysis patients, and a high GNRI tended to imply better bone quality (28). Qing et al. reported the relationship between GNRI and BMD in the Chinese elderly through a large cross-sectional study of 1130 participants for the first time. Authors found that higher GNRI values were associated with higher levels of hip BMD but not significantly with lumbar spine BMD (8) Contrarily, we found a significant linear relationship (P < 0.001) between either femoral neck BMD or lumbar spine BMD and GNRI based on a larger cross-sectional survey population (1621 with osteoporosis and 6906 in the control population), with higher GNRI being associated with higher femoral neck or lumbar spine BMD. These findings imply that nutritional status affects bone quality throughout the body in older adults.

GNRI was identified as a risk factor for the development of osteoporosis in the elderly by multifactorial logistic regression scores. In the present study, osteoporosis (24.4% vs. 18.9%) was also significantly higher in the elderly with low GNRI than in the high GNRI population. After adjusting for covariates such as age, gender, and diabetes, the findings remained consistent. We investigated the dose-response relationship between GNRI and the risk of osteoporosis and found that GNRI had a non-linear negative correlation with the risk of osteoporosis in the elderly population rather than a simple linear relationship. In short, the pathogenesis of osteoporosis is replicated, and multiple factors are involved in the development of osteoporosis.

There are some limitations associated with this study. First, in this cross-sectional study, it is difficult to speculate on the causal relationship between GNRI and BMD/osteoporosis. Because the NHANES study collected data at a single time point, nutritional data such as serum albumin, height, and weight were only recorded once for all participants, and BMD-T values of lumbar spine and femoral neck were only measured once, potentially resulting in some bias in GNRI and BMD-T scores. Therefore, in the future, we need to conduct multicenter longitudinal clinical trials to confirm our findings, dynamically assess changes in each of the factors that may affect BMD/osteoporosis and lead long-term follow-up to investigate how nutrition levels specifically affect the development and progression of osteoporosis in older adults.



Conclusion

This study found a significant association between low levels of GNRI and the development of osteoporosis in older adults through a nationwide cross-sectional study. Our analysis of a nationally representative sample suggests that low levels of GNRI are a risk factor for the development of osteoporosis in older adults and can also be used as a predictor of osteoporosis risk in older adults.
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Osteoporosis is a common metabolic bone disease with a rapidly increasing prevalence, characterized by massive bone loss because of excessive osteoclast formation. Gallic acid (GA), a phenolic acid isolated from Cornus officinalis, has anti-inflammatory and anti-oxidant effects, but its effect on osteoclast formation has not been confirmed. In our study, we demonstrated that GA significantly inhibited RANKL‐induced osteoclast formation and function of osteoclast in bone marrow monocytes (BMMs) and RAW264.7 cells in a dose-dependent manner without cytotoxicity. For molecular mechanisms, GA repressed osteoclastogenesis by blocking Akt, ERK, and JNK pathways, and suppressed osteoclastogenesis-related marker expression, including nuclear factor of the activated T-cell cytoplasmic 1 (NFATc1), c‐Fos, and cathepsin K (CTSK). In addition, we further assessed the effect of GA in an ovariectomized mouse model, which indicated that GA has a notable effect on preventing bone loss. In conclusion, GA exerts notable effects in inhibiting osteoclastogenesis and preventing ovariectomy-induced bone loss, suggesting that GA is a potential agent in osteoporosis treatment.
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Introduction

Osteoporosis is a chronic metabolic bone disease commonly seen in postmenopausal women, characterized by massive bone loss because of excessive osteoclast formation, as well as increasing risk of fragility fractures (1). According to the report, about 40% of postmenopausal women over the age of 50 suffer from osteoporosis (2). The pathophysiology of osteoporosis is the disequilibration of bone homeostasis between osteoblast and osteoclast (OC) (3). Currently, therapeutic drugs for osteoporosis, such as bisphosphonates, calcitonin, and estrogen, increase bone mineral density and reduce the risk of fragility fractures (4). However, these pharmacological drugs for osteoporosis are still limited due to several side effects, including breast cancer, atypical femoral fractures, and hypercalcemia (5, 6). Therefore, it is crucial to explore safer and effective drug to regulate OC differentiation and function. Natural compounds have been reported for the treatment of osteoporosis due to their extensive bioactivities and limited side effects (7, 8), which provides us with a reliable basis to explore this field.

OC, derived from bone marrow monocytes (BMMs), are responsible for bone resorption (9). During OC differentiation, the two critical cytokines for OC formation and maturation are receptor activator of nuclear factor κ‐B ligand (RANKL) and macrophage colony‐stimulating factor (M‐CSF) (10). M‐CSF was considered the first essential factor to maintain the proliferation and vitality of preosteoclast cells and to stimulate the expression of receptor activator of nuclear factor-κB (RANK) (11). Meanwhile, RANKL plays an important role in OC differentiation by interacting with its receptor RANK (12). Once RANKL combines with its receptor RANK, then activates a series of downstream signaling pathways, and eventually result in enhanced transcription of c-Fos and NFATc1 (13, 14). Thereafter, these signaling cascades promote the expression of various osteoclastic genes and proteins including tartrate resistant acid phosphatase (TRAP) and cathepsin K (CTSK) (15).

Gallic acid (GA), a phenolic acid isolated from Cornus officinalis, exhibits extensive pharmacological activities, including anti‐inflammatory and antioxidant activities (16). It has been reported that GA exerts immunomodulatory effects on LPS-stimulated RAW264.7 cells by inhibiting MAPK, NF-κB and AP-1 pathways (17). In addition, GA also inhibits fibroblast growth and migration in keloids through suppressing the AKT/ERK signaling pathway (18). However, the effects of GA on OC differentiation and function have not yet been reported. Since the process of osteoclastogenesis shares these pathways, we investigated GA‐mediated regulation of RANKL‐induced OC formation from BMMs and RAW264.7 cells and its underlying mechanism.

Herein, we assessed the effects of GA on OC differentiation and function in vitro and in vivo, and further elucidated its mechanisms.



Materials and methods


Materials and reagents

GA (PubChem CID: 370) was supplied from FeiyuBio (Nantong, China) and dissolved into a storage concentration of 100mM with dimethyl sulfoxide (DMSO). FBS and α-MEM were purchased from Gibco (Rockville, MD, United States) and AusGeneX (Brisbane, Australia), respectively. Recombinant RANKL and M-CSF were provided by R&D (R&D Systems, MN, United States). Cell Counting Kit-8 (CCK-8) was supplied by Absin (Shanghai, China). Rhodamine‐conjugated phalloidin were purchased from Thermo (San Jose, CA, USA). The Cell Signaling Technology (Beverly, MA, USA) supplied the primary antibodies against p-AKT, AKT, p-ERK, p-JNK, JNK, p‐P38, and P38. The antibodies against β-Actin, NFATc1, Cathepsin K (CTSK), and ERK were obtained from Santa Cruz (San Jose, CA, USA). C-Fos were obtained from Abcam (Cambridge, MA, USA). RAW264.7 cells were kindly provided by Stem Cell Bank, Chinese Academy of Sciences. Sterile bone slices were obtained from IDS (London, UK).



Cell culture

BMMs were extracted from the bone marrow cavities of tibias and femur of six-week-old mice and then cultured in α‐MEM medium with 25 ng/mL M‐CSF. After 48 h of culture, the suspended cells were discarded, and the remaining adherent cells were BMMs. In addition, RAW264.7 was incubated with α‐MEM medium without M‐CSF. Then, BMMs and RAW264.7 were all seeded for osteoclastogenic differentiation induction.



Cytotoxicity assay

To test the cytotoxicity of GA on BMMs and RAW264.7, a CCK-8 assay was conducted according to the manufacturer’s protocol. BMMs (1 × 104/well) and RAW264.7 (5 × 103/well) were seeded into plates (96-well plates) and cultured separately overnight. Next, the cells were treated with various concentrations of GA (0, 1, 2.5, 5, and 10 μM) for 48 h, and then 10 μl CCK8 solution per well was added and incubated for another 3 h. At last, the absorbance at 490 nm was recorded using a multimode reader (Spark 10M, TECAN, Switzerland).



Osteoclastogenesis assay

At a temperature of 37°C and 5% CO2 condition, BMMs (1 × 104/well) and RAW264.7 (5 × 103/well) were seeded into a plate (96-well plate) and cultured separately overnight to adhere. For osteoclastogenesis, adherent cells of BMMs and RAW264.7 were incubated with RANKL (50 ng/ml) and increasing concentrations of GA (1, 2.5, 5, and 10 μM) for 6 days (medium of each well replaced every 2 days). At day 7, fixed BMMs and RAW264.7 cells were performed for TRAP staining, followed by quantification of TRAP-positive multinucleated cells.



Immunofluorescence staining

As mentioned above, BMMs (1 × 104/well) were incubated overnight in the presence of 25 ng/mL M-CSF. After that, BMMs were induced into OC with RANKL (50 ng/mL) stimulation in the presence or absence of GA (5 μM, 10 μM) for 6 days. At day 7, the fixed cells were incubated with 0.5% Triton X-100, and then stained with rhodamine‐conjugated phalloidin. F‐actin were visualized under fluorescence microscope (Axioskop 40, Zeiss, Germany).



Pit formation assay

The sterile bone slices (DT-1BON1000-96) were used to detect the function of OC. BMMs (1×104/well) were seeded onto the sterile bone slices that had been pre-placed on the bottom of a 96-well plate and cultured overnight. Next day, RANKL (50 ng/ml) was added to stimulate OC differentiation in the presence or absence of GA (5 μM, 10 μM). The medium in each well was replaced every 2 days, and the cells were induced and cultured for 10 days. At day 11, all the bone slices were detected by scanning electron microscopy to observe the bone resorption pits. Finally, the bone resorption pits on every bone slice were measured by ImageJ.



Quantitative real time PCR

In the presence of RANKL (50 ng/mL) and M‐CSF (25 ng/mL), BMMs (1×105/well) were cultured in a 6‐well plate and treated with different concentrations of GA (5, 10 μM) for 6 days. Subsequently, total RNA was extracted and synthesized into cDNA with a cDNA Synthesis Kit (Bio-Rad, CA, USA). After that, the synthesized cDNA was used to perform real‐time PCR assay with a green RTPCR kit (Bio-Rad, CA, USA). The specific primers were displayed in Table 1. The expression of target genes was normalized to β-actin, which was used as control.


Table 1 | Primer sequences used in qRT-PCR.





Western blot

To evaluate the long-term action of GA on the expression of NFATc1 pathway and OC function-related proteins, BMMs (1 × 105/well) in a 6‐well plate were cultured and stimulated with RANKL (50 ng/mL) in the presence or absence of GA (5, 10 μM) for 6 days. Next, total protein was harvested using RIPA buffer to lyse the cells at day 6. Meanwhile, to assess the effect of GA on the expression of downstream signaling pathways in a short period of time, BMMs (5 × 105/well) in a 6‐well plate were incubated with M‐CSF (25 ng/mL) overnight to adhere. Next day, the adherent cells were starved for 4 h and incubated with GA (5, 10 μM) for 2 h. Thereafter, RANKL (50 ng/ml) was added to stimulate OC differentiation for 1 h, and then total protein was lysed and obtained by using RIPA buffer.

The extracted proteins were loaded and separated by 10% SDS-PAGE gel, transferred to PVDF membranes, and blocked in 5% skim milk for 1 h and eventually incubated with primary antibodies against P38 (diluted 1:1000, #9212), p-P38 (diluted 1:1000, #4511), JNK (diluted 1:1000, #9252), p-JNK (diluted 1:1000, #4668), p-ERK (diluted 1:1000, #4370), p-AKT (diluted 1:1000, #4060), AKT (diluted 1:1000, #4691), ERK(diluted 1:1000, sc-514302), CTSK (diluted 1:1000, sc-48353), NFATc1 (diluted 1:1000, sc-7294), c-Fos (diluted 1:1000, ab222699), and β-Actin (diluted 1:10000, sc-47778) overnight at 4°C. Later, the PVDF membranes were subjected to incubation with secondary antibodies for 1 h at room temperature. Finally, the immunoreactive bands were detected with an Image Quant LAS 4000 system (GE, United States), followed by analysis using by ImageJ.



Ovariectomy mouse model establishment

Ten-week-old female C57/BL6 mice, purchased from the animal center of Zhejiang Chinese Medical University (Hangzhou, Zhejiang), were randomly divided into the sham group (n=7), the OVX group (n=7), and the OVX treated with GA (OVX+GA) group (n=7). The mice in the sham group received intraperitoneal DMSO injection, while the ovariectomized mice in OVX and OVX + GA groups were intraperitoneally injected DMSO and 10 mg/kg GA every 2 days for 8 weeks, respectively. Based on previous similar studies, the dosage of intraperitoneal injection in this study was determined (7, 8). After 8 weeks of drug administration, the mice of all groups were sacrificed, and the bilateral femurs were obtained and subsequently used to histopathology analysis and Micro-CT scans. Animal care and experimental procedures were approved by the Ethics of Animal Experiments of Zhejiang Chinese Medical University (IACUC-20210913-06).



Micro‐CT scanning of femurs

The isolated femurs from each group were scanned with a Skyscan 1176 micro-CT equipment (Bruker, Kontich, Belgium) at a resolution of 10 μm. Then, NRecon were used to reconstruct three-dimensional image, followed by analysis with CTAn software. Morphometric analysis of the following parameters was performed as our previous study (19): bone mineral density (BMD); trabecular bone volume per tissue volume (BV/TV); trabecular thickness (Tb. Th); trabecular number (Tb. N); trabecular separation (Tb. Sp); cortical thickness (Ct.Th).



Histology and immunohistochemistry

Briefly, the femurs were fixed and decalcified, and then embedded in paraffin. Thereafter, femur tissues were cut to produce 4‐μm‐thick sections and subsequently subjected to Alcian Blue Hematoxylin/Orange G (ABH) and TRAP staining for morphological analysis and observation of OC formation. The area of lipid droplets, trabecular area, OC number per bone surface (N.Oc/BS) and the OC surface per bone surface (Oc.S/BS) in the region of interest (ROI) were measured by two researchers.

The steps of IHC assay are as follows: First, the blank sections were incubated in 0.01M citrate buffer (60°C, 4 h) and inactivated by H2O2 (37°C, 20 min). Subsequently, sections were subjected to incubation at 4°C with primary antibodies against CTSK (diluted 1:400, sc-48353), p-ERK (diluted 1:200, #4370), p-AKT (diluted 1:200, #4060), and p-JNK (diluted 1:200, #4668) overnight. Next day, DAB solution was applied and counterstained with hematoxylin. Finally, the quantification of positive staining in five consecutive sections was calculated using ImageJ software.



Statistical analysis

All the data were presented as means ± SD. Analyses of our present research were conducted using one-way ANOVA test or student’s t-test with GraphPad Prism. P<0.05 was considered statistically significant.




Results


GA inhibits RANKL-induced osteoclastogenesis in vitro

Before assessing the inhibitory effect of GA on osteoclast formation, we investigated its cytotoxicity against BMMs and RAW264.7 cells by CCK-8 assay (Figure 1A, B). The CCK-8 assay results indicated that GA exerted no significant toxicological effect on the proliferation of BMMs and RAW264.7 cells with increasing concentrations, which confirmed that the inhibitory effect of GA on osteoclastogenesis was not due to cell cytotoxicity.




Figure 1 | GA inhibits RANKL-induced osteoclastogenesis in vitro. (A) Chemical structure of GA. (B) CCK-8 assay was performed to measure the effects of the increasing concentrations of GA on the proliferation of BMMs and RAW264.7 cells. (C, D) TRAP staining of OCs induced from BMMs and RAW264.7 cells with increasing concentrations of GA. (E, F) Quantitative analysis of the TRAP-positive multinucleated OCs (>3 nuclei) induced from BMMs and RAW264.7 cells in each well. Scale bar = 200 μm. n= 5, *P < 0.05, **P < 0.01, and ****P < 0.0001 versus RANKL-induced group.



To evaluate the suppressive effect of GA on OC formation, BMMs and RAW264.7 cells were induced into OC by RANKL (50 ng/mL) stimulation in the presence or absence of GA (1, 2.5, 5, and 10 μM). The results of TRAP staining indicated that the suppressive effect of GA on OC formation is clearly dose-dependent (Figures 1C, D). Moreover, the number and size of TRAP+ OC cells in each well of 96-well plate were dose-dependently reduced at concentrations of GA higher than 2.5 μM (Figures 1C–F). Specifically, fewer TRAP+ OC cells were observed in the 10 μM GA-treated groups.



GA suppresses osteoclast formation in a time-dependent manner

To determine which time stage of OC differentiation was influenced, BMMs were intervened with 10 μM GA on the groups of days 1–3, 3–5, 5–6, and 1–6. As shown in Figures 2A, B, GA had a remarkable inhibitory effect in all stages of OC differentiation, whereas the effects were weakened when GA was added on day 5‐6, revealing that GA inhibits OC differentiation mainly at the early (day 1–3) and middle (day 3–5) stages. Obviously, the number and size of multinucleated TRAP+ OC in the group of day 1-6 was significantly lower than that in the control group (Figure 2C).




Figure 2 | GA suppresses osteoclast formation in a time‐dependent manner. (A, B) Representative images of the TRAP-positive cells treated with 10 μM GA on days 1–3, 3–5, 5–6, and 1–6. (C) Quantitative analysis of the number of TRAP-positive multinucleated OCs (>3 nuclei) at different time points. Scale bar = 200 μm. n= 5, *P < 0.05, **P < 0.01, ****P < 0.0001 versus RANKL-induced group.





GA reduces F-actin formation and osteoclast resorptive activity

Additionally, the fluorescence staining of cytoskeleton was performed to examine the effect of GA on OC fusion. Figures 3A, C show that the average area of each F-actin belt formation and the number of nuclei of each OC by TRAP staining were markedly decreased with 5 and 10 μM GA.




Figure 3 | GA reduces F-actin formation and osteoclast resorptive activity. (A) Representative images of fluorescence staining and TRAP staining of OC treated without or with GA (5 and 10 μM). Scale bar = 200 μm. (B) Representative images of the pit formation on bone slice without or with GA treatment. (C) Analysis of the number of OC nuclei by TRAP staining. (D) Quantitative analysis of the bone resorption areas on bone slices. n= 5, **P < 0.01 versus RANKL-induced group.



Beyond the formation and fusion of OC, we further tested the ability of GA to attenuate the osteoclastic resorptive activity using bone slices. After incubating with RANKL (50 ng/ml) in the presence or absence of GA (5 μM, 10 μM) for 10 days, the resorption pits were observed by scanning electron microscopy and measured by ImageJ. Figures 3B, D showed that the bone resorption area obviously reduced as the drug concentration increased, especially at 10 μM, suggesting that GA can suppress the resorptive activity of OC.



GA inhibits relevant osteoclastic genes and proteins expression

Next, a qRT‐PCR assay of relevant osteoclastic genes, including NFATc1, c-Fos, and CTSK, were dose-dependently down-regulated by GA treatment (5 and 10 μM). The expression of these target genes in the RANKL group were remarkably elevated than that in the control group, while obviously downregulated by GA treatment (Figures 4A–C). Meanwhile, the results of western blot also demonstrated that GA can effectively inhibited the expression of these osteoclastic proteins (Figures 4D–G).




Figure 4 | GA inhibits relevant osteoclastic genes and proteins expression. (A-C) The gene expression of NFATc1, c‐Fos, CTSK after stimulation by RANKL with or without GA (5 and 10 μM). The expression of target genes was normalized to β-actin. (D) The protein expression of NFATc1, c‐Fos, CTSK after stimulation by RANKL with or without GA (5 and 10 μM). (E-G) The expression of target proteins was normalized to β‐actin. n= 3, *P < 0.05, **P < 0.01, and ***P < 0.001 versus RANKL‐induced group.





GA represses RANKL-induced ERK, JNK and AKT signaling pathways

To delve into the mechanisms involved in the suppressive effect of GA on OC formation, western blot was further performed to discover whichever pathway was blocked. BMMs were induced with RANKL and M-CSF stimulation and GA (5, 10 μM) intervention for 1 h, and then the Akt and MAPK pathways were detected (Figure 5A). As depicted in Figures 5B–E, the expression levels of p-AKT, p-JNK and p-ERK were dose-dependently repressed by GA, whereas the p-P38 wasn’t significantly different between the groups with and without GA. To further confirm that GA can act on ERK, Akt and JNK, we constructed molecular docking for GA-ERK, GA-Akt and GA-JNK. The free binding energy of GA with Akt, ERK, and JNK were -6.0 kcal/mol, -6.1 kcal/mol, and -5.7 kcal/mol, respectively, revealed that Akt, ERK, and JNK had a strong affinity for GA (Figures 5F–H).




Figure 5 | GA represses RANKL-induced ERK, JNK and AKT signaling pathways. (A) Western blot analysis of p-AKT, p-JNK, p-P38 and p-ERK in BMMs treated with RANKL in the presence or absence of GA (5 and 10 μM). (B-E) The relative ratios of phosphorylation levels of proteins to total protein levels were quantified. n= 3. (F-H) The free binding energy for molecular docking of GA and ERK, Akt and JNK. *P < 0.05, **P < 0.01, ***P < 0.001 versus RANKL‐induced group.





GA protects against OVX-induced bone loss in vivo

To further evaluate the actual effect of GA, an OVX mice model was established and treated with GA. Subsequently, Micro‐CT were performed and the following parameters were analyzed (Figure 6A). Compared with the OVX group, the following parameters of BMD, BV/TV, Tb/Th and Tb.N of GA-treated group were obviously increased, while the trabecular spacing (Tb.Sp) was decreased (Figures 6B–F). However, Ct.Th remained unchanged between the OVX group and GA-treated group in the current study (Figure 6G).




Figure 6 | GA protects against OVX-induced bone loss in vivo. (A) Representative 3D reconstructed CT images of the distal femur microstructure. (B‐G) Quantitative analyses of BMD, BV/TV, Tb.N, Tb.Th, Tb.Sp, and Ct.Th in the groups. n= 7, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, non-significant.



Histomorphometric analyses was further applied to observe the alterations in bone microstructure. The results of ABH staining indicated that the BV/TV were remarkably lower in the OVX group than that in the sham group, accompanied by a large amount of fat accumulation. Interestingly, both the BV/TV and fat accumulation were significantly improved after GA treatment (Figures 7A, C, D). Moreover, TRAP staining showed that GA-treated group had fewer TRAP+ OC than those from OVX group, with decreased Oc.S/BS and the N.Oc/BS (Figures 7B, E, F).




Figure 7 | GA ameliorates OVX-induced bone loss by inhibiting osteoclast activity in vivo. (A, B) Representative images of decalcified bone stained with ABH and TRAP from mice in the sham, OVX, and GA (10 mg/kg) treatment groups. Scale bar = 200 μm. (C-F) Quantitative analyses of BV/TV, area of lipid droplets, and TRAP-positive cells. n= 7, **P < 0.01, ***P < 0.001, ****P < 0.0001.





GA decreases the expression of osteoclast-associated protein in vivo

Furthermore, to explore the effect of GA on the osteoclast-associated protein expression (p-ERK, p-Akt, p-JNK, and CTSK) in vivo, we performed IHC assay to detect the expression of p-ERK, p-Akt, p-JNK, and CTSK. The results of IHC assay showed that the expression of p-ERK, p-Akt, p-JNK, and CTSK in the OVX group were obviously increased than that of the sham group, while these changes were reversed by GA treatment (Figure 8A). It was evident that the GA-treated group showed a significant reduction in these proteins by quantitative analysis (Figures 8B–E).




Figure 8 | GA decreases the expression of osteoclast-associated protein in vivo. (A) Immunohistochemical staining for p-ERK, p-Akt, p-JNK, and CTSK in the sham, OVX, and OVX+GA groups. Scale bar = 200 μm. (B-E) Quantitative analysis of the intensity of immunostaining for p-ERK, p-Akt, p-JNK, and CTSK. n= 7, **P < 0.01, ***P < 0.001, ****P < 0.0001.






Discussion

In the current study, we found that GA exerts notable effects in inhibiting osteoclastogenesis and preventing ovariectomy-induced bone loss. The results of in vitro experiments showed that GA inhibited OC formation and function by affecting related genes and proteins through suppressing the AKT and ERK and JNK signaling pathways. Moreover, histological and immunohistochemical results showed that GA protects against OVX-induced bone loss in vivo.

Since excessive activation of OC plays a dominant role in bone loss, the development of new drugs to inhibit OC differentiation is a major and promising target for the treatment of osteoporosis (20, 21). However, the clinical antiresorptive agents for osteoporosis are accompanied by several side effects, including osteonecrosis of the jaw, gastrointestinal discomfort, and hypokalaemia (22), new therapeutic strategies to prevent osteoporosis are urgently needed. In recent years, several studies have been reported the therapeutic effects of natural compounds on osteoporosis due to their wide range of biological activities and fewer side effects (23–25). Similarly, our study found that GA also showed the potential value in the treatment of osteoporosis.

Multinucleated OC cells are formed by the fusion of multiple BMMs, and the fusion process is regulated by two essential cytokines (M-CSF and RANKL). During OC formation and maturation, NFATc1 and c‐Fos are two indispensable transcription factors that activate a series of genes participated in OC formation (26). OC mainly performs the function of bone resorption, when OC attaches to the bone surface, it will secrete numerous enzymes to accomplish bone absorption, such as CTSK and TRAP. Among them, CTSK plays a pivotal role in resorption of bone matrix, while TRAP can enhance CTSK activity (27). In our research, the expression levels of NFATc1, c‐Fos, and CTSK were obviously decreases by GA treatment. Consistently, TRAP staining results showed that the number of TRAP+ OC was significantly reduced with GA treatment. Our results indicate that GA has an inhibitory effect on the differentiation and function of OC.

During OC formation and maturation, the binding of RANKL to its receptor RANK activates a cascade of downstream signaling pathways, such as Akt and MAPK, which have been shown to regulate the process of osteoclastogenesis (28, 29). Accumulated evidence indicated Akt was activated by M-CSF and RANKL, and served as a central player in the regulation of osteoclast survival and differentiation (30, 31). The activation of Akt stimulates osteoclastogenesis by mediating the GSK3β/NFATc1 signaling cascade (32). In our study, GA effectively suppressed RANKL-induced osteoclastogenesis by inhibiting AKT phosphorylation. Meanwhile, MAPK, including ERK, JNK, and P38, is another important signaling pathway in osteoclast differentiation. It has been reported that taking appropriate measures to interrupt the phosphorylation of p38, JNK and ERK can inhibit osteoclast formation (33–35). According to our results, GA markedly inhibited p-AKT, p-ERK and p-JNK expression at 1 h after RANKL stimulation, whereas it has no effect on p-P38 expression. These findings indicate that GA downregulates the expression of OC-related gene and protein by interfering with the upstream AKT, ERK and JNK pathways, ultimately resulting in suppressed osteoclast differentiation.

Estrogen can block OC differentiation; Conversely, estrogen withdrawal dramatically promotes OC formation and facilitates bone resorption (36). Thus, we further verify the preventive effect of GA on bone loss by using an OVX-induced osteoporosis mice model. The results of micro-CT analysis and histological examination suggested that GA effectively improve the trabecular microarchitecture in vivo, as relatively slight bone loss was observed by GA treatment. Besides, immunohistochemistry assay showed that the levels of p-AKT, p-ERK, p-JNK and CTSK expression was obviously reduced in GA group, which is consistent with the in vitro experimental results.

In summary, our study indicated that GA exerts notable effects in suppressing osteoclastogenesis and preventing ovariectomy-induced bone loss through inhibition of Akt, JNK and ERK signaling pathways, suggesting that GA is a potential agent in osteoporosis treatment.
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Introduction

Accumulating evidence demonstrates that long non-coding RNAs (lncRNAs) are associated with the development of osteoporosis.



Methods

This study aimed to investigate the effects of MALAT1 on osteogenic differentiation and cell apoptosis in osteoporosis. MALAT1 level, detected by RT-qPCR, was downregulated in hindlimb unloading (HU) mice and simulated microgravity (MG)-treated MC3T3-E1 cells. Moreover, osteogenic differentiation-related factor (Bmp4, Col1a1, and Spp1) levels were measured by RT-qPCR and Western blot. ALP activity was detected, and ALP staining was performed. Cell apoptosis was assessed by flow cytometry.



Results

The results revealed that MALAT1 upregulated the expression of Bmp4, Col1a1, and Spp1, and enhanced ALP activity. Knockdown of MALAT1 suppressed their expression and ALP activity, suggesting that MALAT1 promoted osteogenic differentiation. Additionally, MALAT1 inhibited apoptosis, increased Bax and caspase-3 levels, and decreased Bcl-2 level. However, knockdown of MALAT1 had opposite results. In MG cells, MALAT1 facilitated osteogenic differentiation and suppressed apoptosis. Furthermore, miR-485-5p was identified as a target of MALAT1, and WNT7B was verified as a target of miR-485-5p. Overexpression of miR-485-5p rescued the promotion of osteogenic differentiation and the inhibition of apoptosis induced by MALAT1. Knockdown of WNT7B abolished the facilitation of osteogenic differentiation and the suppression of apoptosis induced by downregulation of miR-485-5p.



Discussion

In conclusion, MALAT1 promoted osteogenic differentiation and inhibited cell apoptosis through the miR-485-5p/WNT7B axis, which suggested that MALAT1 is a potential target to alleviate osteoporosis.
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Introduction

Osteoporosis is a common systemic bone disease, which is characterized by bone loss and bone microstructure disorders (1, 2). The incidence of osteoporosis with aging reaches as high as 13.2%, which seriously affects the health and quality of life of the elderly (3). High glucose, anorexia nervosa, aging, and osteoblast dysfunction are the direct causes of osteoporosis (4). In normal bone tissue, osteoblasts and osteoclasts maintain a dynamic balance; however, this imbalance may lead to various bone diseases, including osteoporosis (5). Osteoblasts play a key role in bone formation or bone repair (6, 7). Therefore, promoting osteogenic differentiation of osteoblasts may help alleviate osteoporosis.

LncRNAs are a group of non-coding RNAs longer than 200 nt, which were considered as by-products produced by RNA polymerase II during transcription (8, 9). However, numerous studies have confirmed that lncRNAs exert multiple functions, such as direct or indirect transcriptional regulation, transcription factor isolation, and protein or RNA regulation (10). Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) located at human chromosome 11q13 and mouse chromosome 19q with a length of 8.5 kb (11) is a well-studied lncRNA in human diseases including osteoporosis (12). A previous report has revealed that MALAT1 enhances osteoblast activity to alleviate osteoporosis. Moreover, MALAT1 promotes osteoporosis progression through inhibiting osteogenic differentiation of bone marrow mesenchymal stem cells (13). However, the roles of MALAT1 in preosteoblast cells were still largely unknown.

WNT7B is a member of the WNT family, which is involved in various biological processes, such as proliferation, apoptosis, inflammatory response, and metabolism (14). WNT signaling is classified into canonical and noncanonical WNT pathways (15). The canonical WNT pathway is highly evolutionarily conserved and affects β-catenin. Previous studies evidence that WNT7B initiates β-catenin to regulate the occurrence and development of bone disorders (16, 17). For instance, Chen et al. (18) reveal that WNT7B rescues glucocorticoid-induced bone loss and suppresses secondary cause for osteoporosis. Moreover, WNT7B regulates glucose metabolism and promotes bone formation (19). Herein, hindlimb unloading (HU) and microgravity (MG) assays were performed to establish osteoporosis model in vivo and in vitro. We found that MALAT1 functioned as a ceRNA to upregulate the expression of WNT7B via sponging miR-485-5p. These findings extended our understanding of the function and mechanism of MALAT1 in osteoporosis development and may provide a new target for the treatment of osteoporosis.



Materials and methods


Establish osteoporosis mice model

Male C57BL/6J mice (6 months old) were provided by VitalRiver Laboratory Animal Co. Ltd. (Beijing, China). These animals were maintained under the following conditions: 21°C at a 12-h light/12-h dark cycle. According to a previous study (20), to establish the unloading model, the mice were suspended by the tail at an angle of approximately 30° with their forelimbs touching the floor, which allowed them to move and access food and water for free. The angle of suspension was adjusted to confirm that when the mice were fully stretching, their hindlimbs were unable to touch the ground. The tail suspension lasted for 3 weeks. Finally, these mice were sacrificed using anesthesia overdose (100 mg/kg pentobarbital). The bilateral femurs were dissected for micro-computed tomography (µCT) analysis. Animal studies were all approved by the Ethics Committee of the China–Japan Union Hospital of Jilin University and were performed according to the approved guidelines. Then, the bone tissues were collected and analyzed using a Micro-CT scanner (Scanco Medical AG, Switzerland).

Lentiviruses that overexpress MALAT1 (METTL14) and corresponding negative control (vector) were synthesized by Genepharma (Shanghai) and intramuscularly vertically injected into the lateral thigh muscle of the mice. Three consecutive injections were performed every 2 days. After injecting for 7 days, the unloading model was established.



Simulated microgravity treatment

A 2D Rotating Wall Vessel Bioreactor (RWVB) clinostat was used to simulate microgravity. A total of 1 × 105 MC3T3-E1 cells were seeded on cell climbing pieces, and 1×105 MC3T3-E1 cells were seeded on coverslips. After culturing for 24 h, the climbing pieces were placed in a box 12.5 mm away from the rotational axis. After the air bubbles were removed, the chambers were fixed in the clinostat and rotated around a horizontal axis at 28 rpm for 15 min. The vertical rotation groups were used as controls. The rotation process was taken at 37°C under 5% CO2.



Cell culture

The mouse pre-osteoblast cell line MC3T3-E1 was purchased from the American Type Culture Collection (ATCC, USA). Cells were cultured in α-MEM medium supplemented with 10% fetal bovine serum (FBS, Gibco), 100 U/ml penicillin, 100 μg/ml streptomycin, and 110 mg/ml sodium pyruvate under 5% CO2 at 37°C in a humidified atmosphere. For osteogenic differentiation, a specific culture was purchased from the Cell Bank of the Chinese Academy of Sciences and cultured in DMEM (Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco), 100 U/ml penicillin, 100 μg/ml streptomycin, and 110 mg/ml sodium pyruvate under 5% CO2 at 37°C in a humidified atmosphere. For osteogenic differentiation, a specific culture medium containing 100 nM dexamethasone, 50 µM ascorbic acid (Sigma), and 10 mM β-glycerophosphate was used.



Cell transfection

Empty vector (pcDNA3.1), MALAT1 (pcDNA3.1-MALAT1), siRNA (si)-nc, si-MALAT1, mimic negative control (nc), miR-485-5p mimic, inhibitor nc, miR-485-5p inhibitor, and si-WNT7B were synthesized by Hanbio (Shanghai, China). MC3T3-E1 cells were seeded in six-well plates and transiently transfected using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) according to the instructions. After 6 h of incubation, the medium was replaced by a complete medium.



RT-qPCR

Total RNA was isolated via TRIzol reagent (Invitrogen, Carlsbad, CA, USA). After the concentration determined the absorbance (A)260/A280 ratio, RNA was reverse transcribed to cDNA using SuperScript reverse transcriptases (for mRNA; Thermo Fisher Scientific, Waltham, MA, USA) and the One-Step PrimeScript miRNA cDNA Synthesis Kit (for miRNA; Takara, Tokyo, Japan). qPCR for mRNA was conducted by SYBR PCR Master Mix (GenePharma, Shanghai, China) under the following conditions: 95°C for 3 min, 40 cycles of 95°C for 12 s and 62°C for 40 s. For miRNA, qPCR was performed using SYBR Premix Ex Taq II (Perfect Real Time) (Takara, Tokyo, Japan) under the following conditions: 95°C for 10 s, 40 cycles of 95°C for 5 s and 60°C for 20 s. All samples were repeated three times. The expression level of genes was calculated using the 2−ΔΔCT method. GAPDH and U6 were used as the internal control for mRNA and miRNA, respectively.



Luciferase reporter assay

The luciferase reporter vector pGL3.1 carrying wild-type binding site (MALAT1-wt or WNT7B-wt) or mutant-type binding site (MALAT1-mut or WNT7B-mut) was constructed by RiboBio (Guangzhou, China). 293T cells were transfected with the MALAT1-wt or MALAT1-mut along with miR-485-5p mimic or mimic control. Renilla luciferase plasmid was transfected as an internal control. After 48 h, according to the instructions of the dual luciferase detection kit, a microplate reader was used to assess the firefly and Renilla luciferase activity in each group. The ratio of firefly fluorescence intensity to Renilla fluorescence intensity reflects the relative fluorescence intensity of each group.



RNA pull-down

The biotinylated probe of miR-485-5p and the control probe were synthesized by Shenggong Biotech (Shanghai, China). Then, the probe was incubated with streptavidin-coated beads (Invitrogen, Carlsbad, CA, USA) at 25°C for 2 h to generate the probe-coated beads. The streptomycin beads were capable of binding to biotin. Cells were lysed to extract total RNA. After pretreatment of magnetic beads, RNA and beads were mixed. After separation, qPCR was used to quantify the relative expression of MALAT1 or WNT7B.



Western blot

The total proteins were extracted with lysis buffer containing protease inhibitor and phosphatase inhibitor cocktail (Sigma, CA, USA). Proteins (40 μg) were separated in 10% SDS-PAGE gel and then transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, USA). Subsequently, the membranes were blocked in 5% non-fat dry milk in TBST buffer for 1 h at room temperature. Thereafter, the blots were incubated with the primary antibodies 4°C overnight followed by incubating with the horseradish peroxidase-conjugated secondary antibody for another 2 h at room temperature. Finally, the blots were visualized using an enhanced chemiluminescence kit (Beyotime, Shanghai, China). The bands were quantified using ImageJ software.



Alkaline phosphatase activity

The alkaline phosphatase (ALP) activity of cells was evaluated using an Alkaline Phosphatase Assay Kit (Beyotime, Shanghai, China) according to the manufacturer’s instructions. Briefly, lysed cells were incubated with test buffer at 37°C for 10 min. A reaction stopping solution (100 μl) was used to terminate the reaction. A microreader (Bio-Rad, USA) was used to assess the OD value at 490 nm.



ALP staining

The ALP staining was conducted in the dark and assayed with the BCIP/NBT Alkaline Phosphatase Color Development according to the manufacturer’s instructions (Beyotime, Shanghai, China). The images were taken under a light microscope.



Alizarin red staining

After transfection, cells were collected and fixed with 4% paraformaldehyde for 15 min. After washing thrice with PBS, cells were cultured with osteogenic induction medium for 3 weeks and then stained with alizarin red reagents for 30 min. Calcified nodules were captured using a microscope and calculated using a spectrophotometric wavelength of 570 nm.



Flow cytometry

After transfection and treatment, cells were washed thrice with PBS. Then, the cells were stained with 2.5 μg/ml of Annexin V-FITC and propidium iodide and incubated at room temperature in the dark for 15 min. Finally, the cells were captured with a fluorescent microscope and evaluated by a FACSVerse flow cytometer system (BD, USA) with FlowJo software.



Statistical analysis

All the data are presented as means ± standard deviation (SD). The statistical analyses were performed using SPSS version 17. Data were analyzed with one-way ANOVA and Student’s t-test. p < 0.05 was considered statistically significant. Pearson analysis was employed to evaluate the correlations between MALAT1 and miR-485-5p as well as between miR-485-5p and WNT7B.




Results


The expression of MALAT1 was decreased in MG-treated cells

As shown in Figure 1A, MG exposure significantly deceased ALP expression. Moreover, MG treatment suppressed the mRNA and protein expression of Bglap, Runx2, and Col1a1 (Figures 1B, C). Additionally, MG significantly decreased ALP activity and calcium deposit in MC3T3-E1 cells (Figures 1D, E). LncRNAs play a vital role in the initiation and development of osteoporosis. Therefore, we determined the potentials of lncRNAs in MG-treated MC3T3-E1 cells. The results from cell sequencing showed that the expression of lncRNA MALAT1 was mostly downregulated (Figures 1F, G). To further verify the roles of MALAT1 in osteoporosis, we determined its expression in MG-treated MC3T3-E1 cells. As shown in Figure 1H, the expression of MALAT1 was significantly decreased in the MG group. Additionally, as shown in Supplementary Figure 1, the expression of MALAT1 was significantly increased in the MC3T3-E1 cells during osteogenic differentiation.




Figure 1 | The expression of MALAT1 was downregulated MG-treated cells. (A) The expression of ALP in the MG-treated MC3T3-E1 cells was determined using RT-qPCR. (B) The mRNA expressions of Bglap, Runx2, and Col1a1 in the MG-treated MC3T3-E1 cells were measured by RT-qPCR. (C) The protein expressions of Bglap, Runx2, and Col1a1 in the MG-treated MC3T3-E1 cells were detected using Western blot. (D) ALP activity in the MG-treated MC3T3-E1 cells was detected using ALP staining. (E) Alizarin red staining was used to measure calcium deposit in the MG-treated MC3T3-E1 cells. (F, G) The differentially expressed lncRNAs in MG-treated MC3T3-E1 cells was expressed as heat maps and volcano maps. (H) The expression of MALAT1 in MG-treated MC3T3-E1 cells was detected using RT-qPCR. **p < 0.01, ***p < 0.001.





MALAT1 promoted osteogenic differentiation and inhibited cell apoptosis in MC3T3-E1 cells

To explore the effects of MALAT1 on osteogenic differentiation, cells were transfected with MALAT1 overexpression plasmids. As shown in Figure 2A, the expression of MALAT1 was significantly increased in the MALAT1 group, suggesting that cells were successfully transfected. Overexpression of MALAT1 significantly increased the expression of ALP, Bglap, Runx2, and Col1a1 (Figures 2B–D). Quantification of protein bands is shown in Supplementary Figure 4. Moreover, overexpressed MALAT1 significantly increased ALP activity and calcified nodules (Figures 2E, F). To further verify the potential roles of MALAT1 in osteoporosis, we further determined the effects of MALAT1 on the cellular function of MC3T3-E1 cells. As shown in Figure 2G, the increase in the apoptosis of MC3T3-E1 cells induced by MG was alleviated by overexpressed MALAT1. Moreover, upregulation of MALAT1 increased the protein expression of the pro-proliferation gene Bcl-2 and decreased apoptosis-related genes such as Bax and Caspase-3 (Figure 2H).




Figure 2 | MALAT1 facilitated MC3T3-E1 cell osteogenic differentiation and suppressed apoptosis. (A) The transfection efficiency of MALAT1 was determined using RT-qPCR. Then, the MC3T3-E1 cells were treated with MG and transfected with MALAT1. (B) The expression of ALP was determined using RT-qPCR. (C) The mRNA expression of Bglap, Runx2, and Col1a1 was determined using RT-qPCR. (D) The protein expression of Bglap, Runx2, and Col1a1 was detected using Western blot. (E) The ALP activity of MC3T3-E1 cells. (F) Alizarin red staining was used to measure calcium deposit. (G) Cell apoptosis was analyzed by flow cytometry, and cell apoptosis rate was quantified. (H) The protein expression of Bax, caspase-3, and Bcl-2 was detected using Western blot. **P<0.01, ***P<0.001.





Overexpression of MALAT1 alleviated syndromes of osteoporosis

To further clarify the roles of MALAT1 in osteoporosis, we detected the effects of MALAT1 overexpression on osteoporosis in vivo. As shown in Figure 3A, the results from micro-CT assays showed that the bone mineral density was decreased in the HU group; however, overexpressed MALAT1 increased the bone mineral density compared with the HU + vector group. Moreover, the decrease of the ratio of bone volume to total volume (BV/TV), trabecular bone number (Tb.N), and trabecular thickness (Tb.Th) and the increase in the values of the bone trabecula separation (Tb. Sp) and trabecular bone pattern factor (Tb.PF) induced by HU were alleviated by overexpressed MALAT1 (Figure 3B).




Figure 3 | MALAT1 improved bone phenotype in HU mice. (A) Micro-CT images of distal femurs of mice. The (B) BMD, BV/TV, Tb.N, Tb.Sp, Tb.Th, and TbPF were analyzed by Micro-CT. *p < 0.05, **p < 0.01, ***p < 0.001.





MALAT1 served as a sponge to miR-485-5p

LncRNAs functions as a ceRNA via sponging miRNAs. Figure 4A shows the binding sites between MALAT1 and miR-485-5p. Moreover, miR-485-5p mimic significantly decreased the luciferase activity in the WT-MALAT1 group compared with mimic nc, but there was no significant difference in the MUT-MALAT1 group (Figure 4B). RNA pull-down further confirmed the interaction between MALAT1 and miR-485-5p (Figure 4C). The expression of miR-485-5p was significantly upregulated by silenced MALAT1 and downregulated by overexpressed MALAT1 (Figure 4D). Moreover, miR-485-5p expression was elevated and was negatively correlated with MALAT1 in HU mice (Figures 4E, F). Additionally, the expression of miR-485-5p was increased by MG in a time-dependent manner (Figure 4G). As shown in Supplementary Figure 3, the expression of miR-485-5p was significantly decreased in the MC3T3-E1 cells during osteogenic differentiation.




Figure 4 | MALAT1 acted as a miRNA sponge of miR-485-5p. (A) The binding sites of wild-type (wt) MALAT1 and miR-485-5p were shown. Meanwhile, mutant (mut) MALAT1 sequences were also shown. (B) The targeting relationship between MALAT1 and miR-485-5p was confirmed by luciferase reporter assay. (C) The targeted relationship between MALAT1 and miR-485-5p was verified using RNA pull-down. (D) The expression of miR-485-5p was measured by RT-qPCR after overexpression or MALAT1 knockdown. (E) The Pearson method was applied for correlation analysis. (F, G) The expression of miR-485-5p in the HU mice and MG-treated MC3T3-E1 cell was detected using RT-qPCR. *p < 0.05, **p < 0.01, ***p < 0.001.





MALAT1 promoted the osteogenic differentiation via sponging miR-485-5p

As shown in Figures 5A–C, overexpression of miR-485-5p decreased the expression of ALP, Bglap, Runx2, and Col1a1. As illustrated in Figures 5B–E, the expression of Bmp4, Col1a1, and Spp1 at both mRNA and protein levels was elevated by MALAT1, which were rescued by miR-485-5p. Moreover, the increase in ALP activity induced by MALAT1 was abolished by miR-485-5p mimic (Figure 5D). This was inconsistent with the results from Alizarin red staining. As shown in Figure 5E, overexpressed miR-485-5p significantly decreased the calcium deposit of MC3T3-E1 cells (Figure 5E). Moreover, miR-485-5p significantly increased the apoptosis rates of MC3T3-E1 cells as well as increased the expression of apoptosis-related genes, such as Bax and Caspase-3 and decreased Bcl-2 (Figures 5F, G). Additionally, we further explore the effects of miR-485-5p mimic alone on the MG-treated MC3T3-E1 cells. As shown in Supplementary Figure 5, we found that miR-485-5p overexpression aggravated the inhibitory effect of MG on osteoblastic differentiation and the promoting effect of MG on apoptosis of MC3T3-E1 cells.




Figure 5 | miR-485-5p attenuated osteogenic differentiation induced by MALAT1. (A) The MG-treated MC3T3-E1 cell was transfected with MALAT1 and miR-485-5p mimic. (A) The expression of ALP was detected by RT-qPCR. (B) The expression of Bglap, Runx2, and Col1a1 was detected by RT-qPCR. (C) The protein expression of Bglap, Runx2, and Col1a1 was detected by Western blot. (D) The ALP activity of MC3T3-E1 cells. (E) The calcium deposit detected using Alizarin red staining. (F) The apoptosis of MC3T3-E1 cells detected using flow cytometry. (G) The protein expression of Bax, Caspase-3, and Bcl-2 detected using Western blot. *p < 0.05, **p < 0.01, ***p < 0.001.





WNT7B was a target of miR-485-5p

To further explore the mechanism of miR-485-5p, Starbase (http://starbase.sysu.edu.cn/index.php) and TargetScan were applied to predict the target of miR-485-5p (Figure 6A). Figure 6B shows the binding sites between miR-485-5p and WNT7B. The interaction between miR-485-5p and WNT7B was further verified by luciferase and RNA pull-down assay (Figures 6C, D). GO analysis showed that WNT7B was a regulator of cellular signal transmission, cell growth, and metabolism (Figure 6E). Inhibition of miR-485-5p significantly upregulated the expression of WNT7B, while overexpression of miR-485-5p downregulated WNT7B level (Figure 6F). The expression of WNT7B was lower in HU mice than in the NC group (Figure 6G). Moreover, WNT7B expression was positively correlated with MALAT1 (Figure 6H). WNT7B expression was downregulated by MG in a time-dependent manner (Figure 6I). Additionally, as shown in Supplementary Figure 3, the expression of WNT7B was significantly increased in the MC3T3-E1 cells during osteogenic differentiation.




Figure 6 | WNT7B is a direct target of miR-485-5p. (A) The potential target of miR-485-5p was predicted by Starbase2.0 and TargetScan7.2. (B) Potential binding sites for miR-485-5p to WNT7B were predicted by TargetScan. (C) The targeted relationship between miR-485-5p and WNT7B was confirmed by dual-luciferase reporter assay. (D) The targeted relationship between miR-485-5p and WNT7B was confirmed by RNA pull-down. (E) GO analysis of biological processes. (F) The expression of WNT7B was assessed by RT-qPCR after miR-485-5p overexpression and knockdown. (G) The expression of WNT7B in vivo. (H) The correlation between the expression of WNT7B and MALAT1 analyzed using Pearson analysis. (I) The expression of WNT7B detected using RT-qPCR. *p < 0.05. **p < 0.01. ***P<0.001.





Inhibition of miR-485-5p promoted osteogenic differentiation by targeting WNT7B

Downregulated WNT7B alleviated the effects of miR-485-5p inhibitor on the expression of ALP, Bglap, Runx2, and Col1a1 (Figures 7A–C). Moreover, ALP staining and Alizarin red staining showed that WNT7B knockdown significantly suppressed ALP activity and calcium deposit of MC3T3-E1 cells (Figures 7D, E). Additionally, WNT7B knockdown suppressed the apoptosis of MC3T3-E1 cells as well as alleviated the effects on the protein expression of Bcl-2, Bax, and Caspase-3 (Figures 7F, G). Furthermore, we further explore the effects of si-WNT7B alone on the MG-treated MC3T3-E1 cells and the effect of si-wnt7b + miR-485-5p inhibitor on MC3T3-E1 cells. As shown in Supplementary Figure 6, we found that WNT7B knockdown aggravated the inhibitory effect of MG on osteoblastic differentiation and the promoting effect of MG on apoptosis of MC3T3-E1 cells. As shown in Supplementary Figure 7, we found that miR-485-5p knockdown promoted the osteogenic differentiation of MC3T3-E1 cells and showed no effects on the apoptosis rate of MC3T3-E1 cells, while WNT7B knockdown reversed the effects of miR-485-5p inhibitor on the osteogenic differentiation of MC3T3-E1 cells and enhanced the apoptosis rate of the miR-485-5p inhibitor-treated MC3T3-E1 cells.




Figure 7 | WNT7B was a negative regulator of miR-485-5p on the osteogenic differentiation. The MG-treated MC3T3-E1 cell was transfected with miR-485-5p inhibitor and si-WNT7B. (A) The expression of ALP was detected by RT-qPCR. (B) The expression of Bglap, Runx2, and Col1a1 was detected by RT-qPCR. (C) The protein expression of Bglap, Runx2, and Col1a1 was detected by Western blot. (D) The ALP activity of MC3T3-E1 cells. (E) The calcium deposit detected using Alizarin red staining. (F) The apoptosis of MC3T3-E1 cells detected using flow cytometry. (G) The protein expression of Bax, Caspase-3, and Bcl-2 detected using Western blot. *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

These findings verified the protective roles of MALAT1 in osteoporosis. MALAT1 was downregulated in osteoporosis models in vivo and in vitro. Its downregulation was associated with the accumulation of ROS and mitochondrial damage, which suppressed the osteogenesis and promoted the apoptosis of MC3T3-E1 cells. This further exacerbated the development of osteoporosis, which was characterized by the decrease of MC3T3-E1 cells. However, overexpression of MALAT1 suppressed the release of ROS and promoted osteogenesis. This may be attributed to its ceRNA properties. MALAT1 sponged miR-485-5p to activate WNT7B. These results further identified that MALAT1 can be a therapeutic target for osteoporosis.

The bone-protective roles of MALAT1 seem surprising. Previous studies report that MALAT1 functions as an oncogene in orthopedic malignancies and exerts pro-inflammatory properties in bone disorders, including osteoarthritis, osteolysis and ossification (12; Gao et al., 2021; 21–23). However, emerging evidence reveals that MALAT1 protects against osteonecrosis of the femoral head and osteoporosis. This may be due to its positive roles in osteogenesis. For instance, mesenchymal stem cell-derived MALAT1 promotes human osteogenic differentiation and suppresses the development of osteoporosis. MALAT1 promotes osteoblast differentiation of adipose-derived mesenchymal stem cells, which further induces bone tissue repair and regeneration. The present study further verified the beneficial roles in treating osteoporosis. MALAT1 was downregulated in osteoporosis, and its downregulation was associated with the degradation of MC3T3-E1 cells. However, upregulated MALAT1 increased the expression of osteogenesis-related genes, such as ALP, RUNX2, and Col1a1, increased ALP activity and calcium deposition, and suppressed the apoptosis of MC3T3-E1 cells. These results suggested that MALAT1 exerted its protective roles in osteoporosis via promoting osteogenic differentiation of MC3T3-E1 cells. Stimulation of osteoblast and osteogenesis is pronounced in bone anabolic action (24), which plays a key role in developing bones. Osteogenesis imperfecta is deeply associated with the primary osteoporosis (25). Thus, osteogenesis may be the Achilles’ heel of osteoporosis.

LncRNAs function as ceRNA to regulate gene expression and biological processes via sponging microRNAs. Dysregulated lncRNAs modulate osteogenic differentiation, proliferation, apoptosis, adipogenesis, bone formation, and necrosis. In this study, dysregulated MALAT1 contributed to the degradation of MC3T3-E1 cells and the development of osteoporosis via sponging miR-485-5p. miR-485-5p was upregulated in osteoporosis patients (26). However, its downregulation promoted the osteogenic differentiation of human bone marrow-derived mesenchymal stem cells (27). Therefore, miR-485-5p exacerbated the development of osteoporosis. In this study, overexpression of miR-485-5p suppressed not only osteogenic differentiation but also the apoptosis of MC3T3-E1 cells. These results suggested that MALAT1 alleviated osteoporosis by sponging miR-485-5p.

WNT7B, a member of the WNT family, facilitates bone formation. Chen et al. (18) reveal that WNT7B promotes glucose consumption and osteoblast differentiation. WNT7B induces the mineralization of the subsequent bone callus and trabecular and endosteal bone formation. Moreover, WNT7B promotes self-renewal and osteogenic differentiation of bone marrow mesenchymal stem cells (28). These results dictate that WNT7B may play a beneficial role in osteoporosis via regulating metabolism processes. This bone anabolic function may be a promising therapy for osteoporosis. In this study, MALAT1 sponged miR-485-5p to activate WNT7B, which was downregulated in osteoporosis model in vivo and in vitro. WNT7B knockdown contributed to the increase of oxidative stress and suppressed osteogenic differentiation of bone marrow mesenchymal stem cells. These results further verified that WNT7B protected against osteoporosis, which is consistent with previous studies. WNT7B modulates glucose metabolism via upregulating Glut1 (19). Yu et al. (28) demonstrate that WNT7B exerts its bone anabolic function via activating Sox11. Therefore, we further investigated the underlying mechanisms. Further studies are needed to unveil the underlying molecular mechanisms.

In conclusion, the low expression of MALAT1 was closely associated with the development of osteoporosis. Overexpression of MALAT1 promoted osteogenic differentiation of bone marrow mesenchymal stem cells and suppressed oxidative stress via activating the miR-485-5p/WNT7B axis. This may be a promising therapy for osteoporosis.
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Supplementary Figure 1 | MALAT1 was upregulated during osteogenic differentiation. **P<0.01.

Supplementary Figure 2 | miR-485-5p was downregulated during osteogenic differentiation. **P<0.01.

Supplementary Figure 3 | WNT7B was upregulated during osteogenic differentiation. **P<0.01.

Supplementary Figure 4 | Quantification of the blots in . *P<0.05, **P<0.01.

Supplementary Figure 5 | miR-485-5p aggravated inhibitory effects of MG on osteogenic differentiation. The MG treated MC3T3-E1 cell was transfected with miR-485-5p mimic. (A) The expression of ALP was detected by RT-qPCR. (B) The expression of Bglap, Runx2, and Col1a1 was detected by RT-qPCR. (C) The protein expression of Bglap, Runx2, and Col1a1 was detected by western blot. (D) The ALP activity of MC3T3-E1 cells. (E) The calcium deposit detected using Alizarin red staining. (F) The apoptosis of MC3T3-E1 cells detected using flow cytometry. (G) The protein expression of Bax, Caspase-3, and Bcl-2 detected using western blot. *P<0.05, **P<0.01.

Supplementary Figure 6 | WNT7B knockdown aggravated inhibitory effects of MG on osteogenic differentiation. The MG treated MC3T3-E1 cell was transfected with si-WNT7B. (A) The expression of ALP was detected by RT-qPCR. (B) The expression of Bglap, Runx2, and Col1a1 was detected by RT-qPCR. (C) The protein expression of Bglap, Runx2, and Col1a1 was detected by western blot. (D) The ALP activity of MC3T3-E1 cells. (E) The calcium deposit detected using Alizarin red staining. (F) The apoptosis of MC3T3-E1 cells detected using flow cytometry. (G) The protein expression of Bax, Caspase-3, and Bcl-2 detected using western blot. *P<0.05, **P<0.01.

Supplementary Figure 7 | WNT7B knockdown reversed the promoting effects of miR-485-5p inhibitor on osteogenic differentiation in MC3T3-E1 cells. The MC3T3-E1 cell was transfected with si-WNT7B and miR-485-5p inhibitor. (A) The expression of ALP was detected by RT-qPCR. (B) The expression of Bglap, Runx2, and Col1a1 was detected by RT-qPCR. (C) The protein expression of Bglap, Runx2, and Col1a1 was detected by western blot. (D) The ALP activity of MC3T3-E1 cells. (E) The calcium deposit detected using Alizarin red staining. (F) The apoptosis of MC3T3-E1 cells detected using flow cytometry. (G) The protein expression of Bax, Caspase-3, and Bcl-2 detected using western blot. *P<0.05, **P<0.01.



References

1. Lane, JM, Russell, L, and Khan, SN. Osteoporosis. Clin Orthop Relat Res (2000) 372):139–50. doi: 10.1097/00003086-200003000-00016

2. Wang, Y, Tao, Y, Hyman, ME, Li, J, and Chen, Y. Osteoporosis in china. Osteoporos Int (2009) 20(10):1651–62. doi: 10.1007/s00198-009-0925-y

3. Srivastava, M, and Deal, C. Osteoporosis in elderly: prevention and treatment. Clin Geriatr Med (2002) 18(3):529–55. doi: 10.1016/s0749-0690(02)00022-8

4. Lee, WC, Guntur, AR, Long, F, and Rosen, CJ. Energy metabolism of the osteoblast: Implications for osteoporosis. Endocr Rev (2017) 38(3):255–66. doi: 10.1210/er.2017-00064

5. Chen, X, Wang, Z, Duan, N, Zhu, G, Schwarz, EM, and Xie, C. Osteoblast-osteoclast interactions. Connect Tissue Res (2017) 59(2):99–107. doi: 10.1080/03008207.2017.1290085

6. Bonewald, LF. The amazing osteocyte. J Bone Miner Res (2011) 26(2):229–38. doi: 10.1002/jbmr.320

7. Ulitsky, I, and Bartel, DP. lincRNAs: genomics, evolution, and mechanisms. Cell (2013) 154(1):26–46. doi: 10.1016/j.cell.2013.06.020

8. Yang, Y, Yujiao, W, Fang, W, Linhui, Y, Ziqi, G, Zhichen, W, et al. The roles of miRNA, lncRNA and circRNA in the development of osteoporosis. Biol Res (2020) 53(1):40. doi: 10.1186/s40659-020-00309-z

9. He, T, Liu, W, Cao, L, Liu, Y, Zou, Z, Zhong, Y, et al. CircRNAs and LncRNAs in osteoporosis. Differentiation (2020) 116:16–25. doi: 10.1016/j.diff.2020.10.002

10. Patil, S, Dang, K, Zhao, X, Gao, Y, and Qian, A. Role of LncRNAs and CircRNAs in bone metabolism and osteoporosis. Front Genet (2020) 11:584118. doi: 10.3389/fgene.2020.584118

11. Yang, X, Yang, J, Lei, P, and Wen, T. LncRNA MALAT1 shuttled by bone marrow-derived mesenchymal stem cells-secreted exosomes alleviates osteoporosis through mediating microRNA-34c/SATB2 axis. Aging (Albany NY). (2019) 11(20):8777–91. doi: 10.18632/aging.102264

12. Zheng, S, Wang, YB, Yang, YL, Chen, BP, Wang, CX, Li, RH, et al. LncRNA MALAT1 inhibits osteogenic differentiation of mesenchymal stem cells in osteoporosis rats through MAPK signaling pathway. Eur Rev Med Pharmacol Sci (2019) 23(11):4609–17. doi: 10.26355/eurrev_201906_18038

13. Gao, Y, Xiao, F, Wang, C, Wang, C, Cui, P, Zhang, X, et al. Long noncoding RNA MALAT1 promotes osterix expression to regulate osteogenic differentiation by targeting miRNA-143 in human bone marrow-derived mesenchymal stem cells. J Cell Biochem (2018) 119(8):6986–96. doi: 10.1002/jcb.26907

14. Aguilera, KY, and Dawson, DW. WNT ligand dependencies in pancreatic cancer. Front Cell Dev Biol (2021) 9:671022. doi: 10.3389/fcell.2021.671022

15. Tang, C, Wang, X, Ji, C, Zheng, W, Yu, Y, Deng, X, et al. The role of miR-640: A potential suppressor in breast cancer via Wnt7b/β-catenin signaling pathway. Front Oncol (2021) 11:645682. doi: 10.3389/fonc.2021.645682

16. Song, D, He, G, Song, F, Wang, Z, Liu, X, Liao, L, et al. Inducible expression of Wnt7b promotes bone formation in aged mice and enhances fracture healing. Bone Res (2020) 8:4. doi: 10.1038/s41413-019-0081-8

17. Matsuoka, K, Bakiri, L, Wolff, LI, Linder, M, Mikels-Vigdal, A, Patiño-García, A, et al. Wnt signaling and Loxl2 promote aggressive osteosarcoma. Cell Res (2020) 30(10):885–901. doi: 10.1038/s41422-020-0370-1

18. Chen, H, Song, F, and Long, F. WNT7B overexpression rescues bone loss caused by glucocorticoids in mice. FASEB J (2021) 35:e21683. doi: 10.1096/fj.202100151RR

19. Chen, H, Ji, X, Lee, WC, Shi, Y, Li, B, Abel, ED, et al. Increased glycolysis mediates Wnt7b-induced bone formation. FASEB J (2019) 33:7810–21. doi: 10.1096/fj.201900201RR

20. Wang, Y, Wang, K, Hu, Z, Zhou, H, Zhang, L, Wang, H, et al. MicroRNA-139-3p regulates osteoblast differentiation and apoptosis by targeting ELK1 and interacting with long noncoding RNA ODSM. Cell Death Dis (2018) 9(11):1107. doi: 10.1038/s41419-018-1153-1

21. Liu, C, Ren, S, Zhao, S, and Wang, Y. LncRNA MALAT1/MiR-145 adjusts IL-1β-Induced chondrocytes viability and cartilage matrix degradation by regulating ADAMTS5 in human osteoarthritis. Yonsei Med J (2019) 60(11):1081–92. doi: 10.3349/ymj.2019.60.11.1081

22. Yang, X, Zhang, Y, Li, Y, and Wen, T. MALAT1 enhanced the proliferation of human osteoblasts treated with ultra-high molecular weight polyethylene by targeting VEGF via miR-22-5p. Int J Mol Med (2018) 41(3):1536–46. doi: 10.3892/ijmm.2018.3363

23. Yuan, X, Guo, Y, Chen, D, Luo, Y, Chen, D, Miao, J, et al. Long non-coding RNA MALAT1 functions as miR-1 sponge to regulate connexin 43-mediated ossification of the posterior longitudinal ligament. Bone (2019) 127:305–14. doi: 10.1016/j.bone.2019.06.019

24. Estell, EG, and Rosen, CJ. Emerging insights into the comparative effectiveness of anabolic therapies for osteoporosis. Nat Rev Endocrinol (2021) 17(1):31–46. doi: 10.1038/s41574-020-00426-5

25. El-Gazzar, A, and Högler, W. Mechanisms of bone fragility: From osteogenesis imperfecta to secondary osteoporosis. Int J Mol Sci (2021) 22(2):625. doi: 10.3390/ijms22020625

26. Asila, A, Yang, X, Kaisaer, Y, and Ma, L. SNHG16/miR-485-5p/BMP7 axis modulates osteogenic differentiation of human bone marrow-derived mesenchymal stem cells. J Gene Med (2021) 23(3):e3296. doi: 10.1002/jgm.3296

27. Zhang, SY, Gao, F, Peng, CG, Zheng, CJ, and Wu, MF. miR-485-5p promotes osteoporosis via targeting osterix. Eur Rev Med Pharmacol Sci (2018) 22(15):4792–9. doi: 10.26355/eurrev_201808_15613

28. Yu, F, Wu, F, Li, F, Liao, X, Wang, Y, Li, X, et al. Wnt7b-induced Sox11 functions enhance self-renewal and osteogenic commitment of bone marrow mesenchymal stem cells. Stem Cells (2020) 38(8):1020–33. doi: 10.1002/stem.3192


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 © 2023 Zhou, Xu, Wang, Song and Yin. 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.




[image: image]


OPS/images/fendo.2022.945310/crossmark.jpg
©

2

i

|





OPS/images/fendo.2022.945310/fendo-13-945310-g001.jpg
Osteogenesis

\ Adipogenesis /
CCAD

Osteoclastogenesis

osteoporosis






OPS/images/fendo.2022.945310/fendo-13-945310-g002.jpg
c1rc -0007059 — m1R-378 '

Osteoclastogenesis
circ-0016624 — miR-98 ‘ i FNDCS/Irlsm — miR-135a-5p |— circ- AFF4:'
........................................................................ e
! c1rc 0000020 — miR-142- 5pu BMP2 Smad1/5
vy | ™ 7 S % w617 F
 cire-F gfr2 — miR-133 | —| BMP6 . ®ee

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

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

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

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

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

........................................... :
dé |_ ) ) circ-POMT1 -
Sma ______ EIRGSSE=D |_c11rc—MCM3AP !





OPS/images/fendo.2022.945310/fendo-13-945310-g003.jpg
_____________________________________________________

___________________________________________________________________

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

____________________________________________________________________

_________________

/, —  'Wnt5B I—'mlR-7 5p|—c1rcCDR1as.
Osteogenes1s

_____________________

________________

_______________________________________________________________________

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





OPS/images/fendo.2022.961471/table4.jpg
Rank Author

1 Liu Yang

2 Kenneth G
Saag

3 Jonathan
D Adachi

4 Andrea
Giustina

3 Lorenz C
Hofbauer

Institution
(Country)

Fourth Military Medical
University (China)

University of Alabama at
Birmingham (USA)
McMaster University
(Canada)

San Raffaele Vita Salute
University (Italy)

Dresden University of
Technology (Germany)

Publications Centrality Rank

0.01

0.03

0.05

0.01

0.02

Cited
Author

Robert §
Weinstein

Tjeerd Pieter
van Staa
Ernesto
Canalis
Kenneth G
Saag

John A
Kanis

Institution (Country)

University of Arkansas for
Medical Sciences (USA)

University of Utrecht
(Netherlands)

University of Connecticut
Health Center (USA)

University of Alabama at
Birmingham (USA)

University of Sheffield (UK)

Citation
Counts

223

216

176

150

123

Centrality

0.04

0.01

0.02





OPS/images/fendo.2022.961471/table5.jpg
Rank

Journal

Osteoporosis International

Bone

Journal of Bone and
Mineral Metabolism

Journal of Bone and
Mineral Research

Journal of Clinical
Endocrinology &
Metabolism

Molecular Medicine Reports

PLOS ONE

Calcified Tissue
International

Scientific Reports

Archives of Osteoporosis

Article
Counts

44

28
17

11

11

11

IF
(2020)

4.507

4.398
2.626

6.741

5.958

2952

3.24
4.333

4.38
2.617

Quartile in
Category
(2020)

Q2

Q
Q3/Q4

Q1

Q1

Q3/Q4

Q2
Q2

Q1
Q2/Q4

Rank

10

Cited Journal

Journal of Bone and
Mineral Research

Osteoporosis International

Bone

New England Journal of
Medicine
Journal of Clinical

Endocrinology &
Metabolism

Calcified Tissue
International

Arthritis & Rheumatology

Journal of Clinical
Investigation

Endocrinology

Journal of Bone and
Mineral Metabolism

Co-
Citation
Counts

529

488
471

325

305

279

229
222

215
195

IF
(2020)

6.741

4.507
4.398

91.253

5.958

4.333

10.995
14.808

4.736
2.626

Quartile in
Category
(2020)

Q1

Q2
Q2

Q1

Q1

Q@

Q1
Q1

Q2
Q3/Q4
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Rank

Title

American College of Rheumatology 2010 Recommendations for the
Prevention and Treatment of Glucocorticoid-Induced Osteoporosis

Glucocorticoid-Induced Bone Disease

2017 American College of Rheumatology Guideline for the Prevention and
Treatment of Glucocorticoid-Induced Osteoporosis

A framework for the development of guidelines for the management of
glucocorticoid-induced osteoporosis

Glucocorticoid-induced osteoporosis: an update

Cited
Frequency

43

33

31
31

26

Year

2010

2011

2017

2012

2018

First Journal
Author

Jennifer M Arthritis Care &

Grossman Research
Robert S New England
‘Weinstein Journal of
Medicine
Lenore Arthritis &
Buckley Rheumatology
Sarath Osteoporosis

Lekamwasam  International

Juliet Endocrine
Compston

IF
(2020)

4.794

91.253

10.995
4.507

3.633

Quartile
in Cate-

gory
(2020)

Q2

Q1

Q1
Q2

Q3
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Rank

A e S AU A o

Frequency

213
169
105
89
78
78
76
75
71
68

Keywords

Bone mineral density
Fracture
Postmenopausal women
Prevention

Therapy

Management
Differentiation
Alendronate

Double blind

Mechanism

Rank

© ® N W R W N

Centrality

0.27
0.26
021
0.17
0.15
0.15
0.14
0.14
0.13
0.12

Keywords

Bone mineral density
Bisphosphonate
Metabolism
Rheumatoid arthritis
Osteoclastogenesis
Guideline
Microarchitecture
Trabecular bone score
Bone formation

Adipogenesis
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Rank

A e S AU AL .

Publications (% of 685)

208 (30.4%)
128 (18.7%)
85 (12.4%)

43

Country

China

USA

Japan

Ttaly

UK

Canada
Germany
South Korea
India

France

Rank

© ® N M R W N

Centrality

0.67
0.41
04
0.29
0.27
0.23
0.22
0.18
0.18
0.16

Country

Sweden
Saudi Arabia
Australia
Denmark
Malaysia

Sri Lanka
France
Argentina
Belgium

Austria
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Institution

McMaster University

Shanghai Jiao Tong University

China Medical University

University of Alabama at Birmingham
Guangdong Medical University

Eli Lilly and Company

University of Oxford

University of Alberta

Fourth Military Medical University
University of Manitoba

Country

Canada
China
China
USA
China
USA
UK
Canada
China

Canada

Publications

12
11

Rank

© ® N W e W N

Institution

McMaster University

University of Sheffield

University of Oxford

Mayo Clinic

Chinese University of Hong Kong

Centre Hospitalier Universitaire de Nancy
Diamond Light Source Ltd

University of Western Ontario

Aarhus University Hospital

University of Alabama at Birmingham

Country

Canada
UK

UK

USA
China
France
UK
Canada
Denmark

USA

Centrality

0.17
0.14
0.12
0.09
0.08
0.08
0.07
0.07
0.06
0.05
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Sense sequence (5'-3') Antisense sequence (5-3")

NFATcl GGAGAGTCCGAGAATCGAGAT TTGCAGCTAGGAAGTACGTCT
c-Fos GCGAGCAACTGAGAAGAC TTGAAACCCGAGAACATC
CTSK TGTATAACGCCACGGCAAA GGTTCACATTATCACGGTCACA

B-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
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Model 1 Model 2
OR P OR
Gender = male
Normal 1.00 - 1.00
OP or osteopenia 0.49 (0.24, 1.01) 0.06 0.47 (0.21, 1.04)
Gender = female
Normal 1.00 1.00
OP or osteopenia 0.58 (0.22, 1.54) 0.28 0.21 (0.06, 0.70)

Model 1 is a univariate logistic model. Models 2 and 3 removed gender adjustment based on Table 3.

0.08

<0.05

Model 3

OR

1.00
055 (0.24, 1.26)

1.00
0.18 (0.05, 0.62)

0.19

<0.05
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Variables Normal (N = 446) OP or osteopenia (N = 448) p-value

T-scores -0.03 (-0.13, 0.07) -1.91 (-1.99, -1.82) <0.001
Take drug

No 342 (43.31) 372 (56.69) <0.05
Yes 104 (59.22) 76 (40.78)

Sex

Male 321 (59.10) 201 (40.90) <0.001
Female 125 (30.24) 247 (69.76)

Age group

50-60 177 (42.85) 221 (57.15) <0.01
60-70 207 (61.25) 130 (38.75)

70-80 62 (31.68) 97 (68.32)

Race

White 143 (44.39) 182 (55.61) <0.001
Black 147 (68.34) 58 (31.66)

Mexican 66 (52.26) 64 (47.74)

Other 90 (35.86) 144 (64.14)

Education

<High school 216 (43.17) 203 (56.83) 0.64
College 133 (48.78) 177 (51.22)

>College 97 (48.19) 128 (51.81)

BMI range

Underweight 4 (18.26) 14 (81.74) <0.05
Healthy weight 99 (35.13) 171 (64.87)

Overweight 166 (45.67) 170 (54.33)

Obesity class 1 112 (53.78) 64 (46.22)

Obesity class 2 41 (56.92) 20 (43.08)

Obesity class 3 24 (85.12) 9 (14.88)

FPL

<200% FPL 200 (40.32) 202 (59.68) 0.1
>200% FPL 246 (48.57) 246 (51.43)

Smoke

Former 139 (53.47) 114 (46.53) 0.21
Never 219 (45.77) 234 (54.23)

Now 88 (36.93) 91 (63.07)

Drink

No 160 (46.36) 179 (53.64) 0.99
Mild 164 (45.05) 166 (54.95)

Moderate 60 (46.93) 59 (53.07)

Heavy 62 (47.93) 44 (52.07)

Calcium (mg/day) 914.13 (829.67,998.59) 848.49 (759.35,937.62) 0.21
Vitamin D (ug/day) 4.32 (3.57,5.06) 4.62 (3.76,5.47) 0.60

*Data analysis results are generated based on weighted data.
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Sex

Male
Male
Male
Male
Female
Female
Female

Female

Race

White
Black
Mexican
Other
White
Black
Mexican

Other

50-60

-0.99 (~1.33, -0.65)
~0.15 (-0.60, 0.30)

~0.90 (~1.44, —0.35)
~0.99 (~1.24, -0.74)
~133 (~1.69, ~0.97)
~0.90 (~1.28, ~0.52)
~1.28 (~2.00, -0.56)
~1.92 (-2.09, ~-1.75)

*p-value 60-70 age group compared with the 50-60 age group.
b1-value 70-80 age group compared with the 50-60 age group.

60-70

-0.25 (-0.54, 0.03)
0.03 (0.33, 0.40)
~0.40 (-0.75, —0.05)
~0.67 (~1.05, —0.29)
~1.28 (-1.71, ~0.84)
~0.38 (~1.06, 0.30)
~1.51 (-1.85, -1.18)
~1.49 (-1.82, -1.16)

a

<0.01
0.53
0.20
0.22
0.88
0.25
0.54

<0.05

70-80

~1.00 (~1.39, -0.62)
~0.27 (-0.87, 0.32)
~0.96 (~1.27, ~0.66)
~0.66 (~1.16, ~0.16)
~1.81 (-2.19, ~1.43)
~2.78 (-3.52, -2.04)
~2.10 (-2.31, -1.90)
~1.69 (2.3, 0.94)

0.95
0.78
0.83
0.25
0.08
<0.01
0.07
0.51
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Model 1 Model 2 Model 3

OR P OR ? OR p
Normal 1.00 = 1.00 - 1.00 -
OP or osteopenia 0.53 (0.33, 0.84) <0.05 0.37 (0.22, 0.63) <0.01 0.32 (0.19, 0.56) <0.01

Model 1 is unadjusted. Model 2 is adjusted for age, sex, race, education, BMI range, and FPL. Model 3 is further adjusted for model 2 plus smoke, drink, calcium, and Vitamin D.
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CircRNAs

circRNA-0016624
circRNA-0000020
circRNA-0048211
circRNA-0007059
circRNA-0006215
mm9-circ-009056
circRNA-Fgfr2
circRNA-AFF4
circRNA-SIPAIL1L
circRNA-RUNX2
circRNA-0011269
hsa-circ-0005752
hsa-circ-33287
hsa-circ-0026827
circRNA-23525
circRNA-0001795
circRNA-0024097
circRNA-Smg5
circRNA-124534
circRNA-0006393
circRNA-FOXP1
circRNA-Rtn4
hsa-circ-0076906
circRNA-0062582
hsa-circ-0006766
circRNA-vgll3
circRNA-AFF4
hsa-circ-0008500
hsa-circ-0074834
circRNA-STPAIL1
circRNA-DAB1

Target miRNAs

miR-98
miR-142-5p
miR-93-5p
miR-378
miR-942-5p
miR-22-3p
miR-133
miR-135a-5p
miR-617
has-miR-203
miR-122
miR-496
miR-214-3p
miR-188-3p
miR-30a-3p
miR-339-5p
miR-376b-3p
miR-194-5p
miR-496
miR-145-5p
miR-33a-5p
miR-146a
miR-1305
microRNA-145
miR-4739
miR-326-5p
Mir-7223-5p
miR-1301-3p
miR-942-5p
miR-204-5p
miR-1270 and miR-944

Target genes or pathways

BMP2

BMP2

BMP2

BMP2

RUNX2/VEGF

BMP7

BMP6

FNDC5/Irisin and Smad1/5 pathway
Smad3

RUNX2

RUNX2

RUNX3

RUNX3

Beclinl and the RUNX1
RUNX2

YAP1

YAP1 and Wnt/B-catenin pathway
Fzd6 and B-catenin pathway
B-Catenin Pathway
FOXO1

FOXP1

TNF-o.

OGN

CBFB

Notch2

integrin 0.5

PIK3R1

PADI4

ZEB1 and VEGF

ALPL

NOTCH/RBP] pathway

Cell types

hBMSCs
BMSCs
hBMSCs
hBMSCs
BMSCs
MC3T3-El cells
rDFCs

BMSCs

DPSCs
hBMSCs
hBMSCs
ADSCs
MSMSCs
hDPSCs
ADSCs
hBMSCs
BMSCs and MC3T3-El
BMSCs
hDPSCs
BMSCs

hASCs
MC3T3-El cells
hMSCs
hBMSCs
hBMSCs
ADSCs
MC3T3-El cells
HEK and hFOB
BMSCs

SCAPs
hBMSCs

References

1)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)
(40)
(41)
(42)
(43)
(44)
(45)
(46)
(47)
(48)
(49)
(50)
(51)

hBMSCs, human bone marrow mesenchymal stem cells; BMSCs, bone marrow mesenchymal stem cells; rDECs, rat dental follicle cells; DPSCs, dental pulp stem cells; ADSCs, adipose-derived
mesenchymal stem cells; MSMSCs, maxillary sinus membrane stem cells; hDPSCs, human dental pulp stem cells; BMMCs, bone marrow monocyte/macrophage cells; hASCs, human adipose-
derived mesenchymal stem cells; hMSCs, human marrow mesenchymal stem cells; HEK, human embryonic kidney; hFOB, human osteoblast; SCAPs, stem cells from apical papillas.
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CircRNAs

circRNA-POMT1 and circRNA-MCM3AP
circRNA-HGF
circRNA-0001052
circRNA-CDRl1as
circRNA-0006873
hsa-circ-0006859
circRNA-009934
circRNA-25487
hsa-circ-0001275
circRNA-28313
circRNA-0003865

Target miRNAs

miR-6881-3p
miR-25-3p
miR-124-3p
miR-7-5p
miR-142-5p
miR-431-5p
miR-5107
miR-134-3p
miR-377
miR-195a
miR-3653-3p

Target genes or pathways

Smad6 and Chordin
Smad7

Wnt4/B-catenin pathway
WNT5B

PTEN/AKkt signaling pathway
ROCK1

TRAF6

p21

CDKNI1B

CSF1

GAS1

Cell types

hASCs
BMSCs
BMSCs
BMSCs
hBMSCs
hBMSCs
osteoclast
BMSCs
hFOBL.19 cells
BMMCs
BMSCs

References

(52)
(53)
(54)
(55)
(56)
(57)
(58)
(59)
(60)
(61)
(62)

hASCs, human adipose-derived mesenchymal stem cells; BMSCs, bone marrow mesenchymal stem cells; hBMSCs, human bone marrow mesenchymal stem cells; hFOB, human osteoblast;

BMMCs, bone marrow monocyte/macrophage cells.
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Bone resorption inhibiter drugs

Drug Typical drug

category

ERT Estrogen

SERMs Raloxifene

Calcitonin  Migaixi nasal
spray

NBP Alendronate

RANKL Denosumab

inhibitor

Cathepsin K Odanacatib and

inhibitors ONO-5334

Bone formation promoter drugs

Drug Typical drug

category

PTHIR Teriparatide

PTHrP Abaloparatide

DKK-1 DKK-1 antibody

antibody

Dual-action drugs

Drug Typical drug

category

Strontium  Strontium

salt ranelate

Sclerostin Romosozumab

antibodies and blosozumab

GLP-1RAs  GLP-1RAs

Function

Reducing bone resorption and suppressing the
apoptosis of osteoblasts and osteocytes

Reducing vertebral fracture risk

Increasing BMD and relieve pain
Reducing the risk of vertebral and hip fractures
Simple to use, and reducing bone turnover markers

Suppression of bone resorption markers

Function

Reducing both vertebral and non-vertebral fractures
in postmenopausal patients

Enhancing bone mass and lowers the risk of fracture

The Wnt-B-catenin signaling pathway physiological
antagonists and increasing bone formation

Function

Intensify osteoblastogenesis while inhibiting
osteoclastogenesis

Increasing bone formation and decreases bone
resorption

Promoting bone formation and inhibiting bone
resorption

Adverse reaction References
The adverse effects of uterus, breast, and cardiovascular system (83)
increases
Hot flushes and venous thromboembolism (84)
Pruritus, epistaxis, and arthralgia (85)
Gastrointestinal disturbance, osteonecrosis of the jaw, and (86)
atypical femoral fractures
Discontinuation can result in a rebound of curative effect and 87)
loss of BMD
Pycnodysostosis (88)
Adverse reaction References
Persistent hypercalcemia, transient bone loss in clinic, and (89)
osteosarcoma caused by receiving high dose in rodents
High cost and palpitations and heart rate increase (90)
Bone safety issues need further research 91)
Adverse reaction References
The risk of myocardial infarction increases (92)
Concern about the cardiovascular safety profile (93)
The impact of fracture risk and osteoporosis needs to be (94)

further explored

ERT, estrogen replacement therapy; SERM, selective estrogen receptor modulator; NBP, nitrogen-containing bisphosphonate; RANKL, receptor activator of NF-xB ligand; PTH,
parathyroid hormone; PTHIR, PTH-1 receptor; PTHrP, PTH-related protein; DKK-1, dickkopf-1; GLP-1RAs, Glucagon-like peptide-1 receptor agonists.
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Gene name

Protein name

Correlation with risk

ARPC3
BAZ1A
DOCK2
H3F3A
MAP3K1
PABPC1
PAK1

Actin-related protein 2/3 complex subunit 3
Bromodomain adjacent to zinc finger domain protein 1A
Cell growth regulator with EF hand domain protein 1
Histone H3.3

Mitogen-activated protein kinase kinase kinase 1
Polyadenylate-binding protein 1

Serine/threonine-protein kinase PAK 1

Negative
Negative
Negative
Negative
Positive

Positive

Negative
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Project Datasets Sample size

Single cell analysis using scRNA-seq

Osteoporosis data GSM4423510 1
Patients source: 67-year-old postmenopausal osteoporotic patient;

Tissue: CD271+ bone marrow derived mononuclear cells;

Platform: llumina NovaSeq 6000 model

Carotid atherosclerosis data GSM4705591 1
Patients source: 76-year-old postmenopausal patient with carotid atherosclerosis;

Tissue: Carotid artery from endarterectomy;

Platform: llumina NovaSeq 6000 model

Calcification paradox related risk model using mRNA data

Osteoporosis data GSE56815 40
Patients source: Postmenopausal patients with low and normal bone mass density;

Tissue: Circulating monocytes from blood, isolated with Monocyte-negative isolation kit;

Platform: Affymetrix Human Genome U133A Array platform

Carotid atherosclerosis data GSE23746 95
Patients source: Patients with and without carotid atherosclerotic plaque;

Tissue: Circulating monocytes from blood, isolated with Monocyte-negative isolation kit;

Platform: Sentrix HumanRef-8 Expression BeadChip platform
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Cell cluster Marker genes

Osteoblastic lineage cells RUNX2, ALPL, IBSP, SOST

CD14* Monocytes CCR2, CD14, CSF3R, FCGR1A, SELL, S100A8, S100A9, S100A12
Macrophage C1, CD9, CD63, CD163, CSF1R, MRC1
Dendritic cells TCF4, CXCR3, CD74, IL3RA

B cells CD19, CD79

T cells CD3, CD4, CD7, CD8

Neutrophils CD11B, CD177

Erythrocyte lineage cells ALAS2, EPB42, GATAT1, KLF1, AHSP
Mast cells CD63, RHOH, BTK, KIT, LAT, LAT2
Vascular smooth muscle cells ACTA2, CNN1, CNN3, MYH, VIM
Vascular endothelium CD34, VWF

Fibroblasts DCN, FN1, COL1A1, COL1A2
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Content

Data Web of Science Core Collection
source

Time 2012-2021

span

Languages English

Literature ~ Article

types
Search #1 2537 [TS=(“glucocorticoid* induced osteoporosis”) OR TS=(“steroid* induced osteoporosis”) OR TS=(“corticosteroid* induced osteoporosis”) OR TS=
strategy (“corticoid* induced osteoporosis”) OR TS=(“dexamethasone induced osteoporosis”) OR TS=(“prednisone-induced osteoporosis”) OR TS=

(“prednisolone-induced osteoporosis”) OR TS=(“methylprednisolone-induced osteoporosis”)OR TS=(“glucocorticoid* osteoporosis”) OR TS=
(“steroid* osteoporosis”) OR TS=("corticosteroid* osteoporosis”) OR TS=(“corticoid* osteoporosis”)]

#2685 #1 AND DT=(“ARTICLE”) AND LA=(“ENGLISH”) AND PY=(2012-2021)
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trial 2012 3.872012 2015 s
men 2012 3232012 20714 e
pathogenesis 2012 2.872012 2014
hip fracture 2012 2.792012 20713 e
oral corticosteroid 2012 2.632012 20713 mme
randomized trial 2012 3792013 2013 o

X ray absorptiometry 2012 3.332013 2015 _ e
secondary osteoporosis 2012 3.622014 2014
parathyroid hormone 2012 2.872014 2016 e

mesenchymal stem cell 2012 4562015 2018 ___ oo
update 2012 3.092015 2016 . ——
ovariectomized rat 2012 2.682015 2018 ___ commmr
dexamethasone 2012 4.052016 2017 . e
mice 2012 3.052016 2016
recommendation 2012 2.942016 2017 . e
marker 2012 3.392017 2018
activation 2012 3.752018 20271 .
oxidative stress 2012 3462018 2027 .
osteogenesis 2012 3452018 2018 e
pathway 2012 3.222018 20271 . o
controlled trial 2012 2.982018 2018
expression 2012 4162019 2019
apoptosis 2012 3.382019 2019
model 2012 3.022019 20271 o

inhibition 2012 2812020 2021
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Species

SD rats

SD rats

SD rats

Wistar
rats

Wistar
rats

ICR mice

ICR mice

BALB/c
mice

Age

4
weeks

weeks

weeks
weeks
weeks

months

Sex

male

male

male

male

male

male

male

Male

Velocity

20 m/min in week 1, 30 m/min in week 2; next, speed
started from 12 m/min and increased by 3 m/min
every 3 min until 30 m/min

20 m/min in week 1, 25 m/min in week 2, 30 m/min in
week 3, 35 m/min in week 4, 40 m/min to exhaustion
Adaptation training stage:

15, 22, 27, 31, and 35 m/min each week

Intensive training stage:

35 m/min

Exhaustion:

12 m/min, increased by 3 m/min every 3 min, until 24
m/min

Adaptation training stage: began at 15 m/min and
increased every 4 days (22, 27, 31, and 35 m/min)
Intensive training stage:

38 m/min for days 1-3, 40 m/min for days 4-5, 42 m/
min for days 6-7

0.8 km/h for 6 weeks, the last 2 weeks at 0.8 km/h for
2 min and then run to 1.2 km/h until exhaustion

10 m/min in adaptation training, high-intensity
exercise at 85% of their maximum speed

20, 25, and 30 m/min

11 m/min, increased 1 m/min per day in week 1, then
increased by 1 m/min per week from week 2

Duration

20 min/day in week 1, 30 min/day in week 2; the next
lasted for 1 h

6 days/week, lasting for 4 weeks, 10 min/day in week
1, 20 min/day in weeks 2-3, 30 min/day in week 4

Adaptation training stage: 20 min/day, 5 days/week,
lasting for 5 weeks

Intensive training stage: 20 min/day and 5 days/week,
lasting for 2 weeks

Adaptation training stage:

20 min/day for 3 days + 1 day for rest, lasting for 3
weeks

Intensive training stage:

20 min/day, 5 days/week, 2 weeks; 30 min/day in the
first 3 days; 35 min/day in the following 2 days; 40
min/day in the last 2 days

30 min/day, 4 days/week for 6 weeks

15 min/day in adaptation training, high-intensity
exercise until exhaustion

week 1 was 5 min; week 2 was 5, 10, and 5 min; week
3 was 5, 15, and 15 min; weeks 4 and 5 within 50 min

45 min/day, 6 days/week

Gradient Reference

0°

0°

0°

0

0°

12

18

19

20

21
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HATSs and
HDACs

KAT2A (GCN5)
KAT2B (PCAF)

CBP/p300

HDAC1

HDAC2

HDAC3
HDAC4

HDACS5

HDAC6

HDAC7

HDACS8
HDACI11

Target genes

Wnt, NF-kB
BMP, Runx2 (52), CXCLI2 (53)

NFATcl (54)
Runx2 (55), NFATcl (54)
IGF-1

SP7 (57), AKT, FoxOl (58)

NF-xB
MEF2C, MMP13 (60), Runx2 (61)

MEF2C (62), NFATcI (54)
Runx2
Mitf

Runx2

11p-HSD2

HAT, histone acetyltransferases; HDAC, histone deacetylase.
KAT2A(GCNS), Lysine acetyltransferase 2A; NF-xB, Nuclear factor kappa B; KAT2B(PCAF), Lysine acetyltransferase 2B; CXCL12, C-X-C motif chemokine ligand 12; CBP, CREB binding
protein, IGF-1, Insulin like growth factor 1; SP7, Sp7 transcription factor; Akt, AKT serine/threonine kinase; RANKL, NF-KB ligand-receptor activator; MEF2C, Myocyte enhancer factor
2C; SOST, Sclerostin; Mitf, Melanocyte inducing transcription factor; 11B-HSD2, Hydroxysteroid 11-beta dehydrogenase 2.

Function

Enhances osteogenic differentiation ability of BMSCs (49-51).

Promotes osteogenic differentiation of MSCs (52, 53).
Promotes osteoclast differentiation (54)

Promotes osteoblast differentiation (55).
Promotes osteoclast differentiation (54).

Prevents achievement of peak bone mass by inhibiting IGF-1 expression in the liver and IGF-1 signaling in
bone (56).

Inhibits osteogenic differentiation of MSCs (57).
Activates Akt and thereby suppresses FoxOl transcription, resulting in enhanced osteoclastogenesis (58).

Controls bone remodeling by suppressing the responsiveness of osteoclast lineage cell to RANKL (59).

HDACH4 interacts with MEF2C at the MMP13 promoter and inhibits MMP13 gene transcription (60).
Deacetylates and degrades Runx2, leading to reduced osteoblast function (61).

HDACS binds and inhibits the function of MEF2C and decreases SOST expression in osteocytes (62).
Reduces RANKL- or PCAF-mediated NFATcl acetylation, stability, and transactivation activity and
suppresses osteoclast differentiation (54)

Inactivates Runx2 promoter to block osteogenesis of BMSCs (48).

Represses Mitf function and inhibits osteoclast differentiation (63).
Represses Runx2 expression and suppresses osteoblast maturation (64).

Suppresses osteogenic differentiation of BMSCs by inhibiting H3K9ac and Runx2 activity (65).
Suppresses osteogenic differentiation of BMSCs by downregulating H3K9ac and 11B-HSD2 expression (66).
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HMTs and
HMDs

PRMT1/PRMT4
(CARMI)

PRMTS5

PADI4
KMT1A (Suv39hl)

KMTIC (G9a,
EHMT2)

KMT1D (EHMT1)

KMTIE (ESET,
SETDB1)

KMT6 (EZH2)

MII-COMPASS
complexes

KMT2D (MLL4)
KMT4 (DOTIL)
KDMI (LSD1)

KDM4A (JMJD2A)
KDM4B (JMJD2B)

KDM5A (JARID1A,
RBP2)

KDMS5B (JARID1B,
PLU-1)

KDM6A (UTX)

KDM6B (JMJD3)

Target histone sites

H4R3me2a, H3R17me2a

H4R3me2s (19),
H3R8me2s (20)

H3K9me2/3

H3K9me2 (23), H3K27mel
(24)

H3K9me2
H3K9me3

H3K27me3
H3K4me3

H3K4mel

H3K9me2

H3K4mel (31), H3K4me2
(29)

H3K9me3

H3K9me3

H3K4me3
H3K4me3
H3K27me3

H3K27me3

Target genes

CYP24A1

ISG (19), CXCL10 and
RSAD2 (20)

Runx2
Runx2
Runx2 (23), MMP-9 (24)

Runx2

Whtd, Foxcl
Runx2, p57

Runx2

CD9, MMP-9

Runx2 (31), Wnt7b, BMP2
(29)

Sfrpd, Clebpa

Runx2, Cendl

Runx2

Runx2

Runx2, Osx (39), NFATcl
(40)

HDM, histone demethylase; HMT, histone methyltransferase.

Function

Activates CYP24A1 gene in osteoblasts (18).

Regulates osteogenic differentiation of BMSCs (19).
Inhibits PRMTS5 from suppressing osteoclast differentiation (20).

Promotes osteoblast mineralization (21).
Delays osteoblast differentiation (22).

Regulates proliferation and differentiation of cranial bone cells (23)
Induces expression of osteoclastogenesis-related genes and promotes osteoclast
differentiation (24).

Suppresses osteogenic differentiation of mesenchymal stem cells (25).

Regulates osteoblast differentiation of MSCs (26).

Enhances both osteogenesis and osteoclastogenesis (27).

Promotes Runx2, p57 gene transcription (28).

Promotes osteoblast differentiation (29).
Inhibits osteoclastogenesis and protects against osteoporosis (30).

Inhibits osteoblast differentiation of C2C12 cells (31).
Inhibits osteogenic differentiation of BMSCs (29).

Promotes adipogenic differentiation and inhibits osteogenic differentiation (32).

Promotes osteogenic differentiation of BMSCs and maintains bone-fat balance (33,

34).

Inhibits BMP2-induced osteogenesis of MSCs (35).
Inhibits osteogenic differentiation of human adipose-derived stromal cells (36).

Enhances osteoblast differentiation (37).

Inhibits adipogenic differentiation and promotes osteogenic differentiation of
BMSCs (38).

Regulates osteoblast differentiation (39).Promotes osteoclast differentiation (40).

PRMT, Protein arginine methyltransferase; CARM1, Coactivator associated arginine methyltransferase 1; CYP24A1, Cytochrome P450 family 24 subfamily A member 1; ISG, Interferon-
stimulated gene; CXCL10, C-X-C motif chemokine ligand 10; RSAD2, Radical S-adenosyl methionine domain containing 2; PADI4, Peptidyl arginine deiminase 4; Runx2, Runt-related
transcription factor 2; Suv39h1, Suppressor of variegation 3-9 homolog 1; KMT, Calmodulin-Lysine N-methyltransferase; EHMT, Euchromatic histone lysine methyltransferase; MMP,
Matrix metallopeptidase; ESET,SETDBI, SET domain bifurcated histone lysine methyltransferase; EZH2, Enhancer of zeste 2 polycomb Repressive Complex 2 Subunit; Foxcl, Forkhead
box Cl; DOTIL, DOT1 Like Histone Lysine Methyltransferase; KDM, LSD, Lysine demethylase; BMP2, Bone morphogenetic protein 2; JMJD, JmjC domain-containing histone
demethylation protein; Sfrp4, Secreted frizzled related protein 4; C/ebper, CCAAT enhancer binding protein alpha; Cendl, Cyclin D1; RBP2, Retinol binding protein 2; UTX, Utx histone
demethylase; Osx, Osterix; NFATc1, Nuclear factor of activated T cells 1.
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Species
SD rats
SD rats
SD rats
SD rats

ICR mice

Kunming
mice

ICR mice

ICR mice

Age

weeks
9-10
weeks
6-8
weeks

6-8
weeks

months

4-6
weeks

weeks

male

male

male

male

male

male

male

male

Duration

Once a day for 3 h days 1-7 and twice a day for 6 h days 8-
10

30 min a day, days 1-2; days 3-5, increase 30 min a day until
day 5 is up to 120 min

20 min per day for 3 days, 3 weeks

to exhaustion

Once every other day for 10 times

Adaptation training for 1 week, 6 days/week, 30 and 45 min
in days 1 and 2, 1 h in the following 4 days and the following
training weeks

6 days a week, 60 min a day for 4 weeks

Adaptation training for 1 week, 5 days/week, 30 and 45 min
in days 1 and 2, 1 h in the following 3 days and the following
training weeks

Adaptation training for 1 week, 30 and 45 min in days 1 and
2, 1 hiin the following 3 days and the following training weeks

Weight-bearing
None
None
5% of body weight
5% of body weight
No weight for week 1; weeks 2-6, 2% of body weight per
week until 10% is reached

One group for 5% of body weight; one group, no load

No weight for week 1; weeks 2-6, 10% of body weight
No weight for week 1, 1% in week 2, 2% in weeks 3-4, 3% in

weeks 5-6. Finally, 5% of body weight was used to swim
until exhaustion

Reference

22

23

24

25

26

27

28

29
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Fracture risk Advantages Disadvantages
assessment

methods

BMD measured Simplicity, noninvasion, low cost, low radiation ~ Area bone density of the axial skeleton, lumbar spine, and proximal femur; be susceptible to

DXA lumbar degeneration and abdominal aortic calcification; the measurement results of different DXA
machines without transverse quality control cannot be compared with each other.

FRAX Simplicity, noninvasion, low cost, low radiation ~ Not apply to people who have been diagnosed with osteoporosis, have had fragility fractures, or
have received effective anti-osteoporosis therapy; exist differences in prediction ability between
different regions and ethnic populations; incomplete about the major clinical risk factors for
osteoporotic fractures; lack of specific quantification range.

TBS Noninvasion; not require additional medical A macro-indicator to assess bone microstructure indirectly; only assess lumbar spines; no special

equipment or tests; make up for BMD reference range excepting in postmenopausal women.
deficiency in assessing bone microstructure and
bone quality
QCT Simplicity, noninvasion; Expensive, unavailable, relatively high radiation, the estimate of cortical porosity may be difficult
highly sensitive; be able to measure vBMD, in areas with thin cortices and/or high trabecular bone volume.
assess cortical and cancellous bones separately;
not influenced by spinal degeneration, body
weight, and vascular calcification;

Microindentation  Directly assess the mechanical properties of Not been widely used in clinical practice, only limited to the tibia

bones at the tissue level; simplicity, safety, free-
radiation, less invasion
Bone Obtain static and dynamic parameters of the Invasion, complexity

histomorphometry ~bone, gold standard for assessing bone turnover

BTMs Reflect bone formation and bone resorption; Affected by many confounding factors, the wide variety
simplicity, easy to operate, and repeatability

BMD, bone mineral density; DXA, dual x-ray absorptiometry; FRAX, fracture risk assessment tool; TBS, trabecular bone score; QCT, quantitative computed tomography; vBMD,
volumetric BMD; BTMs, bone turnover biomarkers.
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Common risk factors

FRAX CRF*
Low BMD
Recurrent falls
Diabetes -specific risk factors
Diabetes duration>10 years
Diabetes medication: insulin, TZDs, possibly SGLT2 inhibitors
The presence of one or more chronic T2DM complications**

HbAlc > 8% for at least 1 year**

FRAX, fracture risk assessment tool; CRF, clinical risk factor; BMD, bone mineral density;
ZD, thiazolidinedione; SGLT2, sodium-glucose cotransporter 2; T2DM, type 2 diabetes
mellitus; Hb1Ac, glycated hemoglobin Alc.

*Age, sex, weight, height, previous fracture, family history of hip fracture, current
smoking, glucocorticoid, rheumatoid arthritis, alcohol, BMD;

“*Microvascular complications: peripheral and autonomic neuropathy, retinopathy,
nephropathy;

***Irrespective from disease duration, treatment, or the presence of complications.
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Variable

Age, years
BMI, kg/m’
Fracture level

HU value

BMI, body mass index; HU, Hounsfield unit; VCF, vertebral compression fracture; B, unstandardized B coefficient; SE, standard error; OR, odds ratio; CI, confidence interval.

B

0.060
-0.087
-0.514
-0.037

0.034
0.073
0.578
0.011

OR (95% CI)

1.061 (0.992-1.135)
0917 (0.794-1.058)
0.598 (0.192-1.858)
0963 (0.943-0.984)

0.082
0.234
0.374
0.001
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Variable

Age, years
Male, n (%)
BMI, kg/m’
Smoking, 1 (%)
Drinking, 7 (%)
Hypertension, 1 (%)
Diabetes, n (%)
Fracture location, n (%)
Non-TL junction
TL junction
Surgical method, 1 (%)
PVP
PKP
HU value
A-P ratio
Bisphosphonates, n (%)
Cement volume, ml
Cement leakage, 1 (%)
Cement distribution, n (%)
Compact type
Trabecular type

All patients (n = 247)

69.58 + 8.40
44 (17.8)
2292 +3.37
33(13.4)
15 (6.1)
98 (39.7)
34 (13.8)

41 (16.6)
206 (83.4)

180 (72.9)
67 (27.1)
7341 £ 30.30
070 + 0.14
89 (36.0)
447 +0.94
94 (38.1)

102 (41.3)
145 (58.7)

Control group (n = 224)

68.87 + 8.27
38 (17.0)
23.13 £3.33
28 (12.5)
14 (6.3)
91 (40.6)
33 (14.7)

33 (147)
191 (85.3)

162 (72.3)
62 (27.7)
76.98 + 28.49
0.70 + 0.14
83 (37.1)
447 095
85 (37.9)

90 (40.2)
134 (59.8)

New VCF group (n = 23)

76.48 + 6.27
6 (26.1)
20.84 + 3.16
5(21.7)
1(4.3)

7 (30.4)
1(4.3)

8 (34.8)
15 (65.2)

18 (783)
5(21.7)
38.64 + 2536
0.75 +0.17
6(26.1)
450 +0.74
9 (39.1)

12 (52.2)
11 (47.8)

0.000%
0.422
0.002*
0.358
1.000
0.341
0.290
0.030*

0.542

0.000%
0.086
0.297
0.876
0911
0.266

Values are expressed as the mean + SD, number (%), or as otherwise indicated. BMI, body mass index; TL, thoracolumbar; PVP, percutaneous vertebroplasty; PKP, percutaneous
kyphoplasty; HU, Hounsfield unit; A-P, anterior-posterior; VCF, vertebral compression fracture.

* p < 0.05 versus the control group.
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gene

HMOX1

HAMP

MAP3K5

FLT3

LPIN1

logFC

-0.29081
-0.22921

-0.13902

0.195708

0.095823

p-
Value

0.001245

8.90E-05

0.003441

0.001245

7.14E-05

adjusted
p-Value

0.020145
0.007919

0.04654

0.020145

0.007919

gene
description

Heme
oxygenase
Hepcidin, iron
homeostasis
Mitogen-
activated
protein kinase
kinase kinase
5
Receptor-type
tyrosine-
protein kinase

Phosphatidate
phosphatase

location

chr22:35,380,361-
35,394,214

chr19:35,280,716-
35,285,143

chr6:136,557,046-
136,793,091

chr13:28,003,274-
28,100,592

chr2:11,677,544-
11,827,409
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Indicator

Exhaustion time

Organ index

Lactic acid (pH
value)

Blood urea
nitrogen

Malondialdehyde

Superoxide
dismutase

Testosterone

Glutathione
peroxidase

Cortisol

Creatine kinase

1: up; J: down.

Variation

Significance

Records the time from the start of the exercise to the onset of exhaustion, reflecting the intuitive performance of exercise
capacity

The percentage of organ weight in body weight; an important indicator reflecting the internal organs and their nutritional
status

One of the products of anaerobic respiration; its pH value affects the metabolism of LA system

The main end product of human protein and amino acid metabolism, a reflection of the metabolic intensity of amino acids in
the body

The degradation product of polyunsaturated fatty acid peroxides; the reflection of the severity of free radical attack and
damage on cells

An important anti-peroxidase in free radical scavenging system; an antioxidant that can reduce oxidative stress caused by
exercise-induced fatigue

Maintains muscle strength and quality; maintains bone density and strength

Catalyzes the reduction of H,03; protects the integrity of cell membrane structure

Increases gluconeogenesis, protein, and fat metabolism; is related to the damage of biological energy caused by intense
exercise

The reflection of the degree of skeletal muscle injury; it is positively correlated with the degree of muscle injury, which directly
affects the body’s aerobic and anaerobic metabolism during exercise

Reference

54,55

56,57

58

59-61

63

64,65

66,67
64,68

69-71

71-73
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System

Nervous system

Nervous system

Cardiovascular system

Locomotor system

Locomotor system

Organ
(Classification)

Central nervous
system

Peripheral nervous
system
Heart

Bone

Skeletal muscle

Phenotype

exercise-induced fatigue leads to the plasticity damage of cortical striatum and a significant decline in
learning and memory behavior; affects cognitive function; induces the gene expression of pro-inflammatory
cytokines

5-HT in the anterior horn of the spinal cord decreased; the excitability of motor neurons decreased; the

recruitment of motor neurons decreased; the motor output lost facilitation

Myocardial ischemia and hypoxia, myocardial microstructure damage; adverse waves and structural
remodeling; myocardial fibrosis; calcium balance disorder in myocardial cells; myocardial cell apoptosis,
abnormal morphological structure of myocardial cell nucleus

Reduces BMD and causes bone loss; damages the bone microstructure; increases bone cell apoptosis;
decreases osteoblasts and increases osteoclasts; is not conducive to bone health

Muscle injury; mitochondrial dysfunction of the skeletal muscle; the activity of skeletal muscle
mitochondrial respiratory chain is affected

Reference

30-34

35-37

38-46

47-51

52,53
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DXA measurements Ultrasound measurements

AD-SoS UBPI BTT DI Cth
Femur neck BMD 0.46* 0.49 0.81% 0.508* 0.387
Total femur BMD 0.88* 0.62* 0.82* 0.376 0.201
Lumbar spine BMD 0.72* 0.67* 0.61% 0.644* 0.534*
Trabecular bone score 0.42* 0.62* 0.07 0.07 0.08

*p < 0.05, statistical significance. BMID, bone mineral density; AD-S0S, amplitude-dependent speed of sound; BT, bone transmission time; UBPI, ultrasound bone profile index; DI, density
index; Cth, cortical thickness.
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Age (years)

BMI (kg/m?)

Males (%)

Time since hemodialysis (years)
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Characteristics

WBC
NEUT#
LYMPH#
MONO#
EO#
BASO#
RBC
HGB
HCT
MCV
MCH
RDW-CV/
PLT
PDW
MPV
PCT

Controls (n=85)

6.18 + 1.50
387 £1.25
1.66 + 0.60
0.43 +0.11
0.16 + 0.16
0.022 +0.016
4.30 +0.39
1354 £ 10.77
39.60 + 3.07
93.51 + 4.56
3155+ 1.72
12.80 £ 0.64
199.74 + 51.10
12.86 +2.01
10.86 + 1.00
0.22 +0.05

Patients (n=97)

6.69 + 1.80
4.53 + 1.53
1.51 + 0.58
0.49 +0.18
0.15 + 0.16
0.03 + 0.01
4.17 £ 0.53
134 + 11.03
38.48 + 541
93.13 £ 5.85
31.39 + 231
1291 £ 1.53
209.67 + 52.03
12.15 £ 2.63
10.04 + 0.88
0.21 + 0.05

P values

<0.001
<0.001
>0.05
<0.001
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05

WBC, white blood cells; NEUT#, number of neutrophils; LYMPH#, number of lymphocytes; MONO#, number of monocytes; EO#, number of eosinophils; BASO#, number of basophils;
RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin RDW-CV, red cell distribution width-CV; PLT, platelets;

PDW, platelets and platelet distribution width; MPV, mean platelet volume; PCT, platelet hematocrit.
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Characteristics

Age (years)

Sex (male/female)

WBC
NEUT#
LYMPH#
MONO#
EO#
BASO#
RBC
HGB
HCT
MCV
MCH
RDW-CV/
PLT
PDW
MPV
PCT

Controls (n=527)

71.56 + 8.90

19.23%
(85/442)

5.86 £ 1.59
359 £1.39
1.70 + 0.55
0.37 £ 0.12
012 +0.11
0.024 +0.017
412 +0.42
126.8 +12.98
38.55 + 13.47
9222 +£5.92
30.84 + 1.72
13.35 + 12.41
224.88 + 63.57
13.30 + 9.05
10.86 + 1.17
0.24 + 0.06

Patients (n=608)

71.23 + 8.57

18.98%
(97/511)

6.34 +2.02
412 +1.83
1.64 £ 0.64
0.42 +0.17
0.12 +0.10
0.027 £ 0.015
4.06 +0.49
125.1 +19.29
37.93 + 12.81
92.53 £ 6.11
30.77 + 2.08
13.43 £ 11.58
227.89 +69.77
12.89 + 8.58
10.32 + 1.10
0.23 + 0.06

P values

>0.05
>0.05

<0.001
<0.001
>0.05
<0.001
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05

WBC, white blood cells; NEUT#, number of neutrophils; LYMPH#, number of lymphocytes; MONO#, number of monocytes; EO#, number of eosinophils; BASO#, number of basophils;
RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin RDOW-CV, red cell distribution width-CV; PLT, platelets;

PDW, platelets and platelet distribution width; MPV, mean platelet volume; PCT, platelet hematocrit.
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Group 1:21-30years Group I1:31-40years Group lll:41-50years Group IV:51-60years Group V:61-70years Group VI:71-80years statistic p

Age 289+15 36.5 £2.7 46.4 £2.5 55127 649+29 736 +23 14223 <0.01
Cobb -1.8+10.8 37+125 8.1+104 121 +£10.7 146+ 11.9 16.3+10.9 10229 <0.01
Cases 8 58 72 84 62 40 - -
man 4 29 36 42 31 20 = =
woman 4 29 36 42 31 20 - -
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Platform
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Data type
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mRNA
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Author

Peggy Benisch et
Peggy Benisch et
Peggy Benisch et

update date

Mar 25, 2019
Mar 25, 2019
Mar 25, 2019

Country

Germany
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Sample type

Human tissues
Human tissues
Human tissues
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Protein symbol

GSTP1

LAMP2
COPB1
RAB5B

*p<0.05, **p<0.01.

Protein name

Glutathione S-transferase P
Lysosome-associated membrane glycoprotein 2
Coatomer subunit beta

Ras-related protein Rab-5B

Associations with bone mass

R value P value
-0.667* 0035
-0.773% 0.009
0.862** 0.001
-0.775% 0.008

Associations with serum ferritin

R value

0.654*
0.648*
-0.638*
0.690*

P value

0.044
0.043
0.047
0.027
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Characteristics NOP (n=5) Mean (95% CI)

Age (years) 79.2 £9.28
Height (cm) 155.6 + 3.78
Weight (kg) 57.6 £ 12.18
BMI (kg/cm2) 23.71 £ 4.39
T score

Hip 0.06 £ 1.30

Lumbar -122 £ 116
BMD

Hip 091 +0.09

Lumbar 0.96 +0.14

Femoral neck 0.94 £ 0.15

Greater trochanter 0.84 +0.35
Fer (nmol/mL) 106.38 + 26.07
PINP (ng/mL) 81.17 + 58.14
B-CTX (ng/mL) 536.72 £ 132.80

OIA (n=5) Mean (95% CI)

812+773
154 + 4.69
45.8 + 8.56
19.34 +3.78

-3.64 £ 0.38
-348 £ 1.08

0.51 £ 0.06
0.68 + 0.10
0.49 + 0.05
0.39 + 0.35
332.24 + 65.41
83.03 + 42.95
576.16 + 389.85

0.721
0.569
0.114
0.130

< 0.001
0.013

< 0.001
0.008
< 0.001
0.021
0.004
0.956
0.836

The study samples are all postmenopausal patients. BMI, Body Mass Index; BMD, Bone Mineral Density; Fer, Ferritin; PINP, procollagen type I N-propeptide; B-CTX, B-isomerized C-

terminal telopeptides.
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Pfirrmann Grade Cases upper vertebrae lower vertebrae
Grade | 1 - -

Grade Il 7 398.1 + 74.6 # 351.4 +90.9
Grade Il 524 348.9 +88.1 # 330.5+91.4 #
Grade IV 576 328.8 +81.7 *& 311.6 £823 &
Grade V 188 314.6 + 87.5 *&# 285.4 + 83.7 *&it
statistics 10.533 18.715

p 0.000 0.000
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Correlation Coefficient p

upper vertebrae -0.141 <0.01
lower vertebrae -0.150 <0.01
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statistics
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Group I: 21-
30years

397.8. £ 94.8
416.7 + 59.4
389.0 + 64.2
368.0 + 56.2
3259 +57.3

2.083
0.104

Group II: 31-
40years

377.7 £ 68.4
400.1 +£74.8
385.1 +74.8
350.0 + 66.7
307.1 £61.8

16.561
<0.01

Group lIl: 41-
50years

364.6 + 68.7
377.4 £721
3569.5 + 72.4
3156.0 £ 74.3
284.1 + 60.0

78.588
<0.01

Group IV: 51-
60years

332.5 + 86.8
342.5 +78.4
331.8+83.3
286.8 + 74.0
257.2 +58.4

19.079
<0.01

Group V: 61-
70years

316.3 £ 81.4
323.2 + 86.1
298.8 + 82.2
261.8 +78.0
234.7 +70.8

13.791
<0.01

Group VI: 71-
80years

326.2 + 82.1
330.8 +99.1
305.0 + 86.5
266.32 + 82.6
235.4 + 64.0

9.482
<0.01

statistics

6.232

8.718

10.049

12.598

13.012

P

<0.01

<0.01

<0.01

<0.01

<0.01

Mean
value

345.3 +
81.6
357.2 +
85.1
339.3 +
85.7
299.1 +
80.8
266.8 +
68.1
258.836
<0.01
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Sections Group Group | Group Il Group Il Group IV Group V
C3 Group Il 0.497

Group Il 0.257 0.345

Group IV 0.025* 0.001* 0.011*

Group V 0.006* 0.000* 0.000* 0219

Group VI 0.017* 0.001* 0.011* 0.629 0.576
C4 Group Il 0.585

Group Il 0.191 0.110

Group IV 0.013* 0.000* 0.007*

Group V 0.002* 0.000* 0.000* 0.152

Group VI 0.006* 0.000* 0.004* 0.447 0.643
C5 Group Il 0.898

Group Il 0.325 0.072

Group IV 0.055 0.000* 0.032*

Group V 0.003* 0.000* 0.000* 0.015*

Group VI 0.007* 0.000* 0.001* 0.084 0.702
o) Group Il 0.522

Group Il 0.057 0.008*

Group IV 0.003* 0.000* 0.019*

Group V 0.000* 0.000* 0.000* 0.045*

Group VI 0.000* 0.000* 0.001* 0.154 0.762
c7 Group Il 0.425

Group Il 0.074 0.038*

Group IV 0.003* 0.000* 0.008*

Group V 0.000* 0.000* 0.000* 0.033*

Group VI 0.000* 0.000* 0.000* 0.071 0.953

("p<0.05).
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Upper part of vertebrae Lower part of vertebrae statistics

344.7 + 80.1
359.6 + 85.7
340.3 +85.3
304.5 +80.3
276.2 £ 70.4

346.3 + 83.6
355.5 + 89.7
337.5+89.8
2923 +85.4
2571 +69.9

-0.652
1.855
1.236
5.657
9.604

P

0.515
0.064
0.217
<0.01
<0.01
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Agely)
60 ~ 69
70 ~79
=280

Gender
Female
Male

Race
Hispanic
Non-Hispanic white
Non-Hispanic black
Other

High-GNRI was the control group.

OR (95%CI)

1.867 (1.500-2.478)
1.420 (1.337-2.367)
1.886 (1.606-2.910)

1.614 (1.146-2.270)
2.173 (1.356-3.482)

1.657 (1.360- 2595)
1.841 (1.785-2281)
1.229 (1.141-2.562)
1.913 (1.713-3.087)

P-value

<0.001
<0.001
<0.001

0.006
0.001

<0.001

<0.001

<0.001
0.003

Interaction P-value

0.181

0.920

0.317
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Un- adjusted
Model 1
Model 2
Model 3

Model 1 was adjusted for age, sex, race.

Model 2 was adjusted for age, sex, race, education level, marital status, BMI, smoker, alcohol user, glucocorticoid user, physical activity.

OR (95% CI)

1.544 (1.179-2.022)
1.820 (1.359-2.438)
1.869 (1.394-2.507)
1.834 (1.365-2.465)

P-value

0.001
<0.001
<0.001
<0.001

Model 3 was adjusted for age, sex, race, education level, marital status, BMI, smoker, alcohol user, glucocorticoid user, physical activity, blood calcium, hypertension, cancer, diabetes.

High GNRI was the control group.
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Characteristic High-GNRI (N=6855) Low-GNRI (N=550) P-value

Age (y) 69.9+7.1 712473 <0.001
Male sex 3518 (51.3) 327 (59.5) <0.001
Race <0.001

Hispanic 1468 (21.4) 89 (16.2)

Non-Hispanic white 3636 (53.0) 217 (39.5)

Non-Hispanic black 1259 (18.4) 195 (35.5)

Other 492 (7.2) 49 (8.9)
Education beyond high school 4839 (70.6) 337 (61.3) <0.001
Marital status <0.001

Never married 308 (4.5) 28 (5.1)

Married or living with partner 4148 (60.5) 279 (50.8)

Divorced, separated, or widowed 2399 (35.0) 243 (44.2)
Health insurance coverage 6314 (92.1) 502 (91.3) 0.486
BMI (kg/m2) 28.6+5.3 25.4+6.0 <0.001
eGFR, ml/min per 1.73 m2 74.0+18.9 68.6£20.5 <0.001
ALT (U/L) 223+15.8 17.41+16.68 <0.001
AST (U/L) 24.9+115 27.9£13.95 <0.001
HbAlc 6.05£1.09 6.01£1.10 0.401
Alcohol user 5664 (82.6) 470 (85.5) 0.091
Smoker 3509 (51.2) 325 (59.1) <0.001
Glucocorticoid user 424 (62) 57 (10.4) <0.001
Hypertension 4815 (70.2) 389 (70.7) 0.810
Cancer 1351 (19.7) 157 (28.6) <0.001
Osteoporosis 565 (8.2) 67 (12.2) 0.001
Diabetes 2163 (31.6) 144 (26.2) 0.009
Blood calcium 2.36+0.10 2.320.11 <0.001
MET 5280.1£92.5 3738.98+78.3 <0.001

All values are displayed as n (%). %> analysis is used to test significance between groups for categorical variables. BMI, body mass index; eGER, estimated glomerular filtration rate; HbAIc,
glycosylated Hemoglobin, type A1C; ALT, alanine aminotransferase; AST, aspartate aminotransferase. MET, Metabolic equivalent.
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Expression RNAs Total No No. upregulated No. downregulated Most upregulated (P value) Most downregulated (P value)

circRNA 1613 639 974 hsa_circ_0047341 (0.000313768) hsa_circ_0014219 (0.000902399)
miRNA 44 35 9 hsa-miR-18b-5p (0.017421388) hsa-miR-4793-3p (0.040633291)
mRNA 1201 935 266 C170rf87 (0.014557551) TMEM119 (0.044540982)
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Gene Symbol

mRNA
ASNS
CYP17A1
DAPK1
HGF
HMOX1
HBB
SLC19A1
PRL
SPI1
TNFAIP6
TFPI2
VWF

TF
POU2F2
NFIC
BACH1
CEBPB

Inference Score

12.16
14.57
14.6
25.57
23.38
10.16
2017
23.96
7.44
23.25
10.68
19.22

2.67

2.52

6.56
2714

Reference Score
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Gene

mRNA

B-actin

ASNS

CYP17A1

DAPK1

HGF

HMOX1

HBB

SLC19A1

PRL

SPI1

TNFAIP6

TFPI2

VWF

TF

BACH1

CEBPB

NFIC

POU2F2

circRNA
hsa_circ_0023417
hsa_circ_0078309
hsa_circ_0063533
hsa_circ_0036760
hsa_circ_0086166
hsa_circ_0039035
miRNA
hsa-miR-4768-3p
hsa-miR-629-3p
hsa-miR-623

Forward

TGGCACCCAGCACAATGAA
GCTATGAAGATTGCACACAGAG
CACCAACTATCAGTGACCGTAA
GAGTTCTCTGGAAATCCTGTGT
AATCCACTCATTCCTTGGGATT
CCTCCCTGTACCACATCTATGT
CACGTGGATCCTGAGAACTT
CCAGCAAGAGCAGGTATGG
CCACTACATCCATAACCTCTCC
GCCCTATGACACGGATCTATAC
GTTGCTTGGCTGATTATGTTGA
TACAGTCCAAAAGATGAGGGAC
CCTGTTACTATGACGGTGAGAT

CTCTGAGTACTGAAGGCTGTTC
CATCGACTTCAGCCCGTAC
CTACCCACCTCATCTCAACC
TGGACCAGACACTAATCATCAG

ATCCATGGCACTGAAGAGGG
CCAACCAGTGCACCATTGAT
AGCTCAACAACTGTGGCATG
GATCCAGGACATCGAGGGAG
ATCAAAAAATTCACATGGGATAGAC
TGCTTCCCTTGCTCTCTGAG

CCAGGAGATCCAGAGAGAAT
GTTCTCCCAACGTAAGCCCAGC
ATCCCTTGCAGGGGCTGTT
GGGCGCCTGTGATCCCAAC

Sequence(5'—3’)

Reverse

CTAAGTCATAGTCCGCCTAGAAGCA
ACAGAGCCACAAATACGGATAT
TGATGATAACTTCTGTGCCCTT
AAGACAACAACATGGATTGACG
TCCCATTTACAACTCGCAATTG
GCTCTTCTGGGAAGTAGACAG
CCAGCCACCACTTTCTGATA
CCACTGCATTCTCGGTTTTG
GTTGATGGCCTTGGTAATGAAC
AAGTCCCAGTAATGGTCGCTAT
CTCATCTCCACAGTATCTTCCC
GAATTTTCCGGATTCTACTGGC
CATGAAGCCATCCTCACAGTAG

GAGTCGTCTCCCAAGCTAATG
GAGAAGAGGTCGGAGAGGAAG
GAGCTGACCACTTCCATTTAAC
TCAGCCTTGATCTTTGTACTGG

GCCAGTGGAAAGTAACCCCA
GGCCGGCTTTCTCTAATGTG
TTGGGACTGGCACTAACTGT
TCCCCGGAAATCTGTTGGT
ACGTGTTCTGGCCGAGAGAC
CTCACTCCCTAGACCTGTGC
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Particiants with missing data on GNRI (n=7989)

Excluded (n=54796)

-Participants with age<60 (n=49432)
-Undiagnosed participants with missing data on both
osteoporosis questionnaire and BMD (n=5364)
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C T2DM+NE T2DM+S T2DM+RE T2DM+AE T2DM+HIIT

Mechanical Max load (N) 18.86 £2.64  14.76 + 2.94*(0.038)  13.42 + 2.33*(0.01) 13.16 + 1.36*(0.02) 14.18 £ 0.95*(0.018)  14.18 + 3.50
Failure strain (¢) 8.88 £2.02 7.69 + 1.87 7.68 + 3.62 6.83 + 0.901 7.05 + 1.60 6.05 + 2.41
Fracture load (N) 17.73 £ 3.57 12,67 £2.05 11.76 + 1.42 10.55 £ 3.29%(0.024)  12.33 + 3.13 10.81 + 4.49
Elastic modulus (GPa) 57.99 + 11.46 44.85 + 6.24*0.008) ~ 44.72 + 12.71%(0.015) ~ 45.93 + 7.00)*(0.016  44.78 + 8.60%(0.009)  46.92 + 10.01*(0.03)
Yield stress (MPa) 8270 + 6.16  63.62 + 13.01*(0.005) 58.65 + 12.96**(0.000) 58.48 + 9.62*%(0.001) 57.01 + 2.44**(0.001) 50.41 + 13.28%(0.00)

Data are the adjusted mean + SD, n 2 6 per group.
C, control; T2DM, type 2 diabetes mellitus; NE, no exercise; S, swimming; RE, resistance exercise; AE, aerobic exercise; HIIT, high-intensity interval training.
*p<0.05, **p<0.01 (vs. the C group).
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Parameters

Trabecular bone  Tb.N (1/mm)

Tb.Th (mm)

Tb.Sp (mm)

BS/BV (1/mm)

TMD (mg HA/em?)

BV/TV

DA

SMI

Conn.D (1/mm?)
Cortical bone BV/TV

Ct.Th (mm)

TMD (mg HA/em®)

BMD (mg HA/cm®)
Whole bone BV/TV

BMD (mg HA/cm?)

C

4.27 + 031
022+ 025
0.05 + 0.01
50.24 + 3.58
12042 + 11.92
0.15 + 0.03
1.30 £ 0.11
2.18 £ 0.38
114.62 + 19.65
0.97 + 0.00
0.20 + 0.00
1,092.60 + 15.96
1,214.70 + 12.76
0.55 + 0.02
1,103.45 + 10.48

Data are the adjusted mean + SD, n > 7per group.
Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; BS/BV, bone surface/bone volume; TMD, tissue mineral density; HA, hydroxyapatite; BV/TV, bone
volume/tissue volume; DA, degree of anisotropy; SMI, structure model index; Conn.D, connectivity density; Ct.Th, cortical thickness; BMD, bone mineral density; C, control; T2DM, type 2
diabetes mellitus; NE, no exercise; S, swimming; RE, resistance exercise; AE, aerobic exercise; HIIT, high-intensity interval training.
* < 0.05, **p < 0.01 (vs. the C group); p < 0.05 (vs. the T2DM+NE group); &p < 0.05 (vs. the T2DM+S group); %p < 0.05 (vs. the T2DM+RE group); *p < 0.05 (vs. the T2DM+AE group).

T2DM+NE

4.03 +0.26
0.24 +0.17
0.05 + 0.003
57.35 + 4.50*
87.95 + 15.98*
0.10 + 0.02**
1.22 +£0.08
2.61 +0.30*
91.74 + 24.46*
0.97 +0.00
0.18 + 0.01**
1,070.39 + 113*
1,195.51 + 15.78*
0.49 = 0.01**
1,086.81 + 9.15**

T2DM+S

3.95+ 036
0.24 + 0.02
0.05 + 0.002

60.15 £ 3.011*

72.84 + 13.13**
0.09 + 0.012**
1.21 £ 0.05
2.83 + 0.24**

80.29 + 32.36*
0.96 + 0.00
0.17 £ 0.00%*

1,066.11 + 11.07**

1,206.73 + 10.97*
0.48 + 0.02*

1,093.25 + 6.59*

T2DM+RE

3.93£0.38
0.24 + 0.03
0.12+0.17
58.21 + 0.17*
74.64 £ 13.69%*
0.09 + 0.01**
1.23 + 0.05
2.88 + 0.25%*
75.08 + 29.75
0.97 + 0.00
0.17 + 0.01**#
1,061.04 + 11.73**
1,195.59 + 14.00*
0.48 + 0.01**
1,093.88 + 6.19*

T2DM+AE

448 + 0.40
0.21 +0.02
0.05 + 0.002

58.00 + 5.35*
96.68 + 23.81*%*
0.12 + 0.03*%

1.27 £+ 0.06
2.54 £ 0.32*
121.43 + 35.67%°
0.96 + 0.01
0.18 £ 0.014+%*

1,074.58 + 14.06*

1,208.70 + 15.10
0.50 £ 0.01+%°

1,087.72 + 9.85*

T2DM+HIIT

451 +022
021 +0.01
0.05 +0.003
54.19 + 5.53*%
116,63 + 23.88°%S
0.14 +0.02%°
1.36 + 0.13*%¢
230 £ 035%°
12143 + 35.66%°
0.96 + 0.01°
0.18 + 0.01**
1,055.35 = 12.03**
1,194.13 £ 9.17°
0.51 £ 0.01%**¢
1,088.53 = 9.55*
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Characteristics

Weight (g) Pre-modeling
Post-modeling

Fasting blood glucose (mmol/l)

Data are the adjusted mean + SD, n = 8 per group.

C, control; T2DM, type 2 diabetes mellitus.
b < 0.01 vs. C; *p < 0.01 vs. pre-model.

C

21.27 +0.97
27.90 + 1.82%
4.80 +0.25

T2DM

21.78 + 1.69
41.90 + 316"
23.18 + 0.85*

p-value

0.535
<0.001
<0.001
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Title

Surgical dislocation of the adult hip - A technique with full access to
the femoral head and acetabulum without the risk of avascular
necrosis

Non-traumatic avascular necrosis of the femoral head

Fractures of the acetabulum: Accuracy of reduction and clinical
results in patients managed operatively within three weeks after the
injury

Nontraumatic necrosis of bone (osteonecrosis)

Anterior femoroacetabular impingement Part Il. Midterm results of
surgical treatment
Biological reactions to wear debris in total joint replacement

Pathogenesis and natural history of osteonecrosis

Anatomy of the medial femoral circumflex artery and its surgical
implications
A quantitative system for staging avascular necrosis

Corrosion at the head-neck taper as a cause for adverse local
tissue reactions after total hip arthroplasty

Author

Ganz, Retal.
@1)

Mont, MA and
Hungerford
(22),

Matta, JM (23)

Mankin, HJ
(24)

Beck, M et al.
(25)

Ingham, E
etal. (26)

Assouline-
Dayan, Y et al.
@7

Gautier, E
etal. (28)
Steinberg, ME
etal. (29)
Cooper, HJ
etal. (30)

Journal

Journal of Bone and Joint Surgery-British
Volume

Journal of Bone and Joint Surgery-American
Volume

Journal of Bone and Joint Surgery-American
Volume

New England Journal of Medicine
Clinical Orthopaedics and Related Research

Proceedings of the Institution of Mechanical
Engineers. Part H-Journal of Engineering in
Medicine

Seminars in Arthritis and Rheumatism

Journal of Bone and Joint Surgery-British
Volume

Journal of Bone and Joint Surgery-British
Volume

Journal of Bone and Joint Surgery-American
Volume

Year

2001

1995

1996

1992

2004

2000

2002

2000

1995

2012

Type

Article

Review

Article

Review

Article

Review

Review

Article

Article

Article

IF

3.309

5.284

5.284

91.253

4.291

0.740

5.532

3.309

3.309

5.284

Times
cited

892

746

733

600

511

491

475

436

435

372
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