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Editorial on Research Topic 


Bone cell differentiation in health and disease


Bone is a dynamic organ that undergoes remodeling processes throughout life which require precise regulation. The bone remodeling consists of bone formation performed by osteoblasts and bone resorption performed by osteoclasts. The balance between these processes maintains bone homeostasis and bone renewal. However, in pathophysiological conditions including osteoporosis, diabetes, obesity, aging and rare bone diseases, bone remodeling is impaired causing poor bone quality and higher risk of fractures. Therefore, it is important to understand the molecular mechanism regulating bone cell differentiation in health and disease. This Special Issue focused on the topic of osteoblast and osteoclast differentiation in bone physiology in context of different bone diseases. It collected several original research articles presenting novel findings regarding the regulation of bone homeostasis.


Impact of various bioactive molecules on osteoclastogenesis and osteogenesis

The study by Zhu et al., found that peiminine, an alkaloid obtained from the bulb of Fritillaria thunbergii Miq prevented osteoclast differentiation and function. In vitro treatment with peiminine reduced the number of osteoclast cells in a dose dependent manner and suppressed fusion of osteoclast cells via inhibition of M-CSF and GST-rRANKL and decreased activation of NF-κB. Further, peiminine treament in ovariectomized mice (OVX) slowed down bone resorption and prevented bone loss. Thus, this study showed that peiminine affects osteoclast function, which makes it a potential candidate molecule to prevent osteoporosis.

Next, Yu et al., investigated whether glucagon-like peptide-1 receptor (GLP-IR) agonists such as liraglutide could prevent bone loss in type 1 diabetes (T1D). Using female streptozotocin-induced diabetic C57BL/6J mice, liraglutide treatment for 8 weeks improved glucose metabolism in comparison to placebo treatment, which was accompanied by improved trabecular and cortical bone parameters. Further, molecular analysis using RNA-sequencing showed that liraglutide treatment in T1D mice decreased osteoclastogenesis and inflammation. Thus, this study demonstrates that liraglutide prevents T1D-induced bone fagility by suppression of osteoclastogenesis.

Further, Zheng et al. explored the effect of melatonin on osteogenesis and angiogenesis in osteoporotic fracture healing. In this study, bilateral ovariectomy was done in rat model followed by monocortical tibia defect. The animals were treated with melatonin for 4 weeks, resulting in improvement of bone healing and bone strength compared to control group. Further, immunohistochemical staining indicated higher expression levels of osteogenesis-related marker (OCN) and angiogenesis-related markers (VEGF and CD31) in the melatonin-treated OVX rats. Thus, these findings suggest a positive effect of melatonin on fracture healing in osteoporotic condition.

The study by Goodnough et al., compared the response of mouse and human SSCs to Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) in fracture healing, as NSAIDs are used in the early inflammatory responses during bone fracture. Using primary SSCs from fractures the authors found that the mouse SSCs treated with NSAIDs were impaired in osteochondrogenic differentiation, while human SSCs were not affected. These findings point out the cross-species differences in response to NSAID and its sensitivity during fracture healing.



Different angles on signaling pathways involved in osteogenesis

The bone remodeling is an active dynamic process by coordinating action of bone resident osteoblasts and osteoclasts, which is dysregulated in diseases with high bone turnover rates and transforming growth factor beta 1 (TGF-β1). The study by Chen et al. reported the role of TGF-β1 signaling in bone resorption in patients with Camurati-Engelmann disease (CED). This study reported a higher level of active Rho GTPases and migration-related proteins Integrin β1and β3 in peripheral blood in this disease patients. TGF-β1 activates Rho to increase osteoclast formation and bone resorption, with simulatenous enhancment of migration of pre-osteoclasts and mature osteoclasts. Whereas hyperactive TGF-β1-stimulated osteoclastogenesis was rescued by inhibition of Rho GTPases in vitro. Thus, these data assume that crosstalk between Rho and TGF-β1 leads to increase bone turnover in CED. A complex multifactorial disorder osteoporosis is associated with various risk factors and medical conditions, with bone marrow-derived mesenchymal stem cell dysfunction being a crutial factor. The study by Li et al. identified upregulation of miR-4739 in BMSC of osteoporotic subjects. Further, cell viability, osteoblast differentiation, and heterotopic bone formation were diminished by overexpression of miR-4739, whereas miR-4739 inhibition showed opposite effects. Thus, this study presented a novel signaling pathway regulating osteoblast differentiation in osteoporosis.

The study by Cheng et al. identified a role of neural cell adhesion molecule (NCAM) in osteoblast differentation, Downregulation of NCAM in MC3T3-E1 resulted in decreased expression of osteogenic markers RunX2 and Osterix, and decreased deposition of calcium, hence diminishing osteoblast differentiation. Similarly β-catenin levels and Akt phosphorylation levels were reduced. Thus these findings assumed that NCAM plays a pivotal role in the regulation of signaling pathways involved in osteoblast differentiation.

Gu et al. determined the role of super-enhancer-associated LINC01485/miR-619-5p/RUNX2 signaling in osteogenic differentiation. During osteogenic induction expression level of LINC01485 was increased along with osteogenic genes including RUNX2, and OCN. Over-expression of LINC01485 in vitro induced up-regulation of osteogenic genes and ALP activity, while knockdown caused an opposite effect on osteoblast differentiation. The RAP assay identified miR-619-5p as a candidate binding partner. Further data showed that LINC01485 competes with miR-619-5p to promote expression of RUNX2. Thus, this study points out that osteogenesis is promoted by LINC01485 whose activation is controled by miR-619-5p.



Link between bone resident cells and diabetes

Obesity and diabetes impair bone remodeling and slow down bone turnover causing increased risk of fractures. In their study, Ballato et al. investigated the presence of circulating osteoblast progenitors (COP) and circulating osteoclast progenitors (OCP) in relation to type 2 diabetes (T2D) and bone turnover. This clinical study reported that patients with poor glycemic control had higher percentage of COP in the circulation comparison to healthy controls suggesting a copying mechanism to increased osteoblast apoptosis in the hyperglycemic condition in diabetes. The authors suggested that high COP could be a marker of a poor glycemic control and predictor of disturbances of bone homeostasis.

Further study by Phimphilai et al. reported that T2D patients showed impaired osteoblast differentiation in peripheral blood derived mononuclear cells (PBMC) due to increased expression of receptor of advance glycation end products (RAGE). They found that younger age of T2D patients had a protective effect on osteoblast differentiation, while chronic exposure to T2D caused higher RAGE activation in PMBC of T2D patients associated with impaired osteoblast differentiation. These patients had increased BAX/BCL2 ratio, which was negatively correlated with osteoblast markers. Thus, these data suggest that, RAGE activation and age contributed to the diminished osteogenic differentiation potential of PBMC in T2D patients.

In fact, this especial issue provides new insights on the bone cell differentiation in different conditions and experimental settings. We believe that this Issue opens new questions which will be followed in future by basic and translational studies.
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Neural cell adhesion molecule (NCAM) is involved in cell multi-directional differentiation, but its role in osteoblast differentiation is still poorly understood. In the present study, we investigated whether and how NCAM regulates osteoblastic differentiation. We found that NCAM silencing inhibited osteoblast differentiation in pre-osteoblastic MC3T3-E1 cells. The function of NCAM was further confirmed in NCAM-deficient mesenchymal stem cells (MSCs), which also had a phenotype with reduced osteoblastic potential. Moreover, NCAM silencing induced decrease of Wnt/β-catenin and Akt activation. The Wnt inhibitor blocked osteoblast differentiation, and the Wnt activator recovered osteoblast differentiation in NCAM-silenced MC3T3-E1 cells. We lastly demonstrated that osteoblast differentiation of MC3T3-E1 cells was inhibited by the PI3K-Akt inhibitor. In conclusion, these results demonstrate that NCAM silencing inhibited osteoblastic differentiation through inactivation of Wnt/β-catenin and PI3K-Akt signaling pathways.




Keywords: NCAM, osteoblast differentiation, Wnt/β-catenin signaling, PI3K-Akt signaling, MC3T3-E1 cells



Introduction

Osteoporosis (OP) is one of the most common bone disorders in human beings, its incidence increases with age, especially in postmenopausal women because of the decrease in estrogen (1, 2). With the growth of the aging population in the world, the prevalence of OP is increasing dramatically, bringing a huge economic burden to the society and families (3, 4).

OP is characterized by a reduction in bone mineral density, which is mainly due to the imbalance of bone tissue formation and absorption (5, 6). Bone homeostasis depends on the balance between osteoblasts and osteoclasts, OP occurs as a result of the decrease of osteoblast-induced bone formation and the increase of osteoclast-induced bone absorption. Bone weakness and fracture are common in patients with OP because of their low bone mass and quality. Abnormal proliferation and differentiation of osteoblasts were shown involved in reduction of bone mass (7, 8). Study on the molecular mechanisms of osteoblastic differentiation is helpful to understand the pathogenesis of OP and develop new strategies for OP treatment.

Neural cell adhesion molecule (NCAM, CD56), a member of the immunoglobulin (IgG) superfamily, is widely expressed in the nervous system and plays multi-functional roles in neural regeneration, cell to cell adhesion, signal transduction and modulation of learning and memory (9–11). NCAM has been found to be expressed in other cell types such as epithelial cells, natural killer cells, skeletal muscle and mesenchymal stem cells (MSCs) (12, 13). In our previous studies, we demonstrated that NCAM enhances insulin sensitivity and promotes adipocyte differentiation, and we further found that NCAM inhibits hypertrophic chondrocyte differentiation and reduces chondrocyte hypertrophy in experimental osteoarthritis model (14, 15). Our results indicate that NCAM plays a key role in cell multi-directional differentiation, however, the function of NCAM in osteoblastic differentiation remains largely unknown.

In the present study, we evaluated the effects of NCAM on osteoblastic differentiation in mouse preosteoblast-like cells (MC3T3-E1) and in mouse MSCs. We also investigated the underlying mechanism involved in NCAM-regulated osteoblastic differentiation.



Materials and Methods


Materials

LY294002, β-glycerophosphate, ascorbic acid-2-phosphate, and dexamethasone were obtained Sigma-Aldrich (St. Louis, MO, USA). XAV939 was obtained from EMD Millipore (Darmstadt, Germany). Lithium Chloride (LiCl) was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Fetal bovine serum (FBS) was purchased from Gibco (Grand Island, NY, USA). The mammalian expression vector pcDNA4/Myc was obtained from Invitrogen (Carlsbad, CA, USA). siRNA expression vectors pSilencer 4.1-CMV neo was obtained from Ambion (Austin, TX, USA). Lipofectamine 2000, G418 and puromycin were purchased from Invitrogen (Carlsbad, CA, USA). Antibodies against RunX2, Osterix, β-catenin, phospho-Akt, and β-actin were purchased from Cell Signaling Technology, Inc. (Beverly, MD, USA). The secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). TRIzol regent was purchased from Invitrogen (Carlsbad, CA, USA). QuantiTect Reverse Transcription kit was purchased from Qiagen (Valencia, CA, USA). SYBR Green Master Mix was purchased from Bio-Rad Laboratories (Richmond, CA, USA). Other chemicals were purchased from Sigma-Aldrich.



NCAM-Deficient Mice and MSCs

The Ncam–/– (knockout; KO) mice were generated on a C57/BL6 background as previously described (16). Wild-type (WT) and KO MSCs were obtained from 8-week-old male mice as previously described (14). Briefly, cells were harvested from mouse bone marrow and cultured in low glucose Dulbecco’s modified Eagle’s medium (DMEM-LG, with 1 g/L glucose; Hyclone, Logan, UT, USA) containing 10% fetal bovine serum (FBS), 100 IU/mL penicillin and 100 g/mL streptomycin. Non-adherent hematopoietic cells were discarded after incubation for 7 days, and the adhered MSCs were purified by repeated passaging. MSCs with fibroblast-like morphology from passage 6 to 9 was used in this study.



Cell Culture and Osteogenic Differentiation

The mouse osteoblastic cell line MC3T3-E1 was purchased from American Type Culture Collection (ATCC; Rockville, MD, USA). Cells were cultured in α-modified Eagle’s medium (α-MEM; Hyclone, Logan, UT, USA) supplemented with 10% FBS, penicillin (100 U/mL), and streptomycin (100 g/mL).

WT and KO MSCs were cultured in DMEM-LG containing 10% FBS, 100 IU/mL penicillin and 100 g/mL streptomycin as previously described (14).

Cells were seeded in 12-well plates at a concentration of 1×105 cells/mL. The MC3T3-E1 cells and MSCs were respectively incubated in a-MEM and DMEM with 10 mM β-glycerophosphate, 25 µM ascorbic acid-2-phosphate and 10 nM dexamethasone.



Plasmids and Transfection

siRNA vectors silencing NCAM and plasmids expressing full-length mouse NCAM were designed and constructed as previously described (14). Transfection was conducted using Lipofectamine 2000 following manufacturer’s instructions. To obtain stable mixed cell lines, cells were selected with puromycin at 1 μg/mL and G418 at 800 µg/mL for 14 days. Gene silencing or overexpression of NCAM was validated by Western blotting with anti-NCAM antibody.



Real-Time PCR

Total RNA was extracted with TRIzol (Invitrogen) according to the manufacturer’s instructions, and cDNA was synthesized using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). The mRNA levels were measured using an ABI Prism 7500 Sequence detection system (Applied Biosystems) and SYBR Green qPCR Master Mix (KAPA Biosystems). The expression levels of RunX2 and Osterix were normalized using the internal reference gene GAPDH. The PCR primers were shown in Table 1.


Table 1 | Primers for real-time PCR.





Western Blot

Cells were lysed with radio immuno-precipitation (RIPA) buffer and lysed on ice supplemented with proteinase and phosphatase inhibitors cocktail (Sigma). Protein concentrations were determined using BCA Protein Assay Kit (Pierce). Equal amounts of protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride (PVDF) membrane. After blocking with 3% bovine serum albumin (BSA; Sigma) for 1 h, the membranes were incubated with primary antibodies against RunX2, Osterix, β-catenin, p-Akt, or β-actin overnight at 4°C. The membranes subsequently were washed three times with TBST and incubated with the secondary antibodies for 40 min at room temperature. The band density was scanned by ImageQuant LAS 4000 system (GE Healthcare) and analysed by ImageJ software.



Alizarin Red Staining and Quantification

The alizarin red staining was performed at 0, 7, or 14 days. Cells were fixed in 4% paraformaldehyde (PFA) for 30 min followed by staining with 40 mM Alizarin Red S (ARS; pH 4.2) for 30 min and then washed three times with deionized water. For the quantitative analysis of ARS, the stained wells were incubated with 10% cetyl pyridinium chloride monohydrate for 30 min at room temperature and then measured at 562 nm using a Molecular Devices microplate reader (15).



Statistical Analysis

All data are expressed as the mean ± SEM. Statistical analysis was performed using one-way ANOVA followed by Tukey’s test. Differences were regarded as statistically significant at P < 0.05. Each experiment was performed at least in triplicate.




Results


NCAM Silencing Inhibits Osteoblast Differentiation of MC3T3-E1 Cells

To explore the function of NCAM in osteoblast differentiation, stable NCAM down-regulated MC3T3-E1 cells were developed using plasmid-based small interfering RNA (siRNA). The expression level of NCAM was determined using western blot. The result showed that NCAM expression in the Sh-NCAM cells was much lower compared with that of Sh-ctl cells and the interference rate reached 70% (Figures 1A, B). The gene expressions of osteogenic markers RunX2 and Osterix were examined by quantitative real-time PCR, down-regulation of NCAM inhibited expressions of RunX2 and Osterix during osteogenic differentiation (Figures 1C, D). Western blotting analysis showed that the protein levels of RunX2 and Osterix were also decreased in Sh-NCAM MC3T3-E1 cells (Figures 1E–G). In addition, calcium deposition was visualized by Alizarin Red staining and quantitative analysis, the calcium content was significantly decreased in Sh-NCAM cells as compared to Sh-ctl MC3T3-E1 cells (Figures 1H, I). These results demonstrated that gene silencing of NCAM inhibits osteoblast differentiation of MC3T3-E1 cells.




Figure 1 | NCAM silencing inhibits osteoblast differentiation of preosteoblast-like MC3T3-E1 cells. (A) Cells were transfected with pSilencer-4.1-based plasmid containing a scrambled sequence (control; Sh-ctl) or a 19-bp oligonucleotide insert targeting mouse NCAM (Sh-NCAM), and analysed by immunoblotting with anti-NCAM antibody. (B) Level of NCAM was quantified by densitometry and normalized to β-actin (n=3; mean ± SEM; ***p < 0.001, compared with control siRNA group). The expression of RunX2 (C) and Osterix (D) was analysed by real-time PCR (The results are expressed as the mean ± SEM of three independent experiments. **p < 0.01, ***p < 0.001, compared with control siRNA-transfected cells). (E) The expression of RunX2 and Osterix was analysed by immunoblotting, β-actin was detected as a loading control. Levels of (F) RunX2 and (G) Osterixwere quantified by densitometry and normalized to β-actin (Data are representative of three independent experiments and values are means ± SEM. ***p < 0.001, compared with control siRNA-transfected cells). (H) Cells transfected with control or NCAM siRNA were induced with osteoblastic media and stained with Alizarin red. (I) The Alizarin red staining was extracted and quantified, the wavelength was measured at 562 nm (Data are representative of three independent experiments and values are means ± SEM. ***p < 0.001, compared with control siRNA-transfected cells).





NCAM Deficiency Impairs Osteoblast Differentiation of Mouse MSCs

To further confirm the role of NCAM in osteoblast differentiation, we isolated bone marrow derived MSCs from wild-type (WT) and Ncam–/– (KO) mice. The Western blot results confirmed the expression of NCAM in wild-type MSCs but not in Ncam–/– cells (Figure 2A). To investigate whether NCAM deficiency affects osteoblast differentiation of MSCs, wild-type and Ncam–/– MSCs were treated with osteogenic differentiation medium. The mRNA expressions of RunX2 and Osterix were down-regulated in Ncam–/– MSCs as compared to WT cells (Figures 2B, C). The protein levels of RunX2 and Osterix were detected by Western blotting. As shown in Figures 2D–F, the induction of RunX2 and Osterix in Ncam–/– MSCs was also lower than that in wild-type cells. Alizarin red staining and quantitative analysis of the calcium content in Ncam–/– MSCs showed decreased calcium deposition as compared to wild-type cells (Figures 2G, H). The results further confirmed the NCAM level involved in osteoblast differentiation of MSCs, suggesting that NCAM might play a key role in osteogenesis of various cell lines.




Figure 2 | NCAM deficiency inhibits osteoblast differentiation of mouse MSCs. (A) Wild-type (WT) and Ncam–/– (KO) MSCs were examined with anti-NCAM antibody. β-actin was detected as a loading control. The expression of RunX2 (B) and Osterix (C) was analysed by real-time PCR (The data are expressed as the mean ± SEM of three independent experiments. ***p < 0.001, compared with WT MSCs). (D) The expression of RunX2 and Osterix was analysed by immunoblotting, β-actin was detected as a loading control. Levels of RunX2 (E) and Osterix (F) were quantified by densitometry and normalized to β-actin (Data are representative of three independent experiments and values are means ± SEM. **p < 0.01, ***p < 0.001, compared with WT MSCs). (G) Calcium deposition of differentiated WT and KO MSCs was assessed by Alizarin red staining. (H) The Alizarin red staining was extracted and quantified, the wavelength was measured at 562 nm (Data are representative of three independent experiments and values are means ± SEM. ***p < 0.001, compared with WT MSCs).





Wnt/β-catenin Signaling Contributes to NCAM-Mediated Osteoblast Differentiation

It has been shown that the Wnt/β-catenin signaling pathway plays an important role in osteogenic lineage (17). To investigate the mechanism of osteoblast differentiation mediated by NCAM, the expression of β-catenin was examined in Sh-ctl and Sh-NCAM MC3T3-E1 cells. The Western blotting results showed that β-catenin level was significantly decreased in Sh-NCAM cells (Figures 3A, B). To determine the role of β-catenin, we applied the Wnt signaling inhibitor XAV939 during osteogenic differentiation in MC3T3-E1 cells. The β-catenin expression was almost completely inhibited by XAV939 (≥ 5 μM) (Figures 3C, D). As a result of β-catenin suppression, the mRNA expressions of RunX2 and Osterix were down-regulated (Figures 3E, F). Accordingly, XAV939 at 5 μM totally inhibited the protein levels of RunX2 and Osterix in MC3T3-E1 cells (Figures 3G–I). In addition, calcium deposition was also significantly blocked by XAV939 (Figures 3J, K). These results indicate that Wnt/β-catenin signaling is involved in NCAM-mediated osteoblast differentiation.




Figure 3 | Inhibition of Wnt/β-catenin signaling inhibits osteoblast differentiation. (A) Sh-ctl and Sh-NCAM MC3T3-E1 cells were treated with differentiation media for 0, 5, and 30 min, the expression of β-catenin was analysed by immunoblotting. β-actin was detected as a loading control. (B) Level of β-catenin was quantified by densitometry and normalized to β-actin (n=3; mean ± SEM; ***p < 0.001, compared with control siRNA group). MC3T3-E1 cells were pretreated with the Wnt inhibitor XAV939. (C) The expression of β-catenin was analysed and (D) quantified by densitometry and normalized to β-actin (n=3; mean ± SEM; ***p < 0.001, compared with cells without XAV939). The expressions of (E) RunX2 and (F) Osterix were examined by real-time PCR (The results are expressed as the mean ± SEM of three independent experiments. ***p < 0.001, compared with cells without XAV939). (G) The expressions of RunX2 and Osterix were analysed by immunoblotting, β-actin was detected as a loading control. Levels of (H) RunX2 and (I) Osterix were quantified by densitometry and normalized to β-actin (Data are representative of three independent experiments and values are means ± SEM. ***p < 0.001, compared with cells without XAV939). (J) Calcium deposition was assessed by Alizarin red staining. (K) The Alizarin red staining was extracted and quantified, the wavelength was measured at 562 nm (Data are representative of three independent experiments and values are means ± SEM. ***p < 0.001, compared with cells without XAV939).



To further determine the contribution of Wnt/β-catenin signaling to NCAM-mediated osteoblast differentiation, the β-catenin level was increased by the Wnt pathway activator LiCl during osteogenic differentiation in Sh-NCAM MC3T3-E1 cells (Figures 4A, B). As shown in Figures 4C, D, inducing of β-catenin restored the mRNA expressions of RunX2 and Osterix down-regulated by NCAM silencing. The protein levels of RunX2 and Osterix were also recovered in LiCl-treated Sh-NCAM MC3T3-E1 cells, compared with that in control cells (Figures 4E–G). Besides, Alizarin red staining and quantitative analysis revealed that β-catenin up-regulation reversed the lower accumulation of calcium content induced by NCAM silencing in Sh-NCAM MC3T3-E1 cells (Figures 4H, I). The results further confirmed the contribution of Wnt/β-catenin signaling to NCAM-mediated osteoblast differentiation.




Figure 4 | Activation of Wnt/β-catenin signaling recovers osteoblast differentiation inhibited by NCAM silencing. Sh-NCAM MC3T3-E1 cells were pretreated with the Wnt agonist LiCl. (A) the expression of β-catenin was analysed by immunoblotting at 0, 5, 10 and 25 min, β-actin was detected as a loading control. (B) Level of β-catenin was quantified by densitometry and normalized to β-actin (n=3; mean ± SEM; ***p < 0.001, compared with cells without LiCl). The expressions of (C) RunX2 and (D) Osterix were examined by real-time PCR (The results are expressed as the mean ± SEM of three independent experiments. **p < 0.01, compared with cells without LiCl). (E) The expressions of RunX2 and Osterix were analysed by immunoblotting, β-actin was detected as a loading control. Levels of (F) RunX2 and (G) Osterix were quantified by densitometry and normalized to β-actin (Data are representative of three independent experiments and values are means ± SEM. ***p < 0.001, compared with cells without LiCl). (H) Calcium deposition was assessed by Alizarin red staining. (I) The Alizarin red staining was extracted and quantified, the wavelength was measured at 562 nm (Data are representative of three independent experiments and values are means ± SEM. ***p < 0.001, compared with cells without LiCl).





PI3K-Akt Signaling Contributes to NCAM-Mediated Osteoblast Differentiation

The phosphatidylinositol 3’-kinase (PI3K)-Akt signaling plays a significant role in the osteoblast differentiation (18). To investigate the role of PI3K-Akt signaling in NCAM-mediated osteoblast differentiation, the phosphorylation of Akt was examined during osteogenic differentiation. The results showed that the Akt phosphorylation was significantly decreased in Sh-NCAM MC3T3-E1 cells as compared to Sh-ctl cells (Figures 5A, B). The Akt inhibitor LY294002 was applied to determine whether the NCAM-mediated Akt inhibition is involved in osteoblast differentiation. The data revealed that 10 μM of LY294002 was almost completely inhibited the phosphorylation of Akt (Figures 5C, D), and the levels of RunX2 and Osterix were significantly reduced in both mRNA expression (Figures 5E, F) and protein production (Figures 5G–I) during osteogenic differentiation in MC3T3-E1 cells. Alizarin red staining and quantitative analysis showed that the calcium deposition was also significantly decreased in LY294002-treated MC3T3-E1 cells (Figures 5J, K). These results indicated that Akt signaling is involved in NCAM-mediated osteoblast differentiation.




Figure 5 | PI3K-Akt signaling contribute to NCAM-mediated osteoblast differentiation. (A) Sh-ctl and Sh-NCAM MC3T3-E1 cells were treated with differentiation media for 0, 5, and 30 min, the phosphorylation of Akt was analysed by immunoblotting. β-actin was detected as a loading control. (B) Level of phosphorylated Akt was quantified by densitometry and normalized to β-actin (n=3; mean ± SEM; ***p < 0.001, compared with control siRNA group). MC3T3-E1 cells were pretreated with the PI3K-Akt inhibitor LY294002. (C) The expression of phosphorylated Akt was analysed and (D) quantified by densitometry and normalized to β-actin (n=3; mean ± SEM; ***p < 0.001, compared with cells without LY294002).The expressions of (E) RunX2 and (F) Osterix were examined by real-time PCR (The results are expressed as the mean ± SEM of three independent experiments. ***p < 0.001, compared with cells without LY294002). (G) The expressions of RunX2 and Osterix were analysed by immunoblotting, β-actin was detected as a loading control. Levels of (H) RunX2 and (I) Osterix were quantified by densitometry and normalized to β-actin (Data are representative of three independent experiments and values are means ± SEM. **p < 0.01, ***p < 0.001, compared with cells without LY294002). (J) Calcium deposition was assessed by Alizarin red staining. (K) The Alizarin red staining was extracted and quantified, the wavelength was measured at 562 nm (Data are representative of three independent experiments and values are means ± SEM. **p < 0.01, compared with cells without LY294002).






Discussion

OP is a systemic skeletal disease characterized by low bone mineral density (19). Recent studies have shown that abnormality of osteoblast differentiation is one of the key factors leading to decreased bone mass (8, 20). In the present study, we revealed a novel role of NCAM in osteoblast differentiation. NCAM deficiency inhibits osteoblast differentiation in both mouse pre-osteoblast cells and mouse adult stem cells, in which Wnt/β-catenin and Akt signaling pathways play important roles.

MC3T3−E1, an osteoblast precursor cell line derived from mouse calvaria, has been widely used as a useful model for osteoblast differentiation research (21). Here, we explored the function of NCAM in osteoblast differentiation in MC3T3−E1 cells. During the process of osteoblast differentiation, RunX2 and Osterix are key genes required for osteoblasts. Previous studies reported that Runx2-deficient (Runx2–/–) mice lack osteoblasts and bone formation (22, 23). Knockout of Osterix study in mice also demonstrated a complete lack of osteoblasts (24). Osterix and Runx2 initiate osteoblast differentiation by regulating the expression levels of various specific genes that characterize the osteogenic lineage, such as osteopontin, osteocalcin, bone sialoprotein, and alkaline phosphatase (25–28). In our study, we showed that NCAM silencing inhibited osteoblast differentiation as demonstrated by decreased induction of RunX2 and Osterix, and decreased calcium deposition in MC3T3−E1 cells. This novel role of NCAM was further corroborated in mouse MSCs, the differentiation of osteoblast was also inhibited in Ncam–/– MSCs. Our results demonstrated that either NCAM down-regulation in preosteoblast-like cells or NCAM deficiency in MSCs impaired osteoblast differentiation, indicating that NCAM plays a pivotal role in osteogenesis.

Wnt/β-catenin signaling, as the canonical Wnt pathway, is crucial for osteogenic lineage at early stages of osteogenic differentiation (29). Activation of Wnt/β-catenin signaling involves the binding of Wnt to surface receptors low-density lipoprotein receptor related protein 5/6 (LRP5/6) and Frizzled (30). In this study, we demonstrated that the β-catenin expression is decreased whereas the osteogenic markers and calcium deposition are recovered by Wnt activator in NCAM-silenced MC3T3−E1 cells. NCAM induces activation of FGFR and is an important interaction partner (31). Previous study (32) showed that NCAM-silencing represses β-catenin signaling via fibroblast growth factor receptor (FGFR) and glycogen synthase kinase-3β (GSK-3β). Other report has demonstrated that Wnt/β-catenin pathway reduces expression of NCAM through miR-30a-5p (33). These findings suggest that the effect of NCAM on Wnt signaling appears to bidirectional and indirect, which might be mediated by FGFR, GSK-3β or miR-30a-5p. PI3K/Akt signaling pathway was also found to play central role in osteoblast differentiation (34). We showed here that Akt activation is decreased in NCAM-silenced MC3T3−E1 cells and contributes to NCAM-mediated osteoblast differentiation. A previous study demonstrated that the critical osteogenic gene Runx2 is a target of β-catenin/TCF1 for the regulation of osteoblast differentiation and bone formation (35). Runx2 is also involved in Akt pathway activation, Runx2 and PI3K-Akt signaling are dependent on each other in the control of osteoblast differentiation, PI3K inhibitor inhibits DNA binding of Runx2 and Runx2-dependent transcription, and Runx2 also up-regulates expression of Akt and p85 and p110b subunits of PI3K (36). Another key osteogenic gene Osterix is a downstream osteoblastic gene of Runx2 (24, 37). These previous studies are consistent with our results indicating that NCAM silencing inhibits the expressions of osteogenic genes Runx2 and Osterix by regulation of Wnt/β-catenin and PI3K-Akt signaling pathways.

OP and osteoarthritis (OA) are the two most common disorders of bone related to aging worldwide. OA is characterized by degeneration of cartilage and damage in subchondral and periarticular bone (38). Although some studies reported that OP may aggravates the degree of cartilage destruction in OA knee (39–41), the relationship between them is complex. In the present study, we found that NCAM silencing inhibits osteoblast differentiation, indicating that NCAM plays a key role in OP. We also previously demonstrated that NCAM deficiency increases the severity of cartilage damage in experimental OA (15). Our data provide NCAM as a novel target insight into the relationship between OA and OP, suggesting that overexpression of NACM can be used as a new potential strategy for the treatment of patients with OP and OA.

However, there are some limitations to the study, for example that it neither take into the role of NCAM in osteoblastogenesis in vivo studies, nor relates to further research on in-depth mechanism that how NCAM triggers the signaling pathways.

In conclusion, we demonstrate a novel role of NCAM in osteoblast differentiation in both pre-osteoblasts and MSCs. Wnt/β-catenin and PI3K-Akt signaling pathways contribute to NCAM-mediated osteoblast differentiation. The results support NCAM as a new regulator of osteoblast differentiation and a potential therapeutic target for OP treatment.
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Preclinical studies have found impaired osteogenic differentiation to be associated with type 2 diabetes (T2DM), which is related to skeletal accumulation of advanced glycation end products (AGEs). Our previous study also showed impaired osteogenic differentiation in peripheral blood-derived mononuclear cells (PBMC) isolated from patients with long-standing T2DM, which is conceivably due to the overexpression of receptor of advance glycation end products (RAGE) and the enhancement of cellular apoptosis. However, the existence of RAGE overexpression in earlier stages of diabetes remains unclear, as do the factors influencing that RAGE overexpression. This cross-sectional study enrolled 40 patients with T2DM treated with metformin monotherapy and 30 age-matched non-diabetic controls (NDM) to investigate the overexpression of RAGE in PBMC derived from patients with earlier stage diabetes, as well as to explore its determining factors. Almost all (90%) PBMC-isolated from NDM (NDM-pD) expressed osteoblast-specific genes including ALPL, BGLAP, COL1A1, and RUNX2/PPAR while only 40% of PBMC-derived from diabetic patients (DM-pD) expressed those genes. By using age- and pentosidine-matched NDM-pD as a reference, AGER and BAX/BCL2 expression in PBMC isolated from diabetic patients showing impaired osteoblast-specific gene expression (DM-iD) were 6.6 and 5 folds higher than the reference while AGER and BAX/BCL2 expression in DM-pD were comparable to the reference. AGER expression showed a significant positive correlation with age (r=0.470, p=0.003). The multivariate analysis demonstrated that both age and AGER expression correlated with the potential for osteogenic differentiation in the PBMC isolated from patients with diabetes. In conclusion, this study showed osteogenic differentiation impairment in approximately half of PBMC derived from type 2 diabetic patients receiving metformin monotherapy. Both AGER and BAX/BCL2 overexpression were demonstrated only in PBMC-isolated from diabetic patients with poor osteogenic differentiation. Therefore, this study not only illustrated the existence of RAGE overexpression in PBMC derived from patients with early stages of T2DM but also strengthened the linkage between that RAGE overexpression and the retardation of osteogenic differentiation. Age was also shown to be a positive influencing factor for RAGE overexpression. Furthermore, both age and RAGE overexpression were demonstrated as independent risk factors for determining osteogenic differentiation potential of the PBMC-isolated from T2DM.
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Introduction

Type 2 diabetes (T2DM) is a major health issue worldwide. It is a metabolic disorder characterized by insulin resistance and chronic hyperglycemia, contributing to multiple devastating microvascular and macrovascular complications. It is well documented that chronic hyperglycemia accelerates the accumulation of advanced glycation end products (AGEs) (1–3). These are non-enzymatic modifications of proteins which usually slowly accumulate in long-lived substrates in aging animals (4) and humans (5, 6). The accumulation of AGEs is one of the main mechanisms linking hyperglycemia and the chronic microvascular and macrovascular complications which develop in cases of diabetes (7–9).

T2DM is associated with a decrease in bone turnover (10, 11), changes in bone microarchitecture (12) and increases in the risk of fragility fractures (13–18) with a preserved bone mineral density (15, 16, 18). These indicate an adverse effect of diabetes on bone quality. Furthermore, the risk of fragility fractures increases with poorer glycemic control (19–21), suggesting an impact of hyperglycemia on fragility fractures, the most serious complication of osteoporosis. The skeletal accumulation of AGEs, which is accelerated in the presence of hyperglycemia, may contribute to those phenomena in diabetic patients. The non-enzymatic glycation of type 1 collagen of the bone competes with the enzymatic collagen crosslinking, yielding a skeletal accumulation of AGEs such as pentosidine. Multiple preclinical studies have demonstrated that the accumulation of AGEs altered the mechanical properties of bone (22–24) and interferes with the functions of bone cells including osteoblasts (25–30). In clinical studies Furst and colleagues (31) demonstrated an inverse correlation between skin AGE accumulation and bone material strength in patients with T2DM. Furthermore, a positive correlation has been shown between serum pentosidine and vertebral fractures (32–34). In contrast, an endogenous secretory receptor of AGE (esRAGE), a neutralizing molecule of AGE, showed a negative correlation with vertebral fractures in T2DM (34, 35).

AGEs act via binding to their specific receptor, the receptor of AGE (RAGE). Following binding with AGEs, RAGEs initiate multiple signal cascades including inflammatory and apoptotic pathways. Several in vitro studies in osteoblast lineage cells have demonstrated that AGEs-dependent RAGE activation inhibited osteoblast differentiation (36–39) and enhanced osteoblast apoptosis (25, 28, 39, 40). In our previous study in human subjects with T2DM, impaired osteogenic differentiation and enhanced cellular apoptotic signals were demonstrated, both of which are possibly linked to cellular RAGE overexpression in individuals with T2DM (41).

Our previous study illustrated higher AGER expression in peripheral-blood derived mononuclear cells (PBMC)-isolated from patients with long-standing T2DM compared to those in a matched non-diabetic control group, suggesting higher cellular RAGE activation in individuals with long-standing T2DM (41). Moreover, the cellular RAGE overexpression was positively associated with enhanced cellular apoptotic signals and then was potentially involved in the impairment of osteogenic differentiation potential of the cells (41). However, the existence of cellular RAGE overexpression in earlier stages of diabetes remains to be elucidated, as do the factors influencing that RAGE overexpression. It is known that the peripheral blood-derived mesenchymal stem cells can differentiate into multiple cell types, including adipocytes, chondrocytes and osteoblasts (42–44). Our previous study also showed the osteogenic differentiation potential of the PBMC-isolated from both healthy volunteers and patients with T2DM (41). To determine osteogenic differentiation of stem cells using the least invasive measures, this study was conducted using PBMC-derived from participants to investigate: 1) the osteogenic differentiation potential of PBMC-isolated from T2DM patients receiving metformin monotherapy, 2) the existence of cellular RAGE overexpression and the effects of that RAGE overexpression on osteogenic differentiation and cellular apoptotic signals, and 3) factors influencing that cellular RAGE overexpression.



Materials and Methods


Ethical Statements

This study was a cross-sectional study, performed at Maharaj Nakorn Chiang Mai Hospital, Chiang Mai University, Chiang Mai, Thailand. The study was approved by the Research Ethics Committee of the Faculty of Medicine, Chiang Mai University (MED-2557-02609). All participants signed an informed consent agreement before they were enrolled on the study.



Study Population and Sample Collection

Metformin is the first-line medication recommended for treatment of T2DM by the majority of international guidelines. In Thailand, metformin monotherapy is mostly used as initial therapy for patients with T2DM. Therefore, in this study, T2DM patients taking metformin monotherapy were enrolled to be representative of early-stage diabetes. Age-matched non-diabetic individuals were enrolled as a control group. The exclusion criteria were as follows: females with serum creatinine higher than 1.4 mg/dL or males with serum creatinine above 1.5 mg/dL; individuals who use thiazolidinedione, steroids, immunosuppressive agents, anti-resorptive agents or anabolic agents for osteoporosis, and individuals with metastatic or hematologic malignancy. Venous blood (35-40 mL) was collected from all enrolled participants to isolate the PBMC, and to determine serum levels of pentosidine (Elabscience Biotechnology, WuHan, Hubei, China) and sRAGE (R&D, Minneapolis, MN, USA). Fasting plasma glucose (FPG), glycated hemoglobin (HbA1c), low-density lipoprotein cholesterol (LDL-C) and serum creatinine were assessed using standardized procedures at a central laboratory of the Faculty of Medicine, Chiang Mai University. Glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) method. Fracture risk estimation was estimated from The Fracture Risk Assessment Tool (FRAX®) using the Thailand database (45).



Isolation and Culture of Human Peripheral Blood-Derived Mononuclear Cells (PBMC)

PBMC were isolated from the 35-40 mL of peripheral venous blood using density gradient centrifugation as described in our previous study (41). In brief, the venous blood was centrifuged at 1500 rpm for 5 minutes. After plasma was removed, the remaining fraction was first diluted with an equal volume of DMEM (Gibco, Grand Islands, NY, USA) and then overlaid on Histopaque (specific gravity 1.077 g/mL; Sigma-Aldrich, St Louis, MO, USA) and finally centrifuged at 4000 rpm for 30 minutes. The PBMC were isolated from the mononuclear cell layer and plated in 24-well culture plates. These were then cultured in RPMI supplemented with 10% (v/v) fetal bovine serum (Gibco, Grand Islands, NY, USA). After removing the floating cells, the plastic-adhered cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine serum (Gibco, Grand Islands, NY, USA), called non-osteogenic-inducing medium in the present study, for 7-10 days until confluence. To induce osteogenic differentiation, the plastic-adhered cells were cultured in non-osteogenic-inducing medium until reaching 50% confluence. They were then changed to an osteogenic-inducing medium (DMEM supplemented with 10-7 M dexamethasone, 60 μM ascorbic acid and 10 mM β-glycerophosphate) and cultured for a further 21 days.



Analysis for the Expression of Osteoblast-Specific Genes, AGER, and Cellular Apoptotic-Associated Genes

To examine gene expression total RNA was extracted using the illutraRNA spin Mini Kit (GE Healthcare Life Science, Buckinghamshire, UK) in accordance with the manufacturer’s instructions. Total RNA (500 ng) of each sample was used for reverse transcription into cDNA using an iScript™cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) in accordance with the manufacturer’s protocol. Afterwards, the cDNA was analyzed by real-time quantitative polymerase chain reaction (real-time qPCR)(SsoFast EvaGreen Supremixes; Bio-Rad, Hercules, CA, USA). The reaction took place at 45 cycles of 5 seconds at 95°C, 10 seconds at 60°C and 30 seconds at 72°C using the Applied Biosystems 7500/7500 Fast Real-Time PCR system. The total RNA extracted from the PBMC, cultured both in non-osteogenic and osteogenic-inducing media, was used to determine: 1) osteoblast-specific genes including ALPL, BGLAP, COL1A1 and RUNX2 for representing osteoblast differentiation and 2) PPAR-γ which is a transcription factor driving towards adipocytes for evaluating signals against osteoblast differentiation. Differentiation towards osteoblasts was defined by the increment of expression of all osteoblast-specific marker genes including ALPL, BGLAP and COL1A1, as well as the increment of the RUNX2/PPARγ ratio. In contrast, the total RNA extracted only from the PBMC cultured in the non-osteogenic-inducing medium was used to determine: 1) AGER expression to elucidate cellular RAGE overexpression, and 2) BAX and BCL2 expression for the evaluation of cellular apoptotic signals. The primers were purchased from Invitrogen (Table 1). In the real-time qPCR, the GAPDH gene was used for normalization of the relative expression levels for each primer set by the 2(-ΔΔCT) method.


Table 1 | Sequences of real-time qPCR primers.





Statistical Analysis

All descriptive data are reported as mean ± standard deviation. An independent t-test was used to compare all continuous parameters while a Chi square test was used to compare binary parameters. Linear regression analysis was used to demonstrate factors correlating with osteoblast differentiation. Pearson’s correlation was used to identify the correlation between parameters, the exception being the correlation between AGER expression and other parameters which was done using Spearman’s correlation. A p-value of less than 0.05 was used as a measure of statistical significance. All statistical analyses were done with SPSS version 23.0.




Results


Demographic Data and Clinical Characters of Study Participants

The study included 40 patients with T2DM treated with metformin monotherapy (DM) and 30 age-matched participants without diabetes (NDM). All patients with T2DM were diagnosed as DM using the FPG criteria with a cut-off value of 126 mg/dL as recommended by the American Diabetes Association. Age, gender, body mass index (BMI), systolic blood pressure (SBP), diastolic blood pressure (DBP), LDL-C, eGFR, and 10-year fracture risk as determined by FRAX® were comparable in both NDM and DM groups (Table 2). With comparable levels of blood pressure in both DM and NDM groups, the usage rates of anti-hypertensive agents, including angiotensin-converting enzyme inhibitors (ACEI), angiotensin II receptor blockers (ARB), dihydropyridine calcium channel blockers (DHP-CCB) and thiazide-like diuretics, were higher in DM group than in NDM group. With comparable levels of LDL-C in both groups, the rate of statin use was higher in DM group than in NDM group. However, the difference in anti-hypertensive drugs and statins usage rates did not reach statistical significance (Table 2). Metformin was not applicable to NDM group. In the group with diabetes, the duration of diabetes was 5.5 ± 4.1 years with a 47.5% prevalence of microvascular complications and 10% prevalence of macrovascular complications. Metformin was the only anti-hyperglycemic agent used in all diabetic participants with a dosage of 1652.5 ± 627.4 mg/day. Both FPG and HbA1c levels were significantly higher in the DM group than those in NDM (Table 2). Serum pentosidine was significantly elevated in DM compared to that in NDM (6.1 ± 3.6 ng/mL vs 4.0 ± 2.1 ng/mL, p=0.03), suggesting accelerated AGEs accumulation in T2DM (Table 2). In contrast to pentosidine, serum sRAGE, a decoy receptor of AGEs, was comparable in both DM and NDM groups (527.1 ± 249.7 pg/mL vs 599.4 ± 422.1 pg/mL, p=0.374). Even though FPG, HbA1c and serum pentosidine levels were significantly higher in DM than in NDM group, serum pentosidine level showed no correlation with either FPG (r=0.065, p =0.598) or HbA1c (r=0.062, p=0.668). In addition, serum pentosidine level showed no correlation with other parameters, including age, BMI, eGFR and sRAGE level. Fracture risk as estimated by FRAX using the Thailand database was comparable between DM and NDM groups (Table 2).


Table 2 | Clinical characteristics of the study participants.





Age Was an Independent Risk Factor for Preserving Osteogenic Differentiation Potential in Type 2 Diabetes

The PBMC-derived from diabetic patients showed a reduced potential to differentiate towards osteoblasts compared with those from non-diabetic controls. By using osteoblast-specific gene expression as a marker for osteogenic differentiation potential, the isolated PBMC from DM were divided into 2 groups including DM with preserved osteogenic differentiation potential (DM-pD) and DM with impaired osteogenic differentiation potential (DM-iD). Forty percent (16/40) of the PBMC-isolated from diabetic patients showed expression of osteoblast-specific genes including ALPL, BGLAP, COL1A1 and RUNX2/PPAR; therefore, the isolated-PBMC in this group were classified as DM-pD. The other 60% (24/40) of PBMC-isolated from DM did not express those osteoblast-specific genes, so the isolated-PBMC in this group were classified as DM-iD. While almost all the isolated PBMC from NDM expressed osteoblast-specific genes (NDM-pD), only 40% of the isolated PBMC from DM expressed osteoblast-specific genes (DM-pD) (90% vs 40%; p<0.0001). As shown by the RUNX2/PPAR ratio, the PBMC-derived from DM-pD expressed RUNX2, a master transcription factor for osteogenic differentiation, and PPARγ, a transcription factor driving differentiation against osteoblasts, at a similar extent to that of NDM-pD but at 3.8 times higher than that of DM-iD (Figure 1). Moreover, the PBMC-isolated from DM-pD showed the expression of ALPL, COL1A1 and BGLAP to be comparable to those of NDM-pD but at 7.3, 5.9, and 4.3 times higher than those of DM-iD (Figure 1). Factors determining osteoblast differentiation were analyzed in both NDM and DM groups. The multivariate analysis demonstrated that being diabetic is the only factor determining differentiation towards osteoblasts. Being diabetic increased the risk of osteogenic differentiation impairment 13.5 times (OR 13.5; 95% CI 3.21-77.91; p<0.001).




Figure 1 | Osteogenic differentiation marker expression. Box and whisker plots to show comparison of osteoblast-specific gene expression in participants without diabetes showing preserved osteogenic differentiation potential (NDM-pD), patients with diabetes showing preserved osteogenic differentiation potential (DM-pD) and patients with diabetes showing impaired osteogenic differentiation potential (DM-iD)(mean ± SD). DM-pD had higher levels of expression of ALPL, COL1A1, BGLAP and RUNX2/PPARγ ratio (RUNX2/PPAR) than those in DM-iD by 7.3, 5.9, 4.3 and 3.8 times, respectively. DM-pD had significantly higher levels of expression of all osteoblast-specific genes than those in DM-iD but had comparable levels of expression of all osteoblast-specific genes to those in NMD-pD.



Forty percent of the PBMC-isolated from diabetic patients demonstrated a similar level of osteoblast-specific gene expression compared to those from non-diabetic individuals, indicating the preservation of osteogenic differentiation potential only in some individuals with type 2 diabetes. We next determined the factors influencing the preservation of osteogenic differentiation potential in the PBMC-derived from diabetic patients. Ten percent of PBMC-isolated from non-diabetic controls (3/30) which did not express osteoblast-specific genes, was excluded from the following analysis. When comparing DM-pD and NDM-pD, patients in the DM-pD group had significantly higher FPG (137.7 ± 30.2 mg/dL vs 96.1 ± 9.4 mg/dL, p<0.0001), HbA1c (7.5 ± 1.1% vs 6.0 ± 0.4%, p<0.0001) and serum pentosidine (7.3 ± 4.7 ng/mL vs 3.7 ± 1.8 ng/mL, p=0.008) than those in the NDM-pD group (Table 3). In addition, individuals with DM-pD were younger (54.4 ± 3.2 years vs 59.7 ± 7.9 years, p=0.004) than those in NDM-pD group (Table 3). When comparing within diabetic groups, FPG (137.7 ± 30.2 mg/dL vs 139.2 ± 23.49, p=0.859) and HbA1c (7.5 ± 1.1% vs 7.5 ± 0.86%, p=0.963) were comparable in both DM-pD and DM-iD groups. Serum pentosidine level was slightly higher in DM-pD in comparison to those in DM-iD group (7.3 ± 4.7 ng/mL vs 5.2 ± 2.53 ng/mL, p=0.120); however, the difference did not reach statistical significance (Table 3). Because FPG, HbA1c and serum pentosidine level were comparable between DM-pD and DM-iD, those factors should not influence the maintenance of osteogenic differentiation ability in cases of diabetes. There were also no differences in other parameters between DM-pD and DM-iD, including BMI, SBP, DBP, duration of being diabetic, the dosage of metformin, the usage rate of anti-hypertensive agents and statins, LDL-C and eGFR (Table 3). In contrast, age showed significant differences between DM-pD and DM-iD. Individuals in DM-iD were older than those in DM-pD group (60.5 ± 7.4 years vs 54.4 ± 3.2 years, p=0.001) but were at the same age as those in NDM-pD (60.5 ± 7.4 years vs 59.7 ± 7.9 years, p=0.701) (Table 3). The multivariate analysis demonstrated that age correlated with the potential for osteogenic differentiation in the PBMC-isolated from patients with diabetes, indicating that age is an independent risk factor for determining the differentiation potential toward osteoblasts of the PBMC-isolated from individuals with T2DM. Therefore, younger age was a protective factor for the preservation of osteoblast differentiation potential in T2DM.


Table 3 | Factors determining osteogenic differentiation in type 2 diabetes.





AGER Overexpression Was Associated With Enhanced Cellular Apoptotic Signals and Impaired Osteogenic Differentiation, and Was Influenced by Age

Our previous study demonstrated higher AGER expression in patients with long-standing type 2 diabetes compared to that in non-diabetic controls, as well as the association of that RAGE overexpression with cellular apoptotic signal enhancement and osteogenic differentiation impairment. In this study, we analyzed PBMC isolated from 40 diabetic participants with metformin-monotherapy and 27 non-diabetic participants showing osteogenic differentiation (NDM-pD) to explore whether there was: 1) cellular RAGE overexpression in early-stage diabetes, 2) an association between RAGE overexpression with cellular apoptotic signal enhancement and osteogenic differentiation impairment, and 3) factors influencing cellular RAGE overexpression.

Since pentosidine has been documented in other studies as being an AGER enhancer, and age was confirmed earlier as an independent risk factor for the determination of osteogenic differentiation potential, the expression of AGER in both DM-iD and DM-pD was compared with the level of AGER expression in age- and pentosidine-matched NDM-pD individuals. This comparison aimed to explore if there was only a higher level of AGER expression in DM-iD, which would in turn suggest a link between cellular RAGE overexpression and defects in osteogenic differentiation. Using NDM-pD as a reference group, AGER expression in DM-iD was 6.6 times higher than that in the reference while the AGER expression in DM-pD was comparable to that in the reference (Figure 2). The AGER expression in DM-iD was significantly higher than that in DM-pD (6.6-fold vs 0.7-fold, p<0.0001), suggesting cellular RAGE overexpression in DM-iD as well as a connection between that RAGE overexpression and osteogenic differentiation defects in the PBMC. Consistent with higher AGER expression, the BAX/BCL2 expression ratio in DM-iD was 5.0 times higher than that in the reference while the BAX/BCL2 expression ratio in DM-pD was comparable to that in the reference (Figure 2). The BAX/BCL2 expression ratio in DM-iD was also significantly higher than in DM-pD (5.0-fold vs 0.6-fold, p=0.003), suggesting higher cellular apoptotic rate only in cases of diabetes with impaired osteogenic differentiation ability. Furthermore, AGER expression showed a strongly positive correlation with the BAX/BCL2 expression ratio (r=0.735, p<0.001), but showed a negative correlation with multiple osteoblast-specific gene expression including ALPL (r= -0.757, p<0.001), BGLAP (r= -0.670, p<0.001), COL1A1 (r= -0.478, p=0.003) and RUNX2/PPARγ ratio (r= -0.770, p<0.001) (Table 4). These association analyses suggest a direct relationship between cellular RAGE overexpression and cellular apoptotic signals, as well as an inverse relationship between cellular RAGE overexpression and osteogenic differentiation ability in the PBMC derived from diabetic patients. Interestingly, AGER expression showed a positive correlation with age (r=0.470, p=0.003) (Table 4), suggesting that age influences cellular RAGE overexpression.




Figure 2 | The expression of AGER, BAX and BCL2 genes. Comparison of the expression of the AGER, and BAX/BCL2 ratio between PBMC-isolated from subjects with diabetes with preserved osteogenic differentiation potential (DM-pD) and PBMC-isolated from diabetics with impaired osteogenic differentiation potential (DM-iD) by using age- and pentosidine-matched PBMC-isolated from non-diabetics with preserved osteogenic differentiation (NDM-pD) as a reference group. DM-iD showed higher expression of AGER and BAX/BCL2 ratio than the reference by 6.6 and 5.0 times, respectively, while DM-pD showed similar expression of AGER and BAX/BCL2 ratio to the reference. The expression of AGER and BAX/BCL2 ratio in DM-iD was significantly higher than that in DM-pD.




Table 4 | Factors associated with AGER expression.






Discussion

This study demonstrated the preservation of osteogenic differentiation in 40% of PBMC-derived from type 2 diabetic patients who have had diabetes for an average of 5 years and are being treated with metformin monotherapy. Higher AGER expression was demonstrated only in PBMC-isolated from diabetics with poor osteogenic differentiation. This study not only demonstrated the existence of cellular RAGE overexpression in early stages of type 2 diabetes but also strengthened the link between that cellular RAGE overexpression and osteogenic differentiation retardation. This study also provided evidence to suggest that cellular RAGE overexpression increased with age. In addition, age and AGER expression were shown to be independent risk factors determining osteogenic differentiation potential of the PBMC-derived from T2DM.

In animal models with T2DM, a dramatic decrease in osteoblast/osteoid surface and bone mineral apposition rate has been demonstrated which indicates osteoblast differentiation and function impairment (46). Consistent with findings from animal studies, a reduction in osteoblast/osteoid surface, osteoid volume and thickness, which indicates a low bone formation state, has also been shown in humans with T2DM (10, 11, 47). Our previously study also demonstrated an impairment in osteogenic differentiation of the PBMC-isolated from long-standing type 2 diabetic patients (41). In agreement with previous studies, the present study illustrated impaired osteogenic differentiation in cases of type 2 diabetes. In the multivariate analysis, being diabetic significantly increased the risk of osteogenic differentiation impairment by 13.5 times (OR 13.5; 95% CI 3.21-77.91; p<0.001). In this study, 40% of cells from diabetic patients expressed osteoblast differentiation markers to a similar extent of those in non-diabetic individuals, suggesting a preserved potential of osteogenic differentiation only in some of the population among the whole diabetic group. Even though being diabetic increases the risk of osteogenic differentiation defects, diabetes at the different stages may have different degrees of that defect. Our previous study, which included long-standing type 2 diabetic subjects with an average of 10.7 ± 7.7 years of diagnosis, demonstrated that only 7.3% of PBMC-isolated from these diabetic patients expressed osteoblast-specific genes while 86.7% in non-diabetic controls expressed those genes (7.3% vs 86.7%, p<0.0001) (41). However, the present study was carried out with cells from patients at an earlier stage of diabetes with an average of 5.5 ± 4.1 years of diagnosis and showed that 40% of PBMC-isolated from diabetic subjects expressed osteoblast-specific genes while 90% in non-diabetic controls expressed those genes (40% vs 90%, p<0.0001). The present study showed a much higher number of PBMC with preserved osteogenic differentiation potential than those in the previous study which was done at a later stage of diabetes. However, it remains to be elucidated whether newly diagnosed type 2 diabetes still results in an impaired osteogenic differentiation.

Our previous study demonstrated cellular RAGE overexpression in type 2 diabetes which may lead to higher cellular apoptosis and poorer differentiation toward osteoblasts in T2DM. Because most PBMC-isolated from diabetic patients lose their ability to differentiate into osteoblasts, no firm conclusion can be made regarding the influence of cellular RAGE overexpression shown in type 2 diabetes on cellular apoptosis and the poorer differentiation found in type 2 diabetes. In this study, we focused on the earlier stage of diabetes and we demonstrated that only 60% (24/40) of the PBMC-isolated from diabetic patients lose their osteogenic differentiation potential (DM-iD). Therefore, we had the opportunity to explore whether there was only cellular RAGE overexpression in PBMC-isolated from diabetic patients showing impaired osteogenic differentiation. As pentosidine is an AGER enhancer and age is an independent risk factor for determining osteogenic differentiation as described above, AGER expression in an age- and pentosidine-matched NDM-pD group was used as a reference to compare the level of AGER expression between DM-iD and DM-pD for determining whether higher cellular AGER expression occurred only in the DM-iD group. Interestingly, higher AGER expression was demonstrated in DM-iD group but not in DM-pD, suggesting the existence of RAGE overexpression only in PBMC with poor osteogenic differentiation ability that isolated from diabetic patients. To further explore the association between cellular apoptosis and osteogenic differentiation, BAX and BCL2 expression in DM-iD and DM-pD were compared by using BAX/BCL2 expression in an age- and pentosidine-matched NDM-pD group as a reference. As seen with AGER expression, the ratio of BAX/BCL2 expression was higher only in the DM-iD group, suggesting a link between cellular apoptotic signal enhancement and osteogenic differentiation impairment. Consistent with our previous study (41), the expression of AGER and BAX/BCL2 ratio showed a strong correlation with each other (r=0.735, p<0.001). Therefore, the present study not only confirmed the existence of RAGE overexpression in PBMC with poor osteogenic differentiation potential but also strengthened the link between the cellular RAGE overexpression with osteogenic differentiation impairment and cellular apoptotic signal enhancement in the PBMC-isolated from T2DM patients.

Since the hyperglycemic state in diabetes accelerates the accumulation of AGEs in various tissues including those in the skeleton, accumulation of AGEs is one of the factors proposed as being responsible for the impairment in bone quality associated with diabetes and may be a useful predictor of fracture in diabetic individuals. Several studies have shown that the skeletal accumulation of AGEs alters bone mechanical properties, leading to fragility fractures (22–24). In addition, studies in primary culture osteoblasts and mesenchymal stem cells demonstrated that AGEs attenuated osteoblast differentiation and enhanced osteoblast apoptosis (25–29). In humans, serum pentosidine showed a positive correlation with fracture risk in T2DM (32–34). In contrast, esRAGE, an AGE neutralizer, showed a negative correlation with fracture risk in T2DM (34, 35). In this study, serum pentosidine was significantly higher in the group with diabetes than that in the age-matched non-diabetic group, implying accelerated accumulation of AGEs in diabetes mellitus. However, the levels of serum pentosidine in the group of diabetics with preserved osteogenic differentiation was comparable to the group of diabetics with impaired osteogenic differentiation. Moreover, a higher cellular AGER expression was illustrated only in the cells from the group of diabetics with impaired osteogenic differentiation, and that higher AGER expression was shown to be associated with the differentiation potential toward osteoblasts. Therefore, it is conceivable that serum pentosidine level has poor potential for the prediction of osteogenic differentiation in diabetes. Nevertheless, due to a small sample size and the wide standard deviation of serum pentosidine concentration found, the results of our study cannot exclude its potential for predicting osteoblast differentiation ability.

As 40% of PBMC-isolated from the diabetic group were shown to maintain their osteogenic differentiation potential, there was a potential for the exploration of the factors determining the preservation of osteogenic differentiation ability in our present study. These factors will be valuable in future exploration for guidance of fracture prevention in type 2 diabetes. Using the results of the multivariate analysis, this study demonstrated that age was a factor showing a correlation with the osteogenic differentiation potential of the PBMC-isolated from individuals with diabetes, indicating that age is an independent risk factor for determining the differentiation potential towards osteoblasts of the PBMC in diabetics. There is a higher probability for the preservation of the osteogenic differentiation potential in the younger diabetic individuals. In addition to age, AGER expression was also a risk factor for determining osteogenic differentiation, suggesting the contribution of higher cellular RAGE overexpression to the potential of differentiation of the PBMC towards osteoblasts. Interestingly, this study also demonstrated a positive correlation between age and AGER expression. Since age was an independent risk factor for osteogenic differentiation, as well as age showing a positive correlation with AGER expression, age itself is conceivably a contributor to cellular RAGE overexpression which in turn negatively affects osteogenic differentiation. Son and colleagues (48) demonstrated that accumulation of tissue AGEs and AGE-RAGE binding intensity increased with age and were different in organs in a non-diabetic mice model. In the liver and kidney, AGEs progressively accumulated with age, and AGE-RAGE binding intensity also increased with age, leading to an increase in its downstream signaling cascade. To the contrary, the accumulation of AGEs and AGE-RAGE binding intensity did not increase with age in skeletal muscles. Therefore, it remains a need for further elucidation as to whether RAGE activation in the skeleton conforms to an age-dependent pattern, leading to the probability of higher RAGE activation with increasing age. If AGEs-RAGE activation in the skeleton is an age-dependent pattern, being diabetic would drive accelerated accumulation of AGEs and even perpetuate RAGE activation as individuals inevitable grow older, resulting in the accelerated impairment of bone quality and increased fragility fracture in type 2 diabetes. From the evidence shown in this study, being diabetic increased the risk of osteogenic differentiation impairment and younger age is the single protective factor identified for preservation of osteogenic differentiation in T2DM, it is pertinent to state that prevention of becoming diabetic may be the most effective way to preserve the potential for osteogenic differentiation of the PBMC.

Several different types of medication prescribed for participants in this study were shown to influence bone metabolism. Metformin was the only anti-hyperglycemia agent given to all diabetic individuals in this study and it was not taken by non-diabetic controls. Metformin has been shown to promote the differentiation of osteoblasts from mesenchymal stem cells through the activation of the AMPK pathway (49, 50). Zhou Z and colleague (51) also demonstrated that metformin suppresses AGE-dependent RAGE activation in bone marrow derived macrophages. Even though all diabetic participants in this study may get benefit from metformin therapy, this medication did not overcome the detrimental effects of diabetes on osteogenic differentiation in 60% of cases. Metformin was used at the same dosage in both DM-pD and DM-iD, suggesting that the quantity of metformin did not influence the preservation of osteogenic differentiation ability found in this study. ACEI and ARB have been previously shown to have beneficial effects on bone metabolism and fractures (52–54). Liu YY and colleagues (52) showed that captopril, a type of ACEI, promoted osteoblast differentiation of primary cultured osteoblast cells as well as enhanced bone formation and bone strength in ovariectomized rats. In human, Kao YT and colleagues (53) showed that hypertensive individuals treated with ACEI or ARB had a decreased risk of osteoporotic fracture compared to those treated with other medications. Even though the difference did not reach statistical significance, participants in diabetic group used ACEI or ARB at a higher rate than those in non-diabetic group in this study (67.5% vs 44.8%, p=0.084). Therefore, it is reasonable to state that ACEI and ARB do not contribute to a lower rate of osteogenic differentiation in the diabetic group. In patients with diabetes, ACEI and ARB were used in the DM-pD group at a higher rate than those in DM-iD (75% vs 62.5%, p=0.503); however, the difference was nowhere near statistical significance. Therefore, it is reasonable to state that ACEI or ARB usage is not a contributory factor in the maintenance of osteogenic differentiation shown in DM-pD. Statins have been previously shown to have beneficial effects on bone metabolism and osteoporosis (55–58). Statins have been demonstrated to promote osteoblast differentiation and bone formation by stimulating the Akt/PI3 kinase and the β-catenin/Wnt signaling pathway, as well as to inhibit osteoblast apoptosis via activation of the TGFβ/Smad3 pathway (55). Zhang M and colleagues (56) demonstrated that simvastatin promoted differentiation of rat mesenchymal stem cells toward osteoblasts through the up-regulation of β-catenin (56). In humans, Lin TK and colleagues (57) carried out a nation-wide population cohort study to illustrate that statin use was associated with the decreased risk of osteoporosis in both females and males. In this study, participants in the diabetic group used statins at a higher rate than those in non-diabetic controls (79.5% vs 66.7%, p=0.275); however, the difference did not reach statistical significance. Therefore, from these findings the higher usage rate of statins in the diabetic group should not contribute to a lower rate of osteogenic differentiation in diabetic group.

This study provides evidence to support that cellular RAGE overexpression leads to osteogenic differentiation impairment in early stages type 2 diabetes, and that cellular RAGE overexpression is influenced by age. However, this evidence should be carefully interpreted due to several limitations. First, this study only demonstrated signal activation by mRNA level not protein expression due to the limited number of isolated cells from the relatively small 35-40 mL sample of peripheral blood collected from recruited patients. This raises the possibility the chance that transcription is activated but not translated into proteins. Therefore, it is probable that AGER overexpression will not lead to higher RAGE activation. The further studies involving RAGE knock-down would clarify whether cellular RAGE overexpression directly entail an impaired osteoblast differentiation. Second, this study presented data to show the pattern of association between parameters, so the causes and effects of those parameters cannot be definitely concluded. Finally, this study was a cross-sectional study which had several unexpected confounding factors by the nature of this type of study, for examples, AGER polymorphisms. Even though all baseline characters of the enrolled participants were generally comparable, those unexpected confounding factors might influence the results of the study. Multiple single nucleotide polymorphisms (SNPs) of AGER gene have been reported for association with diabetes and chronic diabetic complications (58–60). Cheng H and colleagues (58) showed that rs1800624 and rs2070600 SNPs associated with an increased risk of type 2 diabetes in South Asians and Caucasian, respectively. The rs1800624 SNP was documented for increasing AGER expression in vitro by enhancing the binding affinity of the transcription factor site while the rs207600 SNP was documented for enhancing the affinity of RAGE for its ligands (59). Since AGER polymorphism was not determined in this study, the contribution of AGER polymorphism to RAGE overexpression in PBMC was still possible. However, the evidence showing detrimental effects of AGER polymorphism on bone metabolism remains to be elucidated in cases of diabetes. To date, Raska Jr I and colleagues (60) showed that both rs1800624 and rs2070600 did not associate with sRAGE level, bone mineral density and fractures in postmenopausal women with T2DM.
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Osteoclasts (OCs) play an important role in osteoporosis, a disease that is mainly characterized by bone loss. In our research, we aimed to identify novel approach for regulating osteoclastogenesis and thereby treating osteoporosis. Previous studies have set a precedent for screening traditional Chinese herbal extracts for effective inhibitors. Peiminine is an alkaloid extracted from the bulb of Fritillaria thunbergii Miq that reportedly has anticancer and anti-inflammatory effects. Thus, the potential inhibitory effect of peiminine on OC differentiation was investigated via a series of experiments. According to the results, peiminine downregulated the levels of specific genes and proteins in vitro and consequently suppressed OC differentiation and function. Based on these findings, we further investigated the underlying molecular mechanisms and identified the NF-κB and ERK1/2 signaling pathways as potential targets of peiminine. In vivo, peiminine alleviated bone loss in an ovariectomized mouse model.
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Introduction

Osteoporosis, common in elderly individuals, especially women, is characterized mainly by microarchitectural degeneration of the trabeculae and intrinsic bone tissues as well as pathological bone remodeling (1). Due to these pathological changes, which are often described as bone loss, patients suffering from osteoporosis are at an enhanced risk for osteoporosis-related fractures (2). A critical cause of bone loss is the imbalance between bone formation and osteoclast (OC)-related bone resorption (3). Estrogen replacement therapy (ERT) is considered to be effective for menopausal osteoporosis but increases the risk of endometrial cancer, breast cancer, and asthma (4, 5), and bisphosphonates are the mainstays for the in-clinical treatment of osteoporosis. However, bisphosphonates exhibit nephrotoxicity, hepatic toxicity, and alimentary canal toxicity (6). Thus, we expect to explore safer strategies for regulating the differentiation of OCs to treat osteoporosis. Natural compounds with a broad spectrum of biological activity and limited side-effects have become the main targets of our research. There have been many studies on the treatment of osteoporosis using natural compounds (7–9) that have provided us with a reliable theoretical and technological basis for our exploration into the field.

Peiminine is an alkaloid extracted from the bulb of Fritillaria thunbergii Miq, a traditional Chinese medicinal herb (for the chemical structure of peiminine, see Figure 1A) (10). A study performed in 2018 reported that peiminine exerted a protective effect on lipopolysaccharide-induced mastitis by repressing signaling pathways such as protein kinase B (Akt), nuclear factor-κB (NF-κB), and mitogen-activated protein kinases (MAPKs) (11), and peiminine was shown to similarly protect dopaminergic neurons from neuroinflammation by inhibiting the extracellular-regulated protein kinase (ERK1/2) and NF-κB pathways in another study (12). The process of osteoclastogenesis shares these pathways.




Figure 1 | Peiminine dose-dependently inhibits osteoclastogenesis induced by RANKL and is not cytotoxic in vitro. (A) The molecular structure of peiminine. (B) Evaluation of the cytotoxicity of peiminine by the CCK-8 assay. n= 5, (C) TRAP staining of OCs treated with peiminine at every concentration. (D) Quantitative analysis of the TRAP-positive cells with more than 3 nuclei in each well of a 96-well plate. n= 5, *P < 0.05, ***P < 0.001. (E) Fluorescence staining images of OCs treated without or with peiminine at different concentrations (5 µmol/L and 10 µmol/L). The scale bar is 200 µm. (F) Analysis of the average number of OC nuclei (dots with blue fluorescence indicated by DAPI staining). n= 5, ***P < 0.001.



OCs are multinuclear giant cells derived from bone marrow monocytes (BMMs) (13), and the receptor activator of nuclear factor-κB ligand (RANKL)-receptor activator of nuclear factor-κB (RANK)-osteoprotegerin (RANK-RANKL-OPG) signaling pathway is the most influential mechanism known to regulate the process of OC differentiation (3, 13–15). Groping towards this way, NF-κB and ERK pathways are all crucial downstream signaling pathways of RANKL-RANK axis (16–18). Hence, blocking these pathways is probably a promising direction of osteoporosis treatment.

We herein hypothesized that peiminine exerts similar inhibitory effects on osteoclastogenesis. Besides, many previous studies have reported that peiminine has certain anticancer effects (19, 20) and is also effective against acute and chronic inflammatory injury (21–24). In the context of orthopedic diseases, peiminine is known to protect articular cartilage from destructive cytokines (25), but its inhibitory effect on OCs and its effect on bone loss have not yet been reported. Thus, this study aimed to provide a novel and comprehensive solution for combating degenerative and aging-related bone diseases.

In our study, we found for the first time that peiminine suppressed osteoclastogenesis by inhibiting the NF-κB signaling pathway. The expression of OC-related genes and proteins was measured to evaluate the influence of peiminine on OC differentiation and function. Our results indicated the alleviating promise of peiminine for osteolytic bone diseases, and its effect on bone loss alleviation was confirmed by animal experiments in vivo. The results obtained from a mouse model of osteoporosis induced by estrogen deficiency indicated the potential of peiminine as an alleviating option for osteoporosis.



Methods and Materials


Cell Culture

The indispensable basic cell culture materials were produced by Thermo Fisher Scientific (Carlsbad, CA, USA), including alpha-modified minimal essential medium (α-MEM), penicillin/streptomycin (P/S), and fetal bovine serum (FBS). We extracted BMMs from the tibias and femur marrow of C57BL/6 mice at 6 weeks of age in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and the guidelines for The Laboratory Animal Center of Sir Run Run Shaw Affiliated Hospital of Zhejiang University School of Medicine (Hangzhou, Zhejiang).

Under sterile conditions, 6-week-old mice were sacrificed, and their tibias and femurs were immediately harvested. The two ends of the bones (osteoepiphysis) were clipped to expose the bone marrow, which was harvested from the diaphysis via a 1 ml syringe and placed into medium. After triturating with a pipette, M-CSF was added to the bone marrow cell suspension for BMM sorting. The suspended cells were discarded after 48 h of culture in the presence of M-CSF, and the adherent cells were deemed the BMMs. The medium was comprised of α-MEM, 1% (v/v) P/S, 10% (v/v) FBS, and 50 ng/ml M-CSF.



Evaluation of Peiminine Efficacy and Toxicity

BMMs were seeded in plates (96-well plate) at a concentration of 8×103 cells per well and cultured in α-MEM (Thermo Fisher Scientific, CA, USA) supplemented with 50 ng/ml M-CSF (R&D Systems, MN, USA) overnight according to the method published by Jin and Chen in 2019 (7, 26). After adherence, the BMMs were stimulated with GST-rRANKL (50 ng/ml) (R&D Systems, MN, USA), and peiminine (Feiyubio, Jiangsu, China, CAS no. 18059-10-4) was added to the cultured cells at varying concentrations (1, 2.5, 5, and 10 μmol/L). The medium was changed every 2 days, and GST-rRANKL and the drug were refreshed every 2 days until the sixth day, when OCs formed. The differentiated OCs were stained with tartrate-resistant acid phosphatase (TRAP) (Sigma-Aldrich Corp., St. Louis, MO, USA) solution after fixation with 2.5% glutaraldehyde (DAMAO chemical reagent factory, Tianjin, China) for 15 min, and the number of cells in each well was then counted under a bright-field optical microscope (Olympus, Tokyo, Japan). Cells with three or more nuclei were considered OCs, and the number of TRAP-positive multinucleated cells was used to indicate the differentiation of OCs.

Additionally, the response of the cells to increasing concentrations of peiminine (1, 2.5, 5, and 10 μmol/L) was assessed. BMMs were treated with varying concentrations of peiminine for 5 days, after which 20 μl of WST-8 solution (Cell Counting Kit-8; Dojindo Laboratories, Kumamoto, Japan) was added to the wells for another 4 h. The absorbance at 450 nm was measured by the enzyme-linked immunosorbent assay (Thermo Fisher Scientific, Waltham, MA, USA).



Fluorescence Staining

BMMs were seeded in 96-well plates (8×103 cells per well) and cultured in α-MEM containing M-CSF (50 ng/ml) for 24 h; after adherence, the medium was replaced in each well. The control group BMMs were cultured in α-MEM containing M-CSF (50 ng/ml) and GST-rRANKL (50 ng/ml) for 6 days, while the BMMs in the two experimental groups were cultured in α-MEM containing M-CSF (50 ng/ml), GST-rRANKL (50 ng/ml), and peiminine (5 and 10 μmol/L separately) for 6 days (medium refreshed every 2 days). On the seventh day after cell seeding, the cells were fixed with 4% paraformaldehyde, and the membrane permeability was increased with 0.5% Triton X-100 (Sigma-Aldrich Corp., St. Louis, MO, USA).

F-actin filaments were stained with rhodamine phalloidin (Thermo Fisher Scientific, Waltham, MA, USA) after blocking with 5% bovine serum albumin. According to the manufacturer’s instructions, the vial contents were dissolved in 150 µl of anhydrous DMSO to yield a 400× stock solution at a concentration of 2,000 assays/ml, which was equivalent to approximately 66 µM. During the experiment, 0.5 µl of the 400× stock solution was diluted in 200 µl of PBS, and approximately 100 µl was added to each well. After 45 min of staining, the cells were washed with PBS and stained with DAPI, and the results were observed with a fluorescence microscope (CKX53; Olympus, Tokyo, Japan). The numbers of multinucleated cells and nuclei in each multinucleated cell were counted under a fluorescence microscope, and the average number of nuclei in each well was then calculated.



Bone Resorption Assay In Vitro

First, sterile bone slices were placed on the well bottoms of 96-well plates, after which BMMs were seeded onto the bone slices (1×104 cells per well) and cultured in α-MEM containing M-CSF (50 ng/ml) for 24 h; after adherence, the medium in each well was replaced. The negative control group cells were cultured in α-MEM containing M-CSF (50 ng/ml), while those in the positive control group were cultured in α-MEM supplemented with M-CSF (50 ng/ml) and GST-rRANKL (50 ng/ml), and those in the two experimental groups were cultured in α-MEM supplemented with M-CSF (50 ng/ml), GST-rRANKL (50 ng/ml), and peiminine (5 and 10 μmol/L). The cells in all groups were cultured for 14 days, and the medium was changed every 2 days. On the 15th day after cell seeding, the cell cultures were removed, and the bone slices from the different groups were obtained.

To prepare scanning electron microscopy (SEM) samples, adherent cells were removed from the bone slices by washing with 75% alcohol and trypsin to ensure that the bone slices were completely decellularized. Then, these decellularized bone slices were fully dried and covered with conductive carbon powder with a vacuum spray plating device (JEOL Ltd., Japan) prior to SEM. The resorption pits on the dried bone slices were observed by SEM (TM-1000; Hitachi, Tokyo, Japan). ImageJ software was used to measure the gross resorption pit areas as follows: adjust the scanning picture to 8-bit and set an appropriate gray value threshold; select dark recessed areas as the resorption area and deselect all scratch-like recessed areas (scratches were engendered during the process of slice cutting); and calculate the gross resorption pit areas in each well.



Real-Time Quantitative Polymerase Chain Reaction

BMMs were seeded in 6-well plates (15×104 cells per well) and cultured in α-MEM containing M-CSF (50 ng/ml) for 24 h; after adherence, the medium in each well was changed. Cells in the negative control group were cultured in α-MEM containing M-CSF (50 ng/ml), while those in the positive control group were cultured in α-MEM containing M-CSF (50 ng/ml) and GST-rRANKL (50 ng/ml), and those in the two experimental groups were cultured in α-MEM containing M-CSF (50 ng/ml), GST-rRANKL (50 ng/ml), and peiminine (5 and 10 μmol/L). Cells in all the groups were cultured for 6 days, and the medium was changed every 2 days. On the seventh day after cell seeding, total RNA was extracted from the cells with TRIzol reagent and the Ultrapure RNA Kit (DNase I) (CW Biotech, Beijing, China).

The RNA concentration in each sample was detected by measuring the absorbance at 260 nm with a spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Evo M-MLV RT Premix for qPCR (Accurate Biotechnology, Hunan, China) was used to reverse transcribe the total RNA (500 ng) into single-stranded cDNA.

According to the manufacturer’s protocol, the expression of the target genes was determined with a SYBR polymerase chain reaction Master Mix Kit (Yeasen Co., Shanghai, China) on the ABI QuantStudio 6 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). The relative expression levels of the target genes were analyzed by the 2−ΔΔCq method, and the expression level of the mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as the normalization parameter in our analysis. The primer sequences are listed in Table 1.


Table 1 | Primer sequences used in qRT-PCR.





Western Blot Analysis

To evaluate the expression of proteins related to the NFATc1 signaling pathway and bone resorption, BMMs were seeded in six-well plates (1.5×105 cells per well) overnight and allowed to adhere. The cells were cultured with or without peiminine (10 μmol/L) in medium containing M-CSF (50 ng/ml) and GST-rRANKL (50 ng/ml), and total proteins were then harvested separately from each well on days 0, 1, 3, and 5. Radioimmunoprecipitation assay (RIPA) lysis buffer (consisting of phosphatase inhibitors, 500 g/ml DNase I, and 100 g/ml PMSF) was used to extract the total protein.

To assess the expression of signaling pathway-related proteins at early time points, BMMs were seeded at a density of 5×105 cells per well in six-well plates and incubated in GST-rRANKL-free medium overnight. The cells were starved for more than 6 h and then pretreated with peiminine for 2 h. GST-rRANKL (50 ng/ml) was then added to each well, and total protein was harvested in RIPA buffer at the following time points: 0, 10, 20, 30, and 60 min.

The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10%), transferred onto nitrocellulose membranes, and blocked with 5% BSA for 2 h. The membranes were incubated with the following primary antibodies: anti-c-Fos (1:1,000, Cat. #2250), anti-NF-κB (anti-p65) (1:1,000, Cat. #8242), anti-phospho-NF-κB (anti-pp65) (1:1,000, Cat. #3033), anti-NFATc1 (1:1,000, Cat. #sc-7294), anti-integrin β3 (1:1,000, Cat. #sc-365679), anti-cathepsin K (CTSK) (1:1,000, Cat. #sc-48353), anti-ATP6v0s2 (1:1,000, Cat. #sc-69108), anti-p-IκB-α (1:1,000, Cat. #sc-8404), and anti-β-actin (1:5,000, Cat. #sc-47778), anti-phospho-ERK1/2 (1:1,000, Cat. #AF1015), anti-ERK1/2 (1:1,000, Cat. #AF0155), anti-phospho-P38 (1:1,000, Cat. #AF4001), anti-P38 (1:1,000, Cat. #AF6456).

Primary antibodies specific for c-Fos, phospho-NF-κB (pp65), and NF-κB (p65) were acquired from Cell Signaling Technology (Beverly, MA, USA). Primary antibodies specific for NFATc1, integrin β3, CTSK, V-ATPase-d2 (ATP6v0d2), phosphorylated iκB (p-IκB)-α, and β-actin were obtained from Santa Cruz Biotechnology (San Jose, CA, USA). Primary antibodies specific for ERK1/2, phospho-ERK1/2, phospho-P38, and P38 were acquired from Affinity Biosciences (Jiangsu, China).

The membranes were incubated with primary antibodies at 4°C for more than 12 h and then with secondary antibodies conjugated to horseradish peroxidase at room temperature for more than 2 h. Immunoreactive bands were visualized with the Touch Imaging System made by Bio-Rad (ChemiDoc™, Bio-Rad, CA, USA).

The relative protein content was calculated with ImageJ software as follows: adjust the protein band images to 8-bit and obtain clean protein bands using the Subtract Background function; use the Measurement function to calculate the gray value of each band; divide the gray values of the control proteins by the gray values of the corresponding target proteins to determine the relative protein amounts.



Ovariectomy Mouse Model

Female 10-week-old C57BL/6 mice (n=30), acquired from the Animal Experimental Center of Sir Run Run Shaw Hospital (Zhejiang, China), were randomly separated into three groups: the sham group (control group) (n=10), the OVX group (n=10), and the intervention group (n=10). Mice from the OVX and intervention groups were ovariectomized according to the method published by Zhou in 2016 (27). As a control, mice in the sham group underwent a sham operation; mice in the intervention group were treated with peiminine (10 mg/kg), while those in the OVX and sham groups were injected with PBS.

All mice were housed in ventilated and sterilized cages and subjected to surgery after adaptive feeding for 1 week. Each of these specific pathogen-free cages held five mice. Seven days after the surgery, mice in the OVX and sham groups were administered PBS, while those in the intervention group were intraperitoneally injected with peiminine (10 mg/kg) every 2 days for 6 weeks. All the mice survived and were healthy in the interim. At the seventh week after surgery, all the mice were sacrificed, and their femurs were harvested for histological and micro-CT (μCT) analysis.



µCT Scanning of Mouse Femurs

We measured the following parameters of mouse femur samples: the bone volume/tissue volume ratio (BV/TV), trabecular number (Tb. N), trabecular separation (Tb. Sp), and trabecular thickness (Tb. Th). Samples were scanned with a BRUKER skyscan1176 μCT instrument (Bruker Daltonic Inc. USA) after fixation with 4% paraformaldehyde for 1 day (24 h). The μCT setup was as follows: 50 kV scanning voltage, 500 μA scanning current, 9 μm spatial resolution, and 1,600 × 2,672-pixel image matrix. Then, a 1-mm-high area 0.5 mm beneath the growth plate was designated for qualitative and quantitative analysis. N-Recon software was used for three-dimensional image rebuilding, and CT-AN software was used for quantitative analysis.



Histological Staining

Left femur samples from all mice were fixed in 4% paraformaldehyde for 2 days (48 h) and then decalcified by 14% EDTA at 37°C for 14 days (9). Sagittal paraffin sections at thickness of 5 μm were obtained from the decalcified bone tissues. Representative images of TRAP staining and hematoxylin and eosin (H&E) staining were collected, and the claret red cells around the resorbed bone were considered TRAP-positive OCs. In addition, we assessed the OCs surface (OC. S) and bone surface (BS) by measuring the TRAP-positive cells’ perimeters and bone perimeters separately.



Statistical Analysis

In the Results section, all quantitative data are presented as the mean ± standard deviation. Statistical analyses were conducted using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test with GraphPad Prism 8. All data are presented as the means ± SDs; *P < 0.05, **P < 0.01, ***P < 0.001 compared to the control.




Results


Peiminine Is Not Toxic in BMMs and Suppresses OC Formation and Fusion Induced by RANKL

Before assessing the inhibitory effect of peiminine on osteoclastogenesis, we investigated its cytotoxicity. The CCK-8 assays confirmed that the reduction in the number of OCs was not due to BMM cytotoxicity, as the number of live cells did not differ after treatment with varying concentrations of peiminine as determined by absorbance detection (Figure 1B). The number of cells in each group did not change significantly in the presence of various concentrations of peiminine, indicating that peiminine had no toxic effect on living BMMs (1 μmol/L group: p= 0.0665; 1 μmol/L: p= 0.0503; 5 μmol/L: p= 0.0909; 10 μmol/L: p=0.0682; 20 μmol/L: p=0.3824; 40 μmol/L: p=0.3174).

To evaluate the inhibitory effect of peiminine on the generation of OCs, TRAP staining was used to assess the cellular responses to increasing peiminine concentrations (1, 2.5, 5, and 10 μmol/L). As shown in Figures 1C, D, the number of TRAP-positive OCs in each well was dose-dependently decreased, and significantly fewer multinuclear TRAP-positive cells were observed in the cells treated with 10 μmol/L peiminine than in untreated cells (p= 2.04798E-09). Similarly, the numbers of cells treated with 1, 2.5, and 5 mol/L peiminine were obviously decreased (1 μmol/L: p= 0.0129; 2.5 μmol/L: p= 6.93569E-06; 5 μmol/L: p= 1.27028E-08).

Additionally, to determine whether peiminine disrupts the cellular fusion of OCs, fluorescence staining was performed to assess their fusion and the quantity of nuclei in every multinucleated cell. Figures 1E, F show that cell fusion was reduced in the presence of 5 and 10 μmol/L peiminine, which is consistent with the TRAP staining results. Specifically, the number of nuclei per OC was markedly decreased (5 μmol/L: p= 0.0004652; 10 μmol/L: p= 9.86236E-05).



The Inhibitory Effect of Peiminine Is Time-Dependent

In addition, BMMs were treated with peiminine on days 1–3, 3–5, 5–6, and 1–6 to assess its inhibitory effect at various stages of OC differentiation. In Figure 2A, the pink boxes represent the time points of the dosing. Compared with the control group, peiminine had a notable inhibitory effect in all treatment groups. The number of OCs in the 1–6day group was dramatically lower than that in the control group (p=0.00000060), and those in the remaining groups were lower than that in the control group (1–3day group: p= 0.00000175; 3–5day group: p= 0.0000189; 5–6day group: p= 0.00636).




Figure 2 | Peiminine has a suppressive effect on OC formation at different time points. (A) BMMs were treated with peiminine on days 1–3, 3–5, 5–6, and 1–6. (B) Quantitative analysis of the OC numbers in groups with different administration times (TRAP-positive cells were counted as OCs). n= 5, *P < 0.05, **P < 0.01, ***P < 0.001. (C) Representative images of the TRAP-positive cells in the different administration time groups.



Moreover, direct comparisons of the treatment groups revealed that the effect of peiminine was limited on days 5–6, as the number of OCs in the 5–6day group was higher than that in the other treatment groups (1–3day group: p= 0.019; 3–5day group: p= 0.049; 1–6day group: p= 0.001). Additionally, peiminine exerted an optimal inhibitory effect on the 1–6day group, as the OC number was lower than that in the other groups (1–3 group: p= 0.002; 3–5 group: p= 0.005; 5–6 group: p= 0.001) (Figures 2B, C).



Peiminine Suppresses the Resorptive Activity of OCs

To further demonstrate the ability of peiminine to disrupt OC resorption, BMMs were seeded on bone slices and treated with or without varying concentrations of peiminine (5 and 10 μmol/L) together with M-CSF (50 ng/ml) and GST-rRANKL (50 ng/ml). Then, the freeze-dried bone slices were observed by SEM, and the resorption area was measured with ImageJ.

Compared to the control, the non-treatment group, induced by GST-rRANKL, was expected to have the maximum number of OCs and to exhibit the most obvious effect on resorption. Owing to the inhibitory effect of peiminine on OC function, the bone slices in the intervention group were expected to have a smaller resorption area. According to the SEM results and analysis of the data shown in Figures 3A, B, the peiminine-free group had the largest resorption pit area, and the resorption area decreased as the drug concentration increased (5 μmol/L: p= 0.0071; 10 μmol/L: p= 0.0005). The results obtained from bone slices were consistent with our hypothesis.




Figure 3 | OC resorption is inhibited by peiminine. (A) Representative images of the bone slice resorption areas in the different groups. BMMs in the first group (control) were neither induced by RANKL nor treated with peiminine; BMMs in the second group were induced by RANKL but not treated with peiminine; and BMMs in the third and fourth groups were induced by RANKL and treated with peiminine at concentrations of 5 µmol/L and 10 µmol/L, respectively. (B) The bone slice resorption areas in all groups were quantitatively analyzed. n= 3, **P < 0.01, ***P < 0.001.





Peiminine Downregulates Formation- and Function-Related Genes

The expression levels of genes critical for RANKL-induced OC differentiation and function, including NFATc1, c-Fos, Acp5 (TRAP), ATP6V0D2, DC-STAMP, and TNF, were analyzed by qRT-PCR to further investigate the mechanism underlying the inhibitory effect of peiminine. Compared with those in the control group, the expression levels of OC-related genes in the RANKL-treated group were substantially elevated. The expression levels of genes related to OC function, such as CTSK (5 μmol/L: p= 0.0082; 10 μmol/L: p= 0.0040) and Acp5 (5 μmol/L: p= 0.0120; 10 μmol/L: p= 0.0005) (Figures 4A, B), and fusion-related genes, such as ATP6v0d2 (5 μmol/L: p= 0.0263; 10 μmol/L: p= 0.0039) and DC-STAMP (5 μmol/L: p= 0.0246; 10 μmol/L: p= 0.0041) (Figures 4C, D), were detected in cells treated with peiminine at concentrations of 5 and 10 μmol/L.




Figure 4 | Osteoclastogenesis-related genes are downregulated by peiminine. (A) CTSK, (B) ACP-5, (C) V-ATPase-d2 (ATP6V0D2), (D) DC-STAMP, (E) NFATc1, (F) c-Fos, and (G) TNFRSF11. GAPDH was selected as the control gene. n= 3, *P < 0.05, **P < 0.01, ***P < 0.001.



Similarly, after peiminine intervention, genes related to OC formation (NFATc1 and c-Fos) were downregulated (NFATc1: 5 μmol/L: p= 0.2051; 10 μmol/L: p= 0.451; c-Fos: 5 μmol/L: p= 0.0158; 10 μmol/L: p= 0.0061) (Figures 4E, F). In addition, the expression of the TNFRSF11 gene, which encodes the RANK protein, was inhibited by peiminine (5 μmol/L: p= 0.1065; 10 μmol/L: p= 0.0119) (Figure 4G). These results confirm that peiminine indeed inhibited the RANKL-induced differentiation and function of OCs.



Peiminine Suppresses the Expression of Critical Proteins of RANKL-Induced OCs

The Western blot results were consistent with the qRT-PCR results, demonstrating that peiminine effectively inhibited the expression of essential genes and proteins related to OC differentiation and thereby reduced the expression of downstream genes and proteins associated with OC function. The expression levels of a series of critical factors in the control and experimental groups were measured by Western blot, and the results are shown in Figure 5A.




Figure 5 | c-Fos, NFATc1 and downstream proteins are suppressed by peiminine. (A) Western blots analysis of the integrin β3, CTSK, V-ATPase-d2, NFATc1, and c-Fos expression induced by treatment with RANKL (50 ng/mL) for 0, 1, 3, and 5 days in the presence or absence of peiminine (10 μmol/L). Quantitative analysis of the differential expression levels of (B) integrin β3 (n= 5), (C) CTSK (n= 3), (D) V-ATPase-d2 (n= 3), (E) NFATc1 (n= 3), and (F) c-Fos (n= 3). The β-actin was selected as the control protein. *P < 0.05, **P < 0.01.



As mentioned previously, integrin β3, CTSK, and ATP6v0d2 are critical for OC function, and their protein expression levels were reduced in cells treated with peiminine (integrin β3: 0-day: p= 0.9161; 1-day: p= 0.6606; 3-day: p= 0.0373; 5-day: p= 0.0306; CTSK: 0-day: p= 0.8770; 1-day: p= 0.9627; 3-day: p= 0.0167; 5-day: p= 0.0028; ATP6v0d2: 0-day: p= 0.9432; 1-day: p= 0.8401; 3-day: p= 0.0440; 5-day: p= 0.0055) (Figures 5B–D).

NFATc1 and c-Fos, regulatory factors upstream of the abovementioned proteins, were also remarkably downregulated by peiminine in the 3- and 5-day groups (NFATc1: 0-day: p= 0.6205; 1-day: p= 0.9749; 3-day: p= 0.0031; 5-day: p= 0.0117; c-Fos: 0-day: p= 0.1781; 1-day: p= 0.7359; 3-day: p= 0.0296; 5-day: p= 0.0152) (Figures 5E, F).



The NF-κB and ERK1/2 Signaling Pathways Are the Potential Targets of Peiminine

A key molecular event of early RANKL-induced osteoclastogenesis is the activation of NF-κB (28, 29), and activated NF-κB is an integral upstream regulator of NFATc1 (30). As shown in Figure 6B, the levels of NF-κB were notably downregulated by peiminine in the presence of RANKL for 10 min (p= 0.0097), 20 min (p= 0.0043), 30 min (p= 0.0195), and 60 min (p= 0.0324). As shown in Figure 6C, the level of Phosphorylated NF-κB (p-NF-κB) was also decreased by peiminine (p= 0.0083).




Figure 6 | Peiminine interferes with the NF-κB and ERK1/2 pathways. (A) Western blot analysis of NF-κB, p-iκB, p-NF-κB, p-ERK1/2, and p-P38 in cells treated with RANKL (50 ng/mL) for different amounts of time (0, 10, 20, 30, and 60 min) in the presence or absence of peiminine (10 μmol/L). Quantitative analysis of the differential expression levels of (B) NF-κB (n= 3), (C) p-NF-κB (n= 4), (D) p-iκB (n= 4), (E) p-ERK1/2 (n= 3), (F) p-P38 (n= 3). β-tublin was selected as the control protein for the normalization of p-iκB, NF-κB, p-NF-κB, and the ERK1/2 for p-ERK1/2, the P38 for p-P38. *P < 0.05, **P < 0.01, ***P < 0.001.



As an important upstream regulator, iκB can prevent the entry of NF-κB into the nucleus; however, during the process of OC differentiation, iκB is phosphorylated by the combination of RANK and RANKL (31). Figure 6D shows that peiminine obviously reduced the expression of p-iκB at 20 min (p= 0.0388), 30 min (p= 1.42687E-05), and 60 min (p= 0.0031) and consequently diminished the levels of p-NF-κB and NF-κB. These findings suggested that peiminine inhibited the NF-κB pathway and thus suppressed OC differentiation and function.

Moreover, MAPK signaling pathways are important regulators of downstream activation (16, 32). We found that the levels of p-ERK1/2 were decreased in cells treated with peiminine for 20 min (p= 0.0166), 30 min (p= 0.0154), and 60 min (p= 0.0208). However, peiminine had no significant effect on the p-P38 level (Figures 6E, F).



Peiminine Plays a Role of Alleviation Against Bone Loss In Vivo

Animal experiments were performed to evaluate the bio-effect of peiminine in vivo. μCT and histomorphometric analyses showed that peiminine obviously alleviated the resorption of bone caused by OCs (Figure 7A). The BV/TV was obviously higher in the peiminine-treated group than in the OVX group (p= 1.03253E-05) (Figure 7B). Similarly, the Tb. N and Tb. Th were higher in the peiminine-treated group than in the OVX group (Tb.N: p= 6.72736E-05; Tb.Th: p= 2.21584E-05) (Figures 7C, D), while the Tb. Sp in the intervention group was lower than that in OVX group (p= 1.55671E-07) (Figure 7E).




Figure 7 | Peiminine ameliorates the systematic bone loss induced by OVX. (A) Computer-generated 3D high-resolution micro-CT image of the femur microstructure. Quantitative measurements of (B) BV/TV, (C) Tb. N, (D) Tb. Th, and (E) Tb. Sp in the control group (sham), non-treatment group (OVX), and treatment group (OVX+peiminine). n= 10, ***P < 0.001.



The histomorphometric analysis results further supported the findings presented above. H&E staining indicated the distribution of OCs and trabecular bone in vivo, and the result was consistent with that obtained by μCT analysis. Then, OCs at corresponding positions were stained, revealing that sections from peiminine-treated OVX mice had significantly fewer TRAP-positive cells than those from untreated OVX mice (Figure 8A). The OC. S/BS (p= 0.004493691) and OC. N/BS (p= 0.000363396) results also indicated that peiminine inhibited osteoclastogenesis in bone tissue (Figures 8B, C).




Figure 8 | Peiminine had no bio-toxicity and ameliorated the bone loss induced by OVX by inhibiting osteoclastogenesis in vivo. (A) Representative H&E and TRAP staining images of decalcified bones from mice in the sham, OVX, and peiminine (10 mg/kg) treatment groups. (B) Representative H&E staining images of kidneys and livers of mice from the control and experimental groups. Quantitative measurements of (B) OC. S/BS; (C) OC. N/BS, in the control group (Sham), non-treatment group (OVX), and treatment group (OVX + peiminine). n= 5, **P < 0.01, ***P < 0.001. (D) Representative H&E staining images of kidneys and livers of mouse from control and experimental groups.



Additionally, H&E staining of liver and kidney tissues harvested from the mice showed no lesions in any of the groups (Figure 8D). The lack of peiminine toxicity in vivo corresponded with the results of the CCK-8 assay described in the section Peiminine Is Not Toxic in BMMs and Suppresses OC Formation and Fusion Induced by RANKL.




Discussion

In this study, TRAP staining was used as the major determination method to demonstrate many indices of osteoclastogenesis, because TRAP is associated with oxidative stress and a crucial indicator of OCs (33). According to our results, under the premise of peiminine’s biosafety, we verified peiminine’s inhibitory effect in different concentrations and stages. Furthermore, the fluorescence staining and bone slice resorption results strengthen the TRAP staining results and together show that peiminine suppressed both OC fusion and function.

The following experiments were carried out to confirm the conclusions above at the molecular level. The role of NFATc1 is critical throughout osteoclastogenesis (34), and according to previous research, c-Fos is the indispensable bridge between RANK and NFATc1 (17, 35, 36). As shown in Figures 4 and 5, the levels of the gene TNFRSF11, which encodes for RANK, and the genes NFATc1 and c-Fos were in decline within the groups treated with peiminine. Results above suggest that peiminine might affect the whole RANK-NFATc1 pathway. Therefore, it can be speculated that peiminine decreases the levels of downstream factors, including CTSK, and Integrinβ3, which are crucial for OCs’ resorption (37–39); as well as DC-STAMP and ATP6v0d2, which are indispensable in OCs’ cellular fusion and maturation (3, 40–43).

The activation of NF-κB is an important event that occurs in the early stage of RANKL-induced OC differentiation and is vital for the activation of NFATc1 (44). NF-κB is mainly present in the cytosol in the form of a dimer consisting of iκB and NF-κB, and iκB can prevent NF-κB from entering the nuclei (17, 45). RANKL can induce the phosphorylation of iκB and lead to the degradation of iκB. NF-κB is activated in the absence of iκB, and p-NF-κB enters the nucleus and is involved in the activation of NFATc1 (32). As shown in Figures 6A, C, D, peiminine downregulated the expression of NF-κB and p-NF-κB, suggesting that it has an inhibitory effect on NFATc1. We also found that peiminine significantly decreased the level of p-iκB, suggesting that it suppresses the degradation of iκB by inhibiting iκB phosphorylation. This phenomenon explains why the levels of NF-κB and p-NF-κB were reduced in the presence of peiminine.

MAPK pathways, including ERK, JNK, and P38, are associated with OC formation and function (36, 46), and ERK is indispensable for OC survival (18, 35). We therefore assessed these two signaling pathways, revealing that peiminine downregulated ERK1/2 in the early stage of osteoclastogenesis but did not affect the expression of p-P38. Peiminine inhibited osteoclastogenesis and obviously prevented bone loss in OVX mice, most likely by interfering with the NF-κB, ERK and c-Fos-NFATc1 pathways (Figure 9).




Figure 9 | Schematic diagram of how peiminine suppresses RANKL-induced osteoclastogenesis.



Estrogen has the ability to block osteoclastogenesis and increase OC apoptosis, and the withdrawal of estrogen increases the number of OCs and promotes bone resorption (47). Thus, we used OVX mouse as the experimental animal model. Animal experiments further supported the results in vitro. Because peiminine can presumably alleviate estrogen deficiency-induced osteoclastogenesis in vivo. The μCT and histological analysis results suggested that peiminine effectively decreased the level of osteoporosis in OVX mice, as relatively mild bone loss was observed in these mice treated with peiminine. Besides, the biosafety of peiminine was reconfirmed by animal experiments, as none of the mice injected with peiminine exhibited an abnormal reaction or hypersensitivity, demonstrating its safety.

In this study, we assessed the alleviating effect of peiminine in vivo after systemic administration, but there is room for improvement. For example, whether the circumstances of systemic peiminine administration affect bone homeostasis or cause side effects remains unknown. The inclusion of an extra sham-operated group of mice treated with peiminine could help to assess the effect of the drug in the steady state. Additionally, the serum detection of bone turnover markers, such as CTX, OPG, P1NP, and RANKL, after peiminine treatment would presumably further elucidate its mechanism of action.

In addition, the mode of peiminine needs to be further investigated. In this study, OVX mice were treated before the induction of osteoporosis, which indicated the alleviating effect of peiminine on bone loss, but whether peiminine can ameliorate previous bone loss remains to be determined. In the future, we plan to administer peiminine to osteoporotic mice to study its therapeutic effect upon osteoporosis. It is also important to explore the effects of the drug on mice undergoing long-term treatment, as these experiments can provide more information on the long-term impacts of peiminine on bone quality and potential side effects and thereby aid the development of more scientific therapeutic strategies.

In the future, we hope to study additional dosing strategies. A newly developed smart nanosacrificial layer was shown to precisely target and inhibit osteoclast function. Nanomaterials modified by tetracycline with bone-targeting properties can be used to encapsulate intervening drugs, thereby yielding better targeted drug delivery than that achieved via systemic administration (48). This represents a promising research direction for the application of peiminine in the future.



Conclusion

This study demonstrates that peiminine, a natural herb-extracted compound, can inhibit the formation and function of OCs via multiple targets and is therefore a promising novel therapeutic agent for osteoporosis.
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Osteoporosis is a complex multifactorial disorder linked to various risk factors and medical conditions. Bone marrow-derived mesenchymal stem cell (BMSC) dysfunction potentially plays a critical role in osteoporosis pathogenesis. Herein, the study identified that miR-4739 was upregulated in BMSC cultures harvested from osteoporotic subjects. BMSCs were isolated from normal and osteoporotic bone marrow tissues and identified for their osteogenic differentiation potential. In osteoporotic BMSCs, miR-4739 overexpression significantly inhibited cell viability, osteoblast differentiation, mineralized nodule formation, and heterotopic bone formation, whereas miR-4739 inhibition exerted opposite effects. Through direct binding, miR-4739 inhibited distal-less homeobox 3 (DLX3) expression. In osteoporotic BMSCs, DLX3 knockdown also inhibited BMSC viability and osteogenic differentiation. Moreover, DLX3 knockdown partially attenuated the effects of miR-4739 inhibition upon BMSCs. Altogether, the miR-4739/DLX3 axis modulates the capacity of BMSCs to differentiate into osteoblasts, which potentially plays a role in osteoporosis pathogenesis. The in vivo and clinical functions of the miR-4739/DLX3 axis require further investigation.
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Introduction

Osteoporosis is a complex multifactorial disorder that is related to various risk factors and medical conditions. Three common types of osteoporosis are senile osteoporosis, sex steroid deficiency osteoporosis, and secondary osteoporosis (1–5). Moreover, in postmenopausal women with osteoporosis, the aging of osteocytes and their microenvironment, low levels of estrogen, and increased reactive oxygen species (ROS) production provoke a decline in bone formation and an increase in bone resorption (2, 6). Reportedly, bone regeneration through BMSCs infusion could trigger osteogenesis, thereby providing a potential therapeutic strategy for primary osteoporosis (7). The identification of the alterations occurring in the bone marrow population dynamics, namely the dysfunction of BMSCs, is essential for designing optimized strategies to restore bone formation.

MicroRNAs (miRNAs) are small, single-stranded non-coding RNAs having an average of 22 nucleotides in length. miRNAs exert their biological functions through the downregulation of gene expression via translational repression or degradation of mRNA targets (8, 9). As per recent reports, multiple miRNAs could potentially play a part in osteogenesis (10–12). Several studies indicated the potential roles of miRNAs in osteoporosis pathogenesis, affecting BMSC osteogenic differentiation (13–16). For instance, Li et al. (13) indicated that miR-188 is an important regulator of the age-associated switch between osteoblast and adipocyte differentiation of BMSCs, representing an underlying therapeutic target for age-associated bone loss. Hu et al. (15) reported that miR-26b modulated osteoactivin-induced osteoblast differentiation of BMSCs via the GSK3β/β-catenin signaling. Over the past decades, RNA-sequencing and miRNA-microarray have been performed to identify differentially expressed miRNAs in the BMSCs in control or osteoporotic subjects or at different stages of osteogenic differentiation. For instance, Wang and colleagues analyzed RNA-seq and miRNA-microarray data for differentially expressed between the ovariectomized (OVX) mice and controls, and 22 miRNAs were identified (17). Considering that miRNAs exert regulatory roles in target gene expression, identifying more miRNA/mRNA axes modulating BMSC osteogenic differentiation could potentially provide potential agents for osteoporosis treatment.

In this study, online microarray chip data from Gene Expression Omnibus (GEO) were analyzed to select miRNAs differentially expressed in osteoporotic subjects, and miR-4739 was subsequently selected. BMSCs were isolated from normal and osteoporotic bone marrow tissues, respectively, and identified. BMSCs were induced towards osteogenic differentiation, and the differentiation was verified. miR-4739 overexpression or inhibition was achieved in BMSCs, and the effects of miR-4739 upon osteogenesis were then examined. Downstream targets of miR-4739 were analyzed, and DLX3 was selected. Predicted miR-4739 binding to DLX3 and miR-4739 regulation of DLX3 were investigated. The co-effects of the miR-4739/DLX3 axis upon BMSC osteogenesis were determined.



Materials And Methods


Tissue Sample Collection

Osteoporotic bone marrow tissues were harvested from patients (n=5, 62.80 ± 6.61 years, female/male is 4/1) who were diagnosed with osteoporosis and who underwent hip surgery. The normal bone marrow tissues were donated by the patients who underwent lower limbs traumatic fracture (n=5, 53.20 ± 4.32 years, female/male is 3/2). No differences were observed in age, BMI, serum vitamin D status, serum calcium, and parathyroid hormone status between the controls and osteoporosis patients. All tissue samples were collected under sterile conditions and transferred to a tube containing heparin anticoagulant immediately after resection. Informed consent was signed by each enrolled patient, and the sampling was approved by the Ethics Committee of the Second Xiangya Hospital of Central South University [approval No. 2018(Yan001)].



Isolating BMSCs From Bone Marrow Tissues

BMSCs were isolated from osteoporotic or normal bone marrow tissues following the aforementioned methods (18, 19). Collected BMSCs were maintained in Dulbecco modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat‐inactivated FBS and 1% penicillin, at 37°C in 5% CO2. The medium was replaced with fresh medium every 2 days. Passage 2-5 BMSCs were used in all experiments. Flow cytometry was performed to identify isolated osteoporotic and normal BMSCs by detecting CD34, CD45, CD73, CD90, and CD105.



Flow Cytometry

When the density of the BMSCs reached 80%, BMSCs were trypsinized, centrifuged, and the supernatant was discarded. Cells were resuspended and adjusted to the density of 3-6 × 103 cells/μl. CD73, CD90, CD105, CD45, and CD34 antibodies (obtained from Abcam, Cambridge, MA, USA) were used for a 30-min incubation at room temperature for cell labeling, using untreated BMSCs and isotype-control (FITC- or PE-labeled Mouse IgG1 obtained from Abcam) as controls.



Bioinformatics Analysis

To identify miRNAs or genes potentially regulating the osteogenic differentiation during osteoporosis, the Gene Expression Omnibus (GEO) datasets, including GSE74209 (Specific miRNAs profiles in Fresh femoral neck trabecular bone from 12 postmenopausal women who had undergone hip replacement due to either osteoporotic fracture or osteoarthritis without osteoporosis) (20), GSE93883 (Specific miRNAs profiles in the plasma from non-osteoporotic patients and osteoporotic patients with and without vertebral fractures), and GSE80614 (different genes expression profile in human BMSC and differentiation osteoblast) (21) were downloaded using the R language GEOquery package. The differential expression miRNAs or genes were analyzed by the Limma package. For the selection of miR-4739 targeted genes, miRDIP (22) (https://ophid.utoronto.ca/mirDIP/) was used to predict the miR-4739 targeted genes.



Real-Time Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) Analysis

The TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used for extracting total RNA from target cells. A PrimeScript RT kit (Takara Bio, Shiga, Japan) was used for total RNA reverse transcription. An ABI Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) was used to run the reaction using the SYBR Green Quantitative Kit (Toyobo, Osaka, Japan). The level of U6 (for miRNA) or GAPDH (for mRNA) was used as an internal reference. The relative expression levels of each factor were calculated using the 2ΔΔ−ct method. The primers are listed in Table S1.



Protein Isolation and Immunoblotting

The RIPA buffer containing protease inhibitors (Beyotime, Shanghai, China) was used to extract protein samples from target cells. The BCA quantitative method (Beyotime) was used to quantify the protein sample concentration. SDS-PAGE (10%; Invitrogen) was used to separate collected protein samples, which were then transferred to PVDF membranes (Millipore, Burlington, MA, USA). BSA (5%) was used to incubate the membranes for 2 h to prevent non-specific bindings. The following antibodies were used to incubate the membranes at 4°C overnight: ALP (ab67228, Abcam), OCN (ab93876, Abcam), RUNX2 (ab76956, Abcam), Osterix (ab209484, Abcam), DLX3 (ab178428, Abcam). Proper secondary antibodies (Cowin Biotech Co, Beijing, China) were used to incubate the membranes at room temperature for 2 h after the primary antibody incubation. Enhanced Chemiluminescence (ECL) Fluorescence Detection Kit (BB-3501; Amersham Pharmacia, Piscataway, NJ, USA) was used to visualize the blot signal on a Bio-Rad image analysis system (Bio-Rad, Hercules, CA, USA). The relative protein content is expressed by the gray value of the corresponding protein band/GAPDH protein band.



Alkaline Phosphatase (ALP) Staining

BMSCs were cultured in an osteogenic induction culture medium (complete culture medium contains 5 mM β-glycerophosphate, 50 μM ascorbate, and 100 nM dexamethasone) for 14 days and were stained with the ALP staining solution (Nanjing Jiancheng, Nanjing, China) on day 0, 7, and 14 of osteogenic induction. The staining results were observed under a microscope (Olympus, Tokyo, Japan), and representative images were photographed.



Alizarin Red Staining

BMSCs were cultured in an osteogenic induction culture medium for 21 days, and alizarin red staining was performed on days 0 and 21 of osteogenic induction as previously described (23). In general, the differentiated BMSCs were washed twice with PBS, fixed in isopropanol (60%) for 1 min at room temperature, washed twice with ddH2O, and dyed with 1% Alizarin Red (Sigma-Aldrich, St. Louis, USA, MO) for 10 min at room temperature. A microscope (Olympus) was used to observe the staining and representative images were photographed.



Cell Transfection

miR-4739 overexpression or inhibition was achieved by transfecting agomir-4739 or antagomir-4739 (GenePharma, Shanghai, China). DLX3 knockdown was achieved by transfecting the shRNA vector containing short hairpin RNA against DLX3 (sh-DLX3, GenePharma). The transfection was performed using Lipofectamine 3000 (Life Technologies, Carlsbad, CA, USA) as per the aforementioned methods (24); 48 h after transfection, cells were harvested for subsequent experiments.



Cell Counting Kit 8 (CCK-8) Assay for Cell Viability

Cells, either treated or transfected, were seeded into 96-well plates at a density of 2 × 103 cells per well and incubated with 10 μl CCK-8 solution (Dojindo Co. Tokyo, Japan) at 37°C for 3 h. A microplate reader was then used to determine the optical density (OD) value at the wavelength of 450 nm at the end of the incubation with CCK-8 solution.



Dual-Luciferase Reporter Assay

Wild- and mutant-type DLX3 3’UTR luciferase reporter vectors were constructed based on psiCheck-2 (Promega, Madison, WI, USA) and named wt-/mut-DLX3; mut-DLX3 contains a 5-bp mutation in the predicted miR-4739 binding site. Reporter vectors were co-transfected in 293T cells with agomir-4739/antagomir-4739, and the luciferase activity was subsequently determined.



Heterotopic Bone Formation Assay In Vivo

BMSCs were transfected with miR-4739 antagomir mimics and mimics-NC for 24 h. Hydroxyapatite (HA) powder (40 mg, Sigma, USA) was diluted with 200 μl of the standard growth medium and mixed with BMSCs (5×106 cells) and incubated at 37°C for 2 h in 5% CO2. Next, the BMSCs-HA mixtures were injected subcutaneously on the dorsal side of 6 weeks old BALB/C nude mice. Six weeks later, the mice were sacrificed, and the implants were collected. All the animal experiments were approved by the Animal Care and Use Ethics Committee of Central South University [approval No. 2018(Yan001)].



Histological Analysis

The heterotopic bone tissues were fixed in 10% buffered formalin for 48 h, decalcified using an EDTA-Decalcifying-fluid (Boster, Wuhan, China). The decalcified bone tissues were then embedded in paraffin. Histological analyses were performed on specimen cross-sections 5-μm thick stained with hematoxylin-eosin (HE) and Masson staining using the HE stain kit (Boster) and Masson’s trichrome stain kit (Solarbio, Beijing, China). The sections were observed through an optical microscope (Olympus). The semiquantitative image analysis was performed by ImageJ (NIH, USA).



Statistics Analyses

Statistical analyses were carried out using GraphPad software. Data were reported as mean ± SD based on at least three replicates. P values are shown in the figures or figure legends. P values were calculated with unpaired Student’s t-test for two groups or analysis of variation (ANOVA) with Tukey’s post-hoc for experiments with more than two groups. P values less than 0.05 were considered statistically significant.




Results


miR-4739 Expression Is Upregulated in Osteoporotic BMSCs

To identify miRNAs that potentially regulate the osteogenic differentiation of osteoporotic BMSCs, differentially expressed miRNAs were analyzed using online microarray chip data from Gene Expression Omnibus (GEO) (Figure 1A). According to GSE74209 containing miRNAs differentially expressed in postmenopausal women experiencing hip arthroplasty due to either osteoporotic fracture or osteoarthritis without osteoporosis (Figure 1C, Figure S1A and Table S2) and GSE93883 containing miRNAs differentially expressed in non-osteoporotic patients and patients with osteoporosis in the presence or absence of vertebral fractures (Figure 1D, Figure S1B and Table S2), 3 upregulated miRNAs (miR-4739, miR-3202, and miR320c) were overlapped in two datasets (Figures 1A, C, D). In osteoporotic BMSCs, miR-4739 expression was mostly upregulated when compared with normal BMSCs (Figure 1B). Thus, miR-4739 was selected for subsequent experiments.




Figure 1 | miR-4739 expression is deregulated in osteoporotic bone marrow-derived mesenchymal stem cells (BMSCs) (A) miRNAs differentially expressed in postmenopausal women undergoing hip replacement due to either osteoporotic fracture or osteoarthritis in the absence of osteoporosis (GSE74209) or plasma from non-osteoporotic and osteoporotic patients with and without vertebral fractures (GSE93883) were compared (logFC >1, p < 0.05) and 3 miRNAs (miR-4739, miR-3202, and miR320c) were overlapped in two datasets. (B) The expression of miR-4739, miR-3202, and miR-320c in normal and osteoporotic BMSCs was determined by RT-PCR. (n=3) (C, D) The expression of miR-4739 is based on GSE74209 and GSE93883. *p < 0.05, **p < 0.01.





Isolation and Osteogenic Differentiation of BMSCs

To investigate the effect of miR-4739 on osteoporotic BMSC osteogenesis, the study isolated normal and osteoporotic BMSCs from normal and osteoporotic bone marrow tissues, respectively (Figure 2A). The identification of BMSCs was conducted using Flow cytometry detecting CD34, CD45, CD73, CD90, and CD105; as illustrated in Figure 2B, BMSCs were CD34-negative, CD45-negative, CD73-positive, CD90-positive, and CD105-positive. Normal and osteoporotic BMSCs were induced towards osteogenic differentiation for 21 days and examined for differentiation. On days 0, 7, and 14, the protein levels of ALP, OCN, Runx2, and Osterix were examined. As depicted in Figure 2C, the levels of all the four markers increased time-dependently; on day 14, the levels of the four markers in normal BMSCs exceeded those in osteoporotic BMSCs, suggesting the impaired osteogenic differentiation potential of osteoporotic BMSCs. Consistently, ALP staining confirmed the osteoblast differentiation in both types of BMSCs on days 7 and 14, and Alizarin red staining confirmed the formation of mineralized nodules in both types of BMSCs on day 21; the osteoblast differentiation and mineralized nodule formation ability in osteoporotic BMSCs were impaired (Figures 2D, E). Meanwhile, miR-4739 expressions showed to be downregulated in the process of osteogenic differentiation time-dependently (Figure 2F).




Figure 2 | Isolation and osteogenic differentiation of BMSCs (A) Normal and osteoporotic BMSCs were isolated from normal and osteoporotic bone marrow tissues, respectively (the scale bar is 50 μm). (B) Flow cytometry was performed to identify isolated BMSCs detecting CD34, CD45, CD73, CD90, and CD105. (C) Normal and osteoporotic BMSCs were induced towards osteogenic differentiation for 21 days, and the protein levels of ALP, OCN, Runx2, and Osterix were examined using Immunoblotting on days 0, 7, and 14 of osteogenic induction (C); ALP staining was performed on day 0, 7, and 14 of osteogenic induction (D); the formation of mineralized nodules were examined using Alizarin red staining on days 0 and 21 of osteogenic induction (E); the expression of miR-4739 was examined using qRT-PCR on day 0, 3, and 7 of osteogenic induction in normal BMSCs and osteoporotic BMSCs (F). n=3, **p < 0.01 compared to OP-BMSC. aa p<0.01 compared between 0 days OP-BMSC and 3 days OP-BMSC; bb p < 0.01 compared between 0 days normal-BMSC and 3 days normal-BMSC; cc p<0.01 compared between 0 days OP-BMSC and 14 days OP-BMSC; dd p < 0.01 compared between 0 days normal-BMSC and 14 days normal-BMSC.





Effects of miR-4739 Overexpression and Inhibition on Osteoporotic and Normal BMSC Osteogenic Differentiation

Considering the downregulation of miR-4739 during BMSC osteogenesis, the specific effect of miR-4739 on BMSC osteogenesis was further validated. The study achieved miR-4739 overexpression or inhibition in osteoporotic BMSCs through the transfection of agomir-4739 or antagomir-4739; qRT-PCR was performed to confirm miR-4739 expression (Figure 3A). In osteoporotic BMSCs, miR-4739 overexpression inhibited BMSC cell viability, whereas miR-4739 inhibition exerted opposite effects (Figure 3B). Osteoporotic BMSCs were subsequently transfected with agomir-4739 or antagomir-4739, induced towards osteogenic differentiation for 21 days, and examined for the effects of miR-4739 on BMSC osteogenesis. ALP staining showed that, on day 14 of osteogenic induction, miR-4739 overexpression inhibited, whereas miR-4739 inhibition promoted osteoblast differentiation (Figure 3C). Alizarin red staining revealed that, on day 21 of osteogenic induction, miR-4739 overexpression inhibited, whereas miR-4739 inhibition promoted the formation of mineralized nodules (Figure 3D). Meanwhile, the levels of osteogenic differentiation markers were monitored. On day 14 of osteogenic induction, miR-4739 overexpression decreased, whereas miR-4739 inhibition increased the protein levels of ALP, OCN, Runx2, and Osterix (Figure 3E). Moreover, in normal BMSCs, miR-4739 overexpression also inhibited BMSC cell viability, osteogenic ability, and the expression of ALP, OCN, RUNX2, and Osterix proteins, while miR-4739 inhibition exerted opposite effects (Figure S2). These data indicate that miR-4739 overexpression impairs the osteogenic differentiation potential of both normal and osteoporotic BMSCs.




Figure 3 | Effects of miR-4739 overexpression and inhibition on osteoporotic BMSC osteogenic differentiation (A) miR-4739 overexpression or inhibition was achieved in osteoporotic BMSCs by transfecting agomir-4739 or antagomir-4739; miR-4739 expression was confirmed using qRT-PCR. n=3. (B) Osteoporotic BMSCs were transfected with agomir-4739 or antagomir-4739 and examined for cell viability by CCK-8 assay (n=3). Then, osteoporotic BMSCs were transfected with agomir-4739 or antagomir-4739, induced towards osteogenic differentiation for 21 days, and examined using ALP staining on day 14 of osteogenic induction (C); examined for the formation of mineralized nodules using Alizarin red staining on day 21 of osteogenic induction (D); examined for the protein levels of ALP, OCN, Runx2, and Osterix using Immunoblotting on day 14 of osteogenic induction (E) (n=3). **P < 0.01, compared to NC agomir; #P < 0.05, ##P < 0.01, compared to NC antagomir.



The effects of miR-4739 on bone formation in vivo were subsequently determined. MiR-4739 agomir or antagomir-transfected osteoporotic BMSCs were mixed with the osteoconductive carrier HA and injected subcutaneously in nude mice (Figure 4A). Six weeks later, the implants were harvested and measured. The results show that miR-4739 agomir transfected osteoporotic BMSCs formed smaller bone masses than NC agomir transfected osteoporotic BMSCs, while miR-4739 antagomir transfected BMSCs formed larger bone masses than NC antagomir transfected BMSCs (Figures 4B, C). The heterotropic bone sections were treated with HE or Masson staining. The results revealed that bone areas were significantly decreased in the miR-4739 agomir group and increased in the miR-4739 antagomir, compared to the NC group (Figures 4D–G). This result was consistent with the in vitro result that miR-4739 inhibited BMSC growth and osteogenic differentiation.




Figure 4 | miR-4739 modulated heterotopic bone formation from osteoporotic BMSCs in vivo. (A) The protocol of heterotopic bone formation. (B, C) Gross view and volume of heterotopic bone from miR-4739 agomir or antagomir transfected osteoporotic BMSCs. (D, E) Histological analysis of heterotopic bone formation with HE and Masson staining (the scale bar is 200 μm). The relative staining area of HE and Masson was shown in (F, G). n=4. **P < 0.01, compared to NC agomir; ##P < 0.01, compared to NC antagomir.





miR-4739 Targets DLX3 and Inhibits DLX3

miRNAs exert their biological functions by targeting the 3’UTR of downstream mRNA (25). Firstly, genes that are potentially targeted by miR-4739 were identified using the online tool miRDIP (https://ophid.utoronto.ca/mirDIP/) to predict the targeted genes. The top 20 highest integrated score genes were selected. The differentially expressed genes in BMSCs on days 0 and 3 of osteogenic differentiation were subsequently selected according to GSE80614 (logFC>0.3, p<0.05). These two datasets intersected in LASP1 (LIM and SH3 Protein 1) and DLX3 (Figures 5A, B and Table S2). Among them, only DLX3 has been reported to be associated with osteogenesis (26). The expression of DLX3 and LASP1 was subsequently determined in normal BMSCs and osteoporotic BMSCs. As illustrated in Figure 5C showed, both DLX3 and LASP1 were downregulated in osteoporotic BMSCs. The reduced fold change of DLX3 is larger than LASP1; consequently, DLX3 was chosen for further investigation (Figure 5C). In osteoporotic BMSCs, miR-4739 overexpression downregulated DLX3 mRNA expression and decreased DLX3 protein levels, whereas miR-4739 inhibition exerted opposite effects of DLX3 (Figures 5D, E). A dual-luciferase reporter assay was subsequently conducted to confirm the predicted binding between miR-4739 and DLX3 3’UTR. Wild- and mutant-type DLX3 3’UTR luciferase reporter vectors were generated and were co-transfected in 293T cells with agomir-4739/antagomir-4739. The luciferase activity was subsequently examined. When co-transfected with wt-DLX3, miR-4739 overexpression inhibited, whereas miR-4739 inhibition enhanced the luciferase activity; when co-transfected with mut-DLX3, miR-4739 caused no changes in the luciferase activity (Figure 5F). These data indicate that miR-4739 targets DLX3 and inhibits DLX3 expression.




Figure 5 | miR-4739 targets DLX3 and inhibits DLX3 (A, B) miRDIP was used to predict miR-4739 targets (top 20 highest integrated score genes); differentially expressed genes in BMSCs on day 0 and 3 of osteogenic differentiation were analyzed according to GSE80614 (logFC >0.3, P <0.05). These two datasets intersected in LASP1and DLX3. (C) The expression of DLX3 and LASP1 in normal or osteoporotic BMSCs. n=3. (D) Osteoporotic BMSCs were transfected with agomir-4739 or antagomir-4739 and examined for DLX3 expression using qRT-PCR. n=3. (E) DLX3 protein levels using Immunoblotting. n=3. (F) Wild- and mutant-type DLX3 luciferase reporter vectors were generated and co-transfected in 293T cells with agomir-4739 or antagomir-4739; the luciferase activity was determined. n=3. **P < 0.01, compared to NC agomir; ##P < 0.01, compared to NC antagomir.





Co-Effects of the miR-4739/DLX3 Axis on Osteoporotic BMSC Osteogenic Differentiation

After confirming miR-4739 binding to DLX3, the co-effects of miR-4739 and DLX3 upon the osteogenic differentiation capacity of BMSCs were evaluated. DLX3 knockdown was achieved in osteoporotic BMSCs through the transfection of short hairpin RNA against DLX3 (sh1/2-DLX3); DLX3 knockdown was confirmed by qRT-PCR (Figure 6A). Osteoporotic BMSCs were then co-transfected with sh-DLX3 and antagomir-4739 and examined for DLX3 protein levels. Figure 6B illustrated that miR-4739 inhibition increased, whereas DLX3 knockdown decreased DLX3 protein levels. The inhibitory effects of miR-4739 upon DLX3 protein levels were partially attenuated by DLX3 knockdown. Meanwhile, miR-4739 inhibition promoted, whereas DLX3 knockdown inhibited cell viability; DLX3 knockdown significantly attenuated the inhibitory effects of miR-4739 upon cell viability (Figure 6C).




Figure 6 | Co-effects of the miR-4739/DLX3 axis on osteoporotic BMSC osteogenic differentiation (A) DLX3 knockdown was achieved in osteoporotic BMSCs by transfecting short hairpin RNA against DLX3 (sh1/2-DLX3); DLX3 knockdown was confirmed by qRT-PCR. n=3. Then, osteoporotic BMSCs were co-transfected with sh-DLX3 and antagomir-4739 and examined for the protein levels of DLX3 by Immunoblotting (B) and cell viability by CCK-8 assay (C) (n=3). Then, normal BMSCs were co-transfected with sh-DLX3 and antagomir-4739, induced towards osteogenic differentiation for 21 days, and examined using ALP staining on day 14 of osteogenic induction (D); the formation of mineralized nodules using Alizarin red staining on day 21 of osteogenic induction (E); the protein levels of ALP, OCN, Runx2, and Osterix using Immunoblotting on day 14 of osteogenic induction (F). n=3. **P < 0.01, ##P < 0.01.



Then, osteoporotic BMSCs were co-transfected with sh-DLX3 and antagomir-4739, induced towards osteogenic differentiation for 21 days, and examined for osteogenic differentiation. ALP staining revealed that, on day 14 of osteogenic induction, miR-4739 inhibition promoted, whereas DLX3 knockdown inhibited the osteoblast differentiation; the effects of miR-4739 inhibition were partially attenuated by DLX3 knockdown (Figure 6D). Alizarin red staining showed that, on day 21 of osteogenic induction, miR-4739 inhibition promoted, whereas DLX3 knockdown inhibited the formation of mineralized nodules; the effects of miR-4739 inhibition were partially attenuated by DLX3 knockdown (Figure 6E). Consistently, on day 14 of osteogenic induction, miR-4739 inhibition increased, whereas DLX3 knockdown decreased ALP, OCN, Runx2, and osterix protein contents. The effects of miR-4739 inhibition were partially attenuated by DLX3 knockdown (Figure 6F). These data indicate that miR-4739 influences BMSC osteogenesis through targeting DLX3.




Discussion

Herein, the study identified that miR-4739 was upregulated in BMSC cultures established from osteoporotic subjects. BMSCs were isolated from normal and osteoporotic bone marrow tissues and identified for their osteogenic differentiation potential. In osteoporotic BMSCs, miR-4739 overexpression significantly inhibited cell viability, osteoblast differentiation, mineralized nodule formation and heterotopic bone formation, whereas miR-4739 inhibition exerted opposite effects. Through direct binding, miR-4739 inhibited DLX3 expression. In osteoporotic BMSCs, DLX3 knockdown also inhibited BMSC viability and osteogenic differentiation. DLX3 knockdown partially attenuated the effects of miR-4739 inhibition upon BMSCs.

Studies have revealed that the imbalance of BMSCs is an essential mechanism in the pathogenesis of osteoporosis (27, 28). The osteoblast-mediated bone formation is crucial for maintaining bone homeostasis (29, 30). In osteoporosis patients, BMSCs differentiate into more adipocytes than osteoblasts, resulting in continuous bone loss and accumulation of bone marrow fat (31, 32). Compared with normal BMSCs, osteoporotic BMSCs showed impaired osteoblast differentiation and mineralized nodule formation abilities, consistent with previous studies. Nevertheless, the mechanism underlying this shift of lineage commitment of BMSCs requires further investigation.

miRNAs were found to contribute extensively to regulating gene expression during life activities. Some miRNAs can promote osteogenic differentiation of BMSCs, while others exert opposite functions (33–35). miR-31 regulates osteogenic differentiation by targeting Runx2 and Satb2 formation regulatory loops (36). miR-204 affects the precursor by regulating Runx2 expression (37). miR-205 regulates BMSC osteogenic differentiation by influencing SATB2/Runx2 and ERK/MAPK pathways (38). Herein, it was identified that miR-4739 was upregulated within osteoporotic tissue samples and BMSCs. Conversely, miR-4739 expression was downregulated in BMSCs during osteogenic differentiation. As previously reported, miR-4739 could regulate the capacity of human BMSCs to differentiate into osteoblasts. Elsafadi et al. (39) demonstrated that hsa-miR-4739-transfected BMSCs exhibited impaired osteoblast differentiation. This was demonstrated by a significant reduction in the mineralized matrix formation, mineralized nodule quantification, and decreased expression of osteoblastic markers. Similarly, in this study, miR-4739 overexpression in normal and osteoporotic BMSCs inhibited mineralized matrix formation, suppressed the formation of mineralized nodules, and decreased the levels of osteoblastic markers, such as ALP, OCN, Runx2, and Osterix. Thus, our findings further confirm the inhibitory effects of miR-4739 upon the capacity of BMSCs to differentiate into osteoblasts.

miRNAs exert their functions through downregulating gene expression via translational repression or degradation of mRNA targets (8, 9). Elsafadi et al. (39) reported that miR-4739 modulates the capacity of immortalized human BMSCs to differentiate into osteoblasts and adipocytes via targeting LRP3. miR-4739 targeted regulation of Notch2 expression also regulated osteogenic differentiation (40). The multiple-to-multiple relations between miRNAs and mRNAs lead to the even more complex miRNA regulatory mechanisms (41). Herein, DLX3 was identified as a novel direct downstream target of miR-4739. DLX3, a homeodomain transcription factor, belongs to the DLX family that comprises 6 different members, DLX1-DLX6 (42, 43). DLX3 exerts a substantial effect on embryogenesis and organ development, such as epidermis and ectodermal appendages (44, 45). DLX3 promoted osteogenic differentiation of BMSCs and the induced pluripotent stem cell-derived mesenchymal stem cells (46, 47). DLX3 overexpression promoted the differentiation of BMSCs into osteoblasts through the Wnt/beta-catenin signaling-mediated histone methylation of DKK4 (26). Besides, DLX3 could inhibit adipogenic differentiation of dental pulp stem cells (48). Increased adipogenic differentiation or reduced osteogenic differentiation of BMSCs might lead to osteoporosis (49). Altogether, DLX3 may play a key role in osteoporosis. Herein, DLX3 knockdown in osteoporotic BMSCs leads to impaired mineralized matrix formation, mineralized nodule formation, and decreased levels of osteogenic markers, suggesting that DLX3 knockdown hindered BMSC osteogenic differentiation. More importantly, DLX3 knockdown partially reversed the inhibitory effects of miR-4739 upon BMSCs, suggesting that miR-4739 plays its role through DLX3 during the osteogenic differentiation. However, the function of miR-4739/DLX3 axis in adipogenic differentiation remains to be further studied.

Altogether, the miR-4739/DLX3 axis modulates the capacity of BMSCs to differentiate into osteoblasts, which are potentially involved in osteoporosis pathogenesis. The in vivo and clinical functions of the miR-4739/DLX3 axis require further investigation.
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Supplementary Figure 1 | Differentially expressed miRNAs in non-osteoporotic or osteoporotic tissues based on the GSE datasets. (A) In GSE74209, 83 upregulated miRNAs and 60 downregulated miRNAs in postmenopausal women bone tissues from osteoporotic fracture induced hip replacement compared to bone tissues from osteoarthritis without osteoporosis induced hip replacement based on (∣logFC∣ >1, p < 0.05). The top 20 differentially expressed miRNAs were shown in the heatmap. (B) In GSE93883, 20 upregulated miRNAs and 117 downregulated miRNAs in plasma from osteoporotic patients with and without vertebral fractures compared to non-osteoporotic patients(|logFC| >1, p < 0.05). The top 20 differentially expressed miRNAs were shown in the heatmap.

Supplementary Figure 2 | Effects of miR-4739 overexpression and inhibition on normal BMSC osteogenic differentiation (A) miR-4739 overexpression or inhibition was achieved in normal BMSCs by transfecting agomir-4739 or antagomir-4739; miR-4739 expression was confirmed using qRT-PCR. n=3. (B) Normal BMSCs were transfected with agomir-4739 or antagomir-4739 and examined for cell viability by CCK-8 assay. n=3. Then, normal BMSCs were transfected with agomir-4739 or antagomir-4739, induced towards osteogenic differentiation for 21 days, and examined using ALP staining on day 14 of osteogenic induction (C); examined for the formation of mineralized nodules using Alizarin red staining on day 21 of osteogenic induction (D); examined for the protein levels of ALP, OCN, Runx2, and Osterix using Immunoblotting on day 14 of osteogenic induction (E). n=3. **P <0.01, compared to NC agomir; #P <0.05, ##P <0.01. compared to NC antagomir.
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Background

The mechanisms of bone fragility in type 1 diabetes (T1D) are not fully understood. Whether glucagon-like peptide-1 receptor (GLP-1R) agonists could improve bone quality in T1D context also remains elusive.



Aims

We aimed to explore the possible mechanisms of bone loss in T1D and clarify whether liraglutide has effects on bone quality of T1D mice using transcriptomics.



Methods

Female streptozotocin-induced diabetic C57BL/6J mice were randomly divided into four groups and received the following treatments daily for 8 weeks: saline as controls, insulin, liraglutide, and liraglutide combined with insulin. These groups were also compared with non-STZ-treated normal glucose tolerance (NGT) group. Trunk blood and bone tissues were collected for analysis. Three tibia from each of the NGT, saline-treated, and liraglutide-treated groups were randomly selected for transcriptomics.



Results

Compared with NGT mice, saline-treated T1D mice manifested markedly hyperglycemia and weight loss, and micro-CT revealed significantly lower bone mineral density (BMD) and deficient microarchitectures in tibias. Eight weeks of treatment with liraglutide alone or combined with insulin rescued the decreased BMD and partly corrected the compromised trabecular microarchitectures. Transcriptomics analysis showed there were 789 differentially expressed genes mainly mapped to osteoclastogenesis and inflammation pathways. The RT-qPCR verified that the gene expression of Trem2, Nfatc1, Trap, and Ctsk were significantly increased in the tibia of T1D compared with those in the NGT group. Liraglutide treatment alone or combined with insulin could effectively suppress osteoclastogenesis by downregulating the gene expression of Trem2, Nfatc1, Ctsk, and Trap.



Conclusions

Taken together, increased osteoclastogenesis with upregulated expression of Trem2 played an important role in bone loss of T1D mice. Liraglutide provided protective effects on bone loss in T1D mice by suppressing osteoclastogenesis.
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Introduction

Type 1 diabetes (T1D) is characterized by autoimmune destruction of pancreatic islet β cells leading to severe hyperglycemia (1). Glucose metabolism disturbance can gradually lead to diabetes-related chronic complications. These complications include diabetic nephropathy, diabetic retinopathy, and diabetic neuropathy. In addition, skeletal fragility has also been associated with type 1 diabetes, which exhibited as deficits in bone mineral density (BMD) and bone microarchitectures compared with controls, leading to increased fracture risks (2, 3).

The increased bone fragility in type 1 diabetes has been attributed to complex and multifactorial pathophysiological mechanisms which are only partially understood. Hyperglycemia, hypoinsulinemia, accumulation of advanced glycation end products, and increased marrow adiposity lead to a decrease in bone formation, bone mineralization, and poor osteoblast activity, but the effects on osteoclasts are less studied and inconsistent (4).

Transcriptomics, one of the omics technologies, focuses on the RNA transcripts that are produced by the genome under specific circumstances or in a specific cell. Transcriptomics is a powerful tool to investigate the molecular mechanisms behind complex and multifactorial systemic diseases in an unbiased and comprehensive manner (5). Thus far, there is no study showing the transcriptomic analysis of T1D-associated osteopenia or osteoporosis.

Furthermore, certain antidiabetic medications might also affect fracture risk independent of their glucose-lowering effects. Glucagon-like peptide-1 receptor (GLP-1R) agonists as adjunctive therapies have been tested in T1D patients (6), and some individuals who are overweight or have detectable levels of C-peptide might benefit from those medications (6). GLP-1R agonists also exert protective effects on bone tissue in vitro and in vivo (7–9). Some clinical studies have found neutral effects of liragutide on bone, but there was also a few meta-analysis of 16–59 randomized controlled trials with 11,206–49,602 patients with T2DM which showed that compared with placebo and other antidiabetic drugs, liraglutide was associated with a significant reduction in the risk of bone fractures (10–13). However, clinical and experimental research data in the context of T1D are scarce. Till now, only one experimental research by Mansur et al. found that liraglutide treatment for 21 days in streptozotocin (STZ)-induced T1D mice significantly increased indicators such as bone maximum force and hardness but failed to improve trabecular and cortical microarchitectures (14). We hypothesized that GLP-1R agonists might provide beneficial effects on T1D-associated osteopenia or osteoporosis.

Thus, in this study, we intended to explore underlying molecular mechanisms of bone fragility in T1D mouse models using transcriptomics. Then, liraglutide was administrated alone or in combination with insulin to T1D mice to explore their effects on bone quality and possible mechanisms.



Research Design and Methods


Animals and Experimental Design

Ten- to 11-week-old female C57BL/6J mice were purchased from Beijing Huafukang Co., Ltd. (Beijing, China) and allowed to acclimate to the environment for 1 week. Then, mice were treated either with STZ to induce diabetes (150 mg/kg body weight once) or with vehicle (100 mM citrate, pH 4.2–4.5), by intraperitoneal (i.p.) injection (15).

Two weeks later, the vehicle-injected mice with normal glucose tolerance (NGT) (n = 8) were assigned to group 1 (referred as to NGT). At the same time, STZ-injected confirmed diabetic mice (random blood glucose ≥250 mg/dl) (16) were randomly assigned to four treatment groups for 8 weeks (n = 8 per group): group 2 treated with saline (referred to as T1D); group 3 (referred to as INS) treated with insulin by subcutaneous injection (insulin dose 10 units/kg body weight/day, as detemir insulin, Levemir®, Novo Nordisk, Denmark), which referred to the insulin dose used in the previous study (17); group 4 (referred to as Lira), treated with liraglutide by subcutaneous injection (liraglutide dose: 0.6 mg/kg/day, Novo Nordisk, Denmark); and group 5 (referred to as Lira+INS), treated with insulin (10 units/kg/day) and liraglutide (0.6 mg/kg/day). The doses of liraglutide used in previous studies ranged from 0.2 to 1 mg/kg, so we chose a relatively large dose of 0.6 mg/kg (16, 18, 19).

All mice were maintained in a 12-h light–dark cycle at 22°C and provided ad libitum access to water and food for 8 weeks. Body weight and pedal dorsal vein blood glucose via Accu-Chek compact glucometer (Roche) were measured weekly. Upon the completion of the experiments, mice were killed by isoflurane overdose followed by decapitation, and trunk blood and bone tissues were collected. All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the Institute of Laboratory Animals Science, CAMS and PUMC and conducted according to the Laboratory Animal Management Regulations in China and adhered to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication No. 85-23, revised 2011). All animal studies complied with the ARRIVE guidelines.



Assessment of Skeletal Microarchitecture

After euthanasia, the left tibia was harvested and stored at −80°C until analysis. For bone microarchitecture analyses, the mid-shaft and proximal metaphysis regions along the axis of the bone were scanned by Inveon MM micro-CT manufactured by Siemens (Berlin, Germany) at a voltage of 70 kV and a current of 400 μA, with an entire scan length of 1 cm in a spatial resolution of 35 μm used for animal experimental studies and reconstructed using the Inveon analysis workstation. Tibia trabecular bone analyses were performed from 0.5 mm distal to the growth plate, extending 1 mm toward the diaphysis and excluding the cortical bone. Cortical measurements were performed in a 1-mm length centered midway down the length of the bone. Trabecular volumetric bone mineral density (Tb.vBMD), bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), trabecular number (Tb.N), cortical volumetric bone mineral density (Ct.vBMD), and cortical bone thickness (Ct.Th) were computed according to the instruction of the manufacturer.



Bone Histomorphometry

After mice were sacrificed, left femurs were harvested, cleaned, fixed in 4% paraformaldehyde solution at 4°C for 10–24 h, and decalcified in 10% ethylenediamine tetraacetic acid disodium (EDTA-2Na, pH 7.2) for 5–7 days. The decalcified femurs were dehydrated, embedded in paraffin, sectioned at 5 μm, stained with H&E, and observed for histopathological changes using standard light microscopy. The 1-mm region of trabecular bone starting from 0.5 mm below the distal femoral growth plate was selected as the region of interest. Measurements of tissue area (T.Ar, mm2), trabecular bone area (Tb.Ar, mm2), and trabecular perimeter (Tb.Pm, mm) and visible adipocytes which were greater than 30 μm were obtained directly from the software Image Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA) (20, 21). Then, bone volume fraction (BV/TV, %), trabecular thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm), trabecular number (Tb.N, 1/mm), and marrow adipose number (1/mm2) were obtained using standard formulas shown in Supplementary Table 1 (22).



Biochemical Measurements

The serum levels of procollagen type 1 N-terminal propeptide (P1NP) and C-terminal telopeptides of type 1 collagen (CTX) and C-peptide were measured using commercially available enzyme-linked immunosorbent assay (ELISA) kits (Cloud-Clone Corp., Ltd., Wuhan, China) according to the instructions of the manufacturer.



Transcriptomics Sequencing and Bioinformatics Analysis

Immediately after euthanasia, bone samples were cleaned of all muscle and connective tissues, snap frozen in liquid nitrogen, and stored at −80°C until RNA extraction. Three tibia tissues were selected from each of the following groups: NGT, T1D, and Lira groups for high-throughput RNA sequencing. In total, nine tibia tissues were used for the analysis. In brief, total RNA was extracted using TRIzol reagent (Invitrogen Co., USA) according to the protocol of the manufacturer. The RNA was then checked for purity and stability by gel electrophoresis, and the concentration was determined using the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.). The qualified total RNA was digested with DNase I, enriched using oligo(dT) magnetic beads, and then fragmented. Fragmented mRNA was added to random primers for cDNA synthesis and PCR reaction to obtain a single-stranded DNA library. The qualified library was formed into DNA nanospheres (DNB) by rolling circle replication and finally sequenced on the computer.

Clean reads were obtained and aligned to the reference genome of mice. Based on the alignment results, the expression level of each gene was calculated, and the samples were analyzed further in terms of difference, enrichment, and cluster analysis.

Differentially expressed genes (DEGs) were defined as having a fold change >2 and Q-value <0.05 using one-way analysis of variance (ANOVA). DEGs had to appear in all three mice in the group to be considered. The Gene Ontology (GO) platform (http://www.geneontology.org/) was used to perform functional enrichment analysis of the DEGs (23). The Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/pathway.html) was used to determine significant pathways associated with the DEGs (24). Pathways with Q-value thresholds of <0.05 were considered potential target pathways.



Verification of Identified Genes Using Quantitative Reverse Transcription Polymerase Chain Reaction

Total RNA was extracted using TRIzol reagent and reverse-transcribed to cDNA using oligo(dT). Quantitative reverse transcription polymerase chain reaction (RT-qPCR) for target genes was performed by using a SYBR Green kit (Biotium, USA). PCR was carried out on an ABI 7700 system (Roche LightCycler® 480II, Switzerland) using the following reaction conditions: 5 min at 95°C, followed by 45 cycles of 10 s at 95°C and 30 s at 60°C. All gene expression levels were normalized to β-actin expression. The primers are listed in Table 1.


Table 1 | Primers used in our experiments.





Statistical Analysis

Continuous variables were expressed as mean ± standard deviations (SDs); one-way ANOVA was used for comparison between groups, and the least significant difference (LSD) method was used for multiple comparisons. Two-tailed tests were used for all statistics, and p <0.05 was defined as statistically significant differences. Statistical analysis of all data was performed in SPSS 25.0 software (SPSS Inc., Chicago, IL, USA). All figures were performed in GraphPad Prism 8.0 software (GraphPad, La Jolla, USA).




Results


Effects of Liraglutide on Body Weight and Glucose Control in T1D Mice

As expected, saline-treated T1D mice manifested markedly hyperglycemia and weight loss when compared with NGT controls, confirming the successful establishment of the disease model (Figure 1 and Supplementary Tables 2, 3). However, in comparison with saline-treated T1D mice, once-daily insulin detemir treatment failed to control blood sugar well or recover weight loss but reduced deaths due to hyperglycemia (Figure 1 and Supplementary Tables 2, 3). Furthermore, liraglutide monotherapy significantly improved glucose control especially in the second half of the experiment compared with the saline-treated T1D group and insulin treatment group but did not restore weight loss, probably because liraglutide partly restored β-cell function but also had weight loss effect (Figure 1 and Supplementary Tables 2, 3). However, the combined treatment with liraglutide and insulin did not improve glycemic control and even caused further weight loss compared with saline-treated T1D mice (Figure 1 and Supplementary Tables 2, 3).




Figure 1 | Changes of body weight and blood glucose during treatments. (A) Weekly body weight (g); (B) weekly blood glucose levels at fed states (mmol/l). NGT: normal glucose tolerance group; T1D, saline-treated type 1 diabetes group; INS, insulin treatment group; Lira, liraglutide treatment group; INS+Lira, insulin + liraglutide treatment group; ANOVA was used for comparison between groups, and p <0.05 was defined as statistically significant. *compared with NGT; #compared with T1D; †compared with INS; ‡compared with Lira. All data are expressed as mean ± SDs.





Effects of Liraglutide on Bone Mineral Density and Microarchitectures

In the tibia, saline-treated T1D mice showed reduction in cortical volumetric bone mineral density (Ct.vBMD) and cortical thickness (Ct.Th) compared with NGT controls, while the difference in cortical thickness did not reach statistical significance (Figures 2, 3 and Supplementary Table 4). In addition, deficits in trabecular bone of the tibia were also apparent; especially, reductions in trabecular number (Tb.N) and trabecular volumetric bone mineral density (Tb.vBMD), along with an increase in trabecular separation, were significant in T1D mice in relation to NGT controls (Figures 2, 3 and Supplementary Table 4).




Figure 2 | Typical 2D and 3D images of micro-CT. NGT, normal glucose tolerance group; T1D, type 1 diabetes group; INS, insulin treatment group; Lira, liraglutide treatment group; INS+Lira, insulin + liraglutide treatment group.






Figure 3 | Bone mineral density and microarchitectures of tibia measured by micro-CT. (A) Cortical volumetric bone mineral density (Ct.vBMD); (B) cortical bone thickness (Ct.Th); (C) trabecular volumetric bone mineral density (Tb.vBMD); (D) bone volume fraction (BV/TV); (E) trabecular thickness (Tb.Th); (F) trabecular number (Tb.N); (G) trabecular separation (Tb.Sp). NGT, normal glucose tolerance group; T1D, type 1 diabetes group; INS, insulin treatment group; Lira, liraglutide treatment group; INS+Lira, insulin + liraglutide treatment group. ANOVA was used for comparison between groups, and p < 0.05 was defined as statistically significant. *was used to indicate statistical difference. All data are expressed as mean ± SDs.



Compared with the T1D group, treatment with insulin alone rectified the decreased Ct.vBMD, but seemed to further deteriorate the trabecular microarchitectures, especially significantly increased Tb.Sp of the tibia (Figures 2, 3 and Supplementary Table 4). However, when treated with liraglutide alone or combined with insulin, significant recovery of the tibia Tb.vBMD and Ct.vBMD, along with partially recovery of tibia trabecular microarchitectures, was evident in mice receiving monotherapy or combined therapy (Figures 2, 3 and Supplementary Table 4).



Effects of Liraglutide on Bone Histomorphometry

As shown in typical pictures of femur histomorphometry, saline-treated T1D mice showed thinner and broken trabeculae, increased trabecular spacing, and more adipocytes in bone marrow. Liragutide treatment alone or combined with insulin partly improved those defects (Figure 4). However, quantitative analysis did not demonstrate significance between group differences for BV/TV, Tb.Th, Tb.N, Tb.Sp, and marrow adipose number (Figure 5 and Supplementary Table 5).




Figure 4 | Typical H&E images of bone histomorphometry. NGT, normal glucose tolerance group; T1D, type 1 diabetes group; INS, insulin treatment group; Lira, liraglutide treatment group; INS+Lira, insulin + liraglutide treatment group.






Figure 5 | Bone histomorphometry of the femur. (A) Bone volume fraction (BV/TV); (B) trabecular thickness (Tb.Th); (C) trabecular separation (Tb.Sp); (D) trabecular number (Tb.N); (E) adipose number in marrow. NGT, normal glucose tolerance group; T1D, type 1 diabetes group; INS, insulin treatment group; Lira, liraglutide treatment group; INS+Lira, insulin + liraglutide treatment group. ANOVA was used for comparison between groups, and p < 0.05 was defined as statistically significant. All data are expressed as mean ± SDs.





Effects of Liraglutide on Bone Turnover and C-Peptide

Bone turnover markers in serum were then detected. P1NP is a marker of bone formation, and CTX is a marker of bone resorption. P1NP and CTX both showed non-significant trends toward an increased level in T1D mice compared with NGT mice (Figure 6, Supplementary Table 6). Insulin treatment slightly increased P1NP and decreased CTX, liraglutide treatment alone decreased CTX more than PINP, while liraglutide combined with insulin treatment decreased PINP and increased CTX, but all these comparisons did not reach significance (Figures 6B, C and Supplementary Table 6). The CTX in the liraglutide +insulin treatment group seemed increased; however, the sample in this group was relatively small and might be greatly affected by extreme values.

Serum C-peptide was detected using the serum obtained at the end of the experiment. There was no significant difference among each group (Figure 6A). These results were inconsistent with the blood glucose, and we found that C-peptide levels in the insulin treatment groups were higher than those in the other groups. Therefore, we speculated that there might be cross-reactions with insulin during the C-peptide detection.




Figure 6 | Serum bone turnover markers and C-peptide. (A) C-peptide; (B) procollagen type 1 N-terminal propeptide (P1NP); (C) C-terminal cross-linking telopeptide of type 1 collagen (CTX). NGT, normal glucose tolerance group; T1D, type 1 diabetes group; INS, insulin treatment group; Lira, liraglutide treatment group; INS+Lira, insulin + liraglutide treatment group; ANOVA was used for comparison between groups, and p < 0.05 was defined as statistically significant. All data are expressed as mean ± SDs.





Transcriptome Analysis of DEGs Between the NGT, T1D, and Liraglutide Treatment Groups

To further explore the mechanisms of diabetic-associated bone loss, we selected three tibia specimens from each of the NGT, T1D, and liraglutide treatment groups for transcriptome sequencing and bioinformatics analysis.

Transcripts of DEGs were characterized using RNA-sequencing (RNA-seq) analyses of tibia tissues from the NGT, T1D, and liraglutide treatment groups. A fold change >2 and Q-value <0.05 were used to screen the DEGs. The results revealed obvious differences between the NGT group and the T1D group and between the T1D group and the liraglutide treatment group, which are presented in histogram and volcano map (Figures 7A, C, D). Compared with the NGT group, 1,464 genes were significantly changed in the tibia tissues in T1D mice consisting of 1,262 upregulated and 202 downregulated genes. On the other hand, compared with the untreated T1D group, 1,692 genes were significantly changed in the tibia tissues in liraglutide treatment mice consisting of 593 upregulated and 1,099 downregulated genes. A total of 789 DEGs were shared by these two comparisons (Figure 7B).




Figure 7 | Transcriptomic analysis of DEGs between NGT, T1D, and liraglutide treatment groups. (A) Number of DEGs in histogram; (B) Venn diagram of pairwise comparison; (C) volcano map of DEGs between the NGT and T1D groups; (D) volcano map of DEGs between the T1D and liraglutide groups. (E) Bubble plots using the KEGG database; (F) bubble plots using the GO-MF database. NGT, normal glucose tolerance group; T1D, type 1 diabetes group; Lira, liraglutide treatment group.



Then, GO and KEGG databases were used to annotate and classify those 789 shared DEGs. The enrichment analysis indicated that those DEGs were mainly distributed in the signals such as osteoclast differentiation (osteoclastogenesis) signaling pathway, tumor necrosis factor (TNFa) signaling pathway, and nuclear factor-κB (NF-κB) signaling pathway (according to the KEGG database), and the functional enrichment was mainly concentrated in processes, such as chemokine activity and cytokine activity (according to the GO-MF database) (Figures 7E, F and Tables 2, 3). Thus, the increased osteoclastogenesis and enhanced inflammation were the characteristic biological changes in tibia bone remodeling in diabetic bone, and liraglutide treatment might inhibit osteoclastogenesis and inflammation. Significantly enriched DEGs in the osteoclastogenesis pathway are manifested in Table 4, and the fold change of Triggering receptor expressed on myeloid cells 2 (Trem2) gene expression ranked among the top (Table 4).


Table 2 | Significantly enriched pathways of DEGs using the KEGG database.




Table 3 | Significantly enriched processes of DEGs using the GO-MF database.




Table 4 | Significantly enriched DEGs in the osteoclastogenesis pathway.





RT-qPCR Verification of Differentially Expressed Genes Identified by RNA-Seq

To validate transcriptomics analysis results, we analyzed the mRNA expression levels of representative genes using RT-qPCR. The selected genes were mainly in the signaling pathways of osteoclastogenesis and TNFa inflammation, including osteoprotegerin (Opg), nuclear factor receptor activator κB ligand (Rankl), Tnfa, Trem2, c-Fos, tartrate-resistant acid phosphatase (Trap), cathepsin K (Ctsk), and nuclear factor-activated T cell 1 (Nfatc1) (Table 4).

The mRNA expression of genes expressed in the late phase of osteoclastogenesis including Nfatc1, Trap, and Ctsk were significantly increased in T1D mice compared with NGT except c-Fos, indicating enhanced osteoclast activity in diabetic bone (Figures 8D–G). The ratio of Rankl/Opg mRNA, a key regulator of osteoclastogenesis, only showed non-significant trends toward an increased level in T1D mice compared with NGT mice. However, the mRNA level of Trem2, a key co-stimulatory molecular of osteoclastogenesis, was significantly increased in T1D mice compared with that in NGT mice (Figures 8A, C). Tnfa mRNA, an inflammation marker, also increased in T1D mice compared with that in NGT mice, but did not reach significance (Figure 8B).




Figure 8 | Relative mRNA expression in the signaling pathways of osteoclastogenesis and TNFa inflammation in tibia tissues. (A) The ratio of Rankl/Opg mRNA expression; (B) Tnfa mRNA expression; (C) Trem2 mRNA expression; (D) c-Fos mRNA expression; (E) Trap mRNA expression; (F) Nfatc1 mRNA expression; (G) Ctsk mRNA expression. NGT, normal glucose tolerance group; T1D, type 1 diabetes group; Lira, liraglutide treatment group; INS+Lira, insulin + liraglutide treatment group. ANOVA was used for comparison between groups, and p < 0.05 was defined as statistically significant. * was used to indicate statistical difference. All data are expressed as mean ± SDs.



Compared with untreated T1D mice, treatment with insulin alone, liraglutide alone, or liraglutide combined with insulin all significantly decreased Trem2, Nfatc1, Trap, and Ctsk expression, indicating their role in inhibiting osteoclastogenesis (Figure 8).




Discussion

In this study, our main findings were as follows: 1) compared with the NGT group, T1D mice showed decreased BMD and compromised microarchitectures. Insulin treatment alone only rectified the decreased Ct.vBMD but seemed to further deteriorate the trabecular microarchitectures. However, liraglutide treatment alone or combined with insulin significantly recovered the tibia Tb.vBMD and Ct.vBMD and partially recovered the tibia trabecular microarchitectures. 2) Transcriptome analysis showed enhanced osteoclastogenesis and increased inflammation in tibia bone remodeling in diabetic bone. Further RT-qPCR verified that osteoclastogenesis was prominently increased in T1D mice, including upregulated expression of Trem2, Nfatc1, Trap and Ctsk, which could be inhibited by liraglutide treatment alone or combined with insulin.

In terms of bone turnover markers, we found no significant intergroup differences overall. Compared with bone histomorphology or local gene expression, serum turnover markers may be less sensitive. In our study and other studies, serum CTX or P1NP in T1D patients was within the normal range or similar to the control groups, while micro-CT found significant compromised microarchitectures (3, 25). Previous studies have found low bone turnover especially reduced bone formation in the T1D context (26); however, the bone resorption can be enhanced, inhibited, or unaltered, which might be attributed to the timing of onset of T1D, the duration of diabetes, and the disease-associated inflammatory environment (27). In our study, STZ-induced T1D mice showed significantly elevated blood glucose for an enough duration (at least 8 weeks), resulting in decreased BMD and compromised microarchitectures, which was consistent with previous clinical and animal studies (3, 14, 25, 28), indicating our successful establishment of the disease model. Thus, the STZ-induced T1D model could be a convenient and reliable model for studying T1D-related bone loss.

Furthermore, bone fragility of T1D is attributed to complex and multifactorial pathophysiological mechanisms, but much remained unknown. In order to have a more comprehensive and unbiased understanding of pathophysiologic mechanisms behind the bone fragility in T1D, we conducted transcriptomics and bioinformatics analyses, which have not been carried out in this setting till now. The transcriptomics in our study showed that there were a total of 789 DEGs including upregulated or downregulated genes, which were mainly mapped to osteoclastogenesis and inflammation pathways. A previous study using microarray analysis in a fracture healing mouse model revealed an upregulation of gene sets related to inflammation and elevated osteoclast numbers in the type 1 diabetic group (29), which was consistent with our results. On the other hand, in the distraction osteogenesis model, microarray analysis also found that T1D negatively affected the expression of transcription factors regulating osteoblast differentiation (30). Transcriptomic findings were only reported in a guided bone regeneration model under T1D circumstance and a differential expression of genes associated with the ossification process was evident at 15 days of healing between the healthy controls and diabetic animals (31). Different animal models and experimental conditions might lead to those inconsistent results.

RT-qPCR verified some key findings obtained from the transcriptome analysis. Previously, studies about T1D effects on osteoclasts most focused on gene expression of Rankl/Opg ratio, Trap, or Cstk. TRAP and CSTK, which are both important enzymes expressing in the late phase of osteoclastogenesis, have been found to increase in T1D, supporting our results (32). However, studies about RANKL/OPG ratio in T1D, the key regulator of osteoclastogenesis, have not been consistent, suggesting that RANKL/RANK-induced osteoclast activation might not be the primary mechanism that drives bone resorption throughout the course of T1D (27). In our study, RANKL/OPG ratio was not different between the T1D group and NGT mice, indicating that there might be alternative mechanisms in regulating osteoclastogenesis. Indeed, we have identified two significant DEGs in osteoclastogenesis pathways which have not been reported previously: Nfatc1 and Trem2. NFATc1 is the important transcription factor of osteoclastogenesis, while Trem2 is upstream of NFATc1 and is the key co-stimulatory molecule of osteoclastogenesis. In vivo studies have shown that mutations in Trem2 have been associated with Nasu–Hakola disease that is characterized by cystic bone lesions, osteoporotic features, and loss of white matter in the brain (33). In vitro evidence suggests that the dysfunction of Trem2 leads to significantly impaired osteoclastogenesis (34). In the present study, the Trem2 gene ranked among the top of DEGs in the osteoclastogenesis pathway, suggesting its important role in regulating osteoclastogenesis in bone in the T1D context.

In this study, we also explored whether hypoglycemic therapy improved bone loss in T1D mice. Insulin is the primary therapy for T1D and two previous studies found that systemic insulin therapy could rescue inhibited osteogenesis and correct distorted bone microstructures (30, 35). In our study, insulin treatment alone was found to inhibit the gene expression of osteoclastogenesis and rectified the decreased Ct.vBMD, but paradoxically seemed to further deteriorate trabecular microarchitectures. The exact mechanisms that cause the discrepancy are not clear. In the two previous studies, insulin implants were used to achieve optimal glucose control, but in our study, once-daily insulin detemir treatment failed to control glucose well and caused large glucose fluctuations. Irwin et al. found that bone loss in T1D was caused by hyperglycemia more than the lack of insulin signaling in bone (36), which might explain our negative results of insulin treatment.

GLP-1R agonists have demonstrated some benefits as adjunct therapies in T1D patients (6). The only experimental research by Mansur et al. found that liraglutide treatment for 21 days in STZ-induced T1D mice significantly increased bone maximum force and hardness but failed to improve trabecular and cortical microarchitectures (14). In our study, we found that liraglutide treatment alone or in combination with insulin for 8 weeks not only rectified the decreased trabecular and cortical BMD, but also partly rectified the trabecular microarchitectures, which might be due to the longer treatment duration than the study of Mansur and colleagues. Moreover, mechanical forces are associated with proper skeletal homeostasis (37). Bone loss occurs in humans after immobilization and in animals subjected to tail suspension, in which case sclerostin is increased to mainly inhibit bone formation (37). Studies also found that weight loss is generally associated with decreased bone mass in humans and rodents accompanied by increased bone resorption and decreased bone formation (38, 39). In our study, the mice in the liraglutide treatment groups suffered greater weight loss than the T1D mice which might cause negative effect on bone, which might partly explain the only partial improvement of bone microarchitectures. Metformin was also found to have an effect on bone metabolism, which was also mainly associated with neutral outcomes or decreased fracture risk in comparison to treatment with other glucose-lowering drugs (10). Metformin was found to decrease ALP, CTX-1, TRACP 5b, PINP, and RANKL, but increase OPG, RUNX2, and OPG/RANKL ratio in diabetic rat, indicating a bone protection role (40), but it was not exactly the same as liraglutide.

As for the mechanisms, previous studies found that Glp1-r KO mouse manifested an increased number of osteoclasts and eroded surfaces (7) and GLP-1RAs could decrease osteoclastic surfaces (41, 42), indicating a control of bone resorption. However, the downstream molecular mechanisms underlying this effect have not ever been identified. Yamada et al. once proposed an indirect effect through a reduction in calcitonin gene expression in GLP-1r-deficient animals. In our study, liraglutide treatment alone or in combination with insulin could not only effectively suppress osteoclastogenesis by downregulating the expression of Trem2 and NFATc1, but also downregulated the expression of CTSK and TRAP to inhibit the resorptive activity, confirming its effect on bone resorption. Liraglutide was also found to inhibit osteoclastogenesis in vitro, which supported our results (43). However, due to the scarcity of research in this area, more evidence may be required to further clarify its role in osteoclastogenesis.

Our research has some limitations: although dynamic bone formation rate and bone resorption surface were not calculated, detailed micro-CT analysis and serum bone turnover indicators could also reflect the bone turnover process well; in addition, due to the small amount of serum in mice, serum TREM2 protein was not measured.



Conclusion

In our study, T1D mice were confirmed to show decreased BMD and compromised microarchitectures. Transcriptomics was innovatively used to clarify pathophysiologic mechanisms, and we found that strengthened osteoclastogenesis regulated by increased expression of Trem2 and downstream genes played an important role in type 1 diabetic bone phenotype. Moreover, liraglutide generated a bone-protective effect in T1D mice by suppressing osteoclastogenesis to inhibit bone resorption.
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Previous studies have revealed that melatonin could play a role in anti-osteoporosis and promoting osteogenesis. However, the effects of melatonin treatment on osteoporotic bone defect and the mechanism underlying the effects of melatonin on angiogenesis are still unclear. Our study was aimed to investigate the potential effects of melatonin on angiogenesis and osteoporotic bone defect. Bone marrow mesenchymal stem cells (BMSCs) were isolated from the femur and tibia of rats. The BMSC osteogenic ability was assessed using alkaline phosphatase (ALP) staining, alizarin red S staining, qRT-PCR, western blot, and immunofluorescence. BMSC-mediated angiogenic potentials were determined using qRT-PCR, western blot, enzyme-linked immunosorbent assay, immunofluorescence, scratch wound assay, transwell migration assay, and tube formation assay. Ovariectomized (OVX) rats with tibia defect were used to establish an osteoporotic bone defect model and then treated with melatonin. The effects of melatonin treatment on osteoporotic bone defect in OVX rats were analyzed using micro-CT, histology, sequential fluorescent labeling, and biomechanical test. Our study showed that melatonin promoted both osteogenesis and angiogenesis in vitro. BMSCs treated with melatonin indicated higher expression levels of osteogenesis-related markers [ALP, osteocalcin (OCN), runt-related transcription factor 2, and osterix] and angiogenesis-related markers [vascular endothelial growth factor (VEGF), angiopoietin-2, and angiopoietin-4] compared to the untreated group. Significantly, melatonin was not able to facilitate human umbilical vein endothelial cell angiogenesis directly, but it possessed the ability to promote BMSC-mediated angiogenesis by upregulating the VEGF levels. In addition, we further found that melatonin treatment increased bone mineralization and formation around the tibia defect in OVX rats compared with the control group. Immunohistochemical staining indicated higher expression levels of osteogenesis-related marker (OCN) and angiogenesis-related markers (VEGF and CD31) in the melatonin-treated OVX rats. Then, it showed that melatonin treatment also increased the bone strength of tibia defect in OVX rats, with increased ultimate load and stiffness, as performed by three-point bending test. In conclusion, our study demonstrated that melatonin could promote BMSC-mediated angiogenesis and promote osteogenesis–angiogenesis coupling. We further found that melatonin could accelerate osteoporotic bone repair by promoting osteogenesis and angiogenesis in OVX rats. These findings may provide evidence for the potential application of melatonin in osteoporotic bone defect.
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Introduction

Osteoporosis, as the most frequent bone disease, results in reduced bone strength. The main characteristics include lower bone mineral density (BMD) and bone mass, impaired bone quality, and abnormal micro-architecture (1–3). Osteoporosis is a common and age-related bone disease throughout the world, affecting more than 20 million individuals (4), which causes bone fragility and fractures (2). It has a major influence on individuals associated with high morbidity and mortality (5). As a global health concern, osteoporosis can affect both sexes and all races, dramatically increasing the social and economic burden worldwide.

Osteoporosis has been recognized as an increased risk of bone fracture and bone defect healing. Rodent studies showed that osteoporosis could cause a striking reduction in the callus size of bone fracture and bone defect, BMD, and mechanical strength (6). Previous studies showed that the healing time of bone fractures or bone defects was significantly longer in patients with osteoporosis than in healthy people (7–10). Maintaining osteogenesis and angiogenesis is crucial for osteoporotic bone regeneration. Ding et al. found that reduced local blood supply to the tibial metaphysis may be associated with ovariectomy-induced osteoporosis (11). In a rat osteoporotic model, new bone trabeculae is arranged in an irregular and loose fashion, indicating the poor bone quality of newly formed bone (12). For patients with osteoporotic bone defect, osteoclast activity is enhanced and bone resorption proceeds at a faster rate than that of bone formation. In addition, the ability of new bone formation is decreased, and bone defect healing is significantly delayed compared with normal bone defect (13). Thus, the treatment is more difficult than that of normal bone defect. In the face of such a severe health problem, how to find more therapeutic strategies and ideal drugs has become an urgent problem to be solved.

Melatonin, synthesized from serotonin in the pineal gland, is a signal molecule that modulates the biological circadian rhythms in humans (14). Except for the pineal gland, melatonin can also be synthesized locally in the bone marrow. Increasing evidence demonstrates that melatonin may play a critical role in bone metabolism. Melatonin, the synthesis of which decreases with aging, is considered to be involved in age-related bone loss and osteoporosis (15, 16). In bone, two types of membrane-bound melatonin receptors, including MT1 and MT2, have been identified and can be expressed in both osteoblasts and osteoclasts (17). The level of melatonin in the bone marrow was twice that of plasma at night (18), suggesting that it may be related to bone metabolism. Multiple studies have revealed that melatonin could promote osteoblast proliferation and differentiation, inhibit osteoclast activity, maintain the steady-state of bone metabolism, and thus play a role in anti-osteoporosis (19–22). Zhang et al. demonstrated that melatonin could restore the osteoporosis-impaired osteogenic potential of bone marrow mesenchymal stem cells (BMSCs) and alleviate bone loss through the HGF/PTEN/Wnt/beta-catenin axis (23). Dong et al. showed that melatonin treatment could upregulate the expressions of neuropeptide Y and its receptor Y1 and promote mesenchymal stem cell proliferation and migration (24). Thus, it indicates that melatonin may be a potential biomolecule for osteoporosis and its related bone defect.

Moderate osteogenesis and angiogenesis is involved in both bone repair and fracture healing (25). Currently, accumulating evidence has indicated the associations between melatonin and osteogenesis. However, few studies have been conducted to research the relationship between melatonin and angiogenesis. Ramírez-Fernández et al. observed that only the melatonin group showed a significantly increased number of blood vessels compared to the control group in a bone defect rabbit model (26). However, the mechanism underlying the effects of melatonin on angiogenesis was not clarified. Thus, how melatonin affects angiogenesis and what its effects are on osteoporotic bone defect are still unclear. The purpose of this study was to evaluate the potential effects of melatonin on angiogenesis and osteoporotic bone defect, which may provide evidence for the potential application of melatonin in osteoporosis and osteoporotic bone defect.



Materials and Methods


Isolation and Culture of Rat BMSCs

BMSC isolation was performed as previously described (27, 28). BMSCs were harvested from the bone marrow of femurs and tibias in 2-week-old Sprague–Dawley (SD) rats. The rats were euthanized and sterilized in 75% ethanol for 15 min. BMSCs were flushed out by an injection of alpha modified Eagle’s minimum essential medium (α-MEM; HyClone, USA) using a 5-ml syringe fitted with a 25-gauge needle under sterile conditions. After centrifugation, the BMSCs were cultured in α-MEM, which was supplemented with 10% fetal bovine serum (Gibco, USA) and 1% penicillin/streptomycin (Gibco, USA). The BMSCs between passages 3 and 5 were used in the following experiments. All of the above-mentioned cells were cultured at 37°C in a humidified atmosphere containing 5% CO2.



Cell Proliferation Assay

BMSC proliferation was detected using Cell Counting kit-8 (CCK-8; Dojindo, Kumamoto, Japan) following the manufacturer’s instructions. Specifically, the BMSCs were seeded with a density of 2,000 cells per well in a 96-well plate and cultured in complete medium containing melatonin with various gradient concentrations (10 nM, 100 nM, 1 μM, and 10 μM) for various durations (1, 3, 5, and 7 days). Melatonin (purity >99%, cat. no. S20287) was purchased from Yuanye Bio-Technology Co., Ltd. (Shanghai, China). The untreated wells served as the control group. Then, each well was subjected to a 10-μl CCK-8 solution, and the cells were incubated at 37°C for 1 h. Then, the optical density was measured at 450 nm using a microplate reader (Thermo, USA).



Osteoblastic Determination and Mineralization Assessment

BMSCs were seeded in a 24-well plate with a density of 2 × 104 cells per well. The medium was replaced with an osteogenic medium (complete α-MEM containing 10 nM dexamethasone, 50 μM ascorbic acid, and 10 mM β-glycerophosphate) after reaching over 80% confluence. For treatment, melatonin with various gradient concentrations (10 nM, 100 nM, and 1 μM) was added into the medium. The untreated wells served as the control group. Then, protein was extracted, and the supernatant liquid was harvested after 7 days of osteogenic induction for western blotting analysis and enzyme-linked immunosorbent assay (ELISA) test of vascular endothelial growth factor (VEGF), respectively. Alkaline phosphatase (ALP) activity was determined at day 7 of differentiation using ALP Staining Kit (cat. no. P0321S, Beyotime Biotechnology, China). The mineralization of the calcium nodule was detected on the 14th day using alizarin red S (ARS) solution (cat. no. G1452, Solarbio Science & Technology, China). The absorbance at 405 nm for ALP and 560 nm for ARS staining was detected using a microplate reader (Thermo, USA).



Quantitative Real-Time PCR

Prior to PCR, total RNA was extracted using RNA Purification Kit (EZBioscience, USA). The RNA was reverse-transcribed by 500 ng of total RNA from each sample using Reverse Transcription Kit (EZBioscience, USA). Next, the cDNA was amplified with SYBR Green qPCR Master Mix (EZBioscience, USA). Data were analyzed, and the relative expression levels were calculated by the 2-ΔΔCT method. Housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for normalization. All reactions were carried out with three biological replicates, and each analysis consisted of three technical replicates. The primer sequences were designed by Oligo 7.0 software and are shown in Table 1.


Table 1 | Real-time PCR primer sequences used in the study.





Western Blotting

Total protein was extracted by RIPA buffer (Beyotime Biotechnology, China), containing protease and phosphatase inhibitors (Sigma-Aldrich, USA), for 30 min at 4°C. The cell lysates were cleared by centrifugation, and the protein concentration was determined using the bicinchoninic acid quantification kit (Beyotime Biotechnology, China). Furthermore, 30 μg protein was electrophoresed with 10% SDS-PAGE electrophoresis (Beyotime Biotechnology, China) and subsequently transferred to a polyvinylidene difluoride membrane (Millipore, USA). The membranes were blocked with 5% bovine serum albumin (BSA) (Solarbio Science & Technology, China) for 1 h at room temperature and incubated overnight at 4°C with primary antibodies against ALP (1:1,000; DF6225, Affinity Biosciences, Cincinnati, OH, USA), osteocalcin (OCN) (1:1,000; DF12303, Affinity Biosciences, Cincinnati, OH, USA), runt-related transcription factor 2 (RUNX2) (1:2,000; AF5186, Affinity Biosciences, Cincinnati, OH, USA), VEGF (1:1,000; AF5131, Affinity Biosciences, Cincinnati, OH, USA), GAPDH (1:5,000; T0004, Affinity Biosciences, Cincinnati, OH, USA), and β-actin (1:5,000; T0022, Affinity Biosciences, Cincinnati, OH, USA). The membranes were then incubated with secondary antibody (1:5,000; S0001, Affinity Biosciences, Cincinnati, USA). Finally, the membranes were visualized with enhanced chemiluminescence reagent (Beyotime Biotechnology, China). The band intensity was quantified using Image Lab (Bio-Rad, Hercules, CA, USA).



VEGF Analysis by ELISA

Commercial ELISA kit for VEGF (Cusabio, Wuhan, China) was used to determine the concentrations of VEGF in the supernatant liquid from different groups following the manufacturer’s protocols.



Immunofluorescence

BMSCs were fixed with 4% PFA and permeabilized with 0.1% Triton X-100 in phosphate-buffered saline (PBS) containing 5% BSA. After blocking with 5% BSA for 1 h, the cells were stained overnight at 4°C with primary antibodies. Subsequently, the cells were incubated with a fluorescein isothiocyanate-conjugated secondary antibody (1:1,000; ab6717, Abcam, UK) for 1 h and then stained with 4′,6-diamidino-2-phenylindole. The fluorescence signal was captured using a fluorescence microscope (DMi8, Leica, Germany).



Angiogenesis-Related Assays in vitro

To further assess the angiogenic capability of melatonin, the BMSCs were treated with or without 100 nM melatonin, and the conditioned mediums were harvested after 7 days of osteogenic induction, which were used for the following assays. Subsequently, human umbilical vein endothelial cells (HUVECs) (Procell Life Science &Technology Company, Wuhan, China) were cultured and treated under different conditions (1): fresh medium (2), fresh medium with 100 nM melatonin (3), conditioned medium from BMSCs without melatonin, and (4) conditioned medium from BMSCs with 100 nM melatonin. Then, scratch wound assay, transwell migration assay, and tube formation assay were further detected as will be detailed in the following discussion.

For the scratch wound assay, HUVECs were seeded at a density of 2 × 105/well in a 6-well plate. The cells were scratched after confluence under an inverted microscope (Nikon; Tokyo, Japan). Then, the cells were cultured in the aforementioned mediums. The wound images were obtained immediately and at 12 h later. The width of the wounded areas (%) was calculated as (A0 – An)/A0 × 100, where A0 and An represent the initial wound area and the residual wound area at the metering point, respectively.

For the transwell migration assay, HUVECs were suspended and loaded into the top chamber of a transwell plate (Corning, NY, USA). The medium from the treated BMSCs was then added to the chamber. After 12 h, the unmigrated HUVECs in the upper chambers were removed by wiping the top of the membranes. The migrated cells were fixed in 4% paraformaldehyde, washed with PBS solution, and then stained with 0.5% crystal violet for 10 min. The cells were imaged and counted under the random fields of the microscope (Nikon; Tokyo, Japan).

For the tube formation assay, HUVECs were seeded into a Matrigel-coated 96-well plate at a density of 5 × 103/well, Then, the cells were incubated in the aforementioned medium. After incubation for 8 h, HUVEC tube formation was observed under an inverted microscope (Nikon; Tokyo, Japan). The number of tubes was calculated by Image-Pro Plus software.



Animal Experiments in Ovariectomized Rats


Ethics Statement

All experiments were approved by the Animal Care and Ethics Committee of the Southern Medical University (no. SMUL2021003), and the procedures were conducted in accordance with the policies of the Ethics Committee for Animal Research.



Animal Surgery and Treatment

A total of 84 female specific-pathogen-free SD rats (weight 250 ± 20 g; 12 weeks old; purchased from Zhuhai BesTest Bio-Tech Co., Ltd., Guangdong) were used in this experiment. All the rats were housed at a standard room temperature of 22 ± 2°C and humidity of 55–70% under a 12-h light/dark cycle with free access to food and water. After adaptation, 78 rats were randomly selected for bilateral ovariectomized (OVX) surgery, and 6 rats received sham surgery as previously described (29). After 3 months, 6 OVX and 6 sham surgery rats were selected for micro-computed tomography (micro-CT) and H&E staining to confirm the OVX rat model of osteoporosis. Then, 72 OVX rats were randomly selected and anesthetized for the longitudinal approach, which was performed on the medial surface of the proximal end with exposure of the proximal anteromedial metaphysis of the right tibia. Specifically, a standardized drill hole defect (3-mm diameter and 4-mm depth) was used to create a monocortical defect. After surgery, all the rats were randomly divided into three groups: low-dose melatonin treatment group (LMEL group, n = 24), high-dose melatonin treatment group (HMEL group, n = 24), and control group (CON group, n = 24). The LMEL and HMEL group rats were intraperitoneally injected with 10 and 50 mg/kg/day melatonin daily for 4 weeks, respectively. The CON group was injected with normal saline under the same conditions. The therapeutic dose of melatonin mentioned above was determined based on previous experiments in which melatonin showed protective effects in an OVX rat model (30, 31). The right tibiae in rats were harvested and assigned to micro-CT analysis and histological studies, which were randomly selected from each group (n = 6/group) at 2 weeks after tibia surgery. All the remaining rats were sacrificed, and the right tibiae were harvested at 4 weeks after treatment. Six tibia specimens were randomly selected from each group for micro-CT analysis and histological studies. The remaining tibia specimens were randomly assigned to fluorescent labeling analysis (n = 6 for each) and biomechanical test (n = 6 for each).



Micro-CT

Micro-CT analysis (Model μCT80, Scanco Medical Inc., Brüttisellen, Switzerland) was first used to confirm the success of the osteoporosis model. We selected the first region of interest (ROI) in the trabecular region of the tibia (1,500 μm in length and approximately 300 μm below the proximal epiphyseal plate) and reconstructed it by a computer analysis program. The histomorphometric parameters were considered as BMD, bone volume fraction (BV/TV), and trabecular number (Tb.N).

Bone repair was monitored by micro-CT at 2 and 4 weeks after tibia surgery. The central 2.5-mm-diameter region of the 3-mm-diameter defect was defined by drawing a circular contour as the second ROI to evaluate bone regeneration within the defect, which could avoid containing the native bone margins and help obtain a consistent volume of interest. After 3D reconstruction, BMD, BV/TV, Tb.N, and trabecular separation (Tb.Sp) in the ROI region were analyzed. All digitalized data and 3D images were generated by the built-in software of the micro-CT.



Histology and Immunohistochemical Staining

For histological and immunohistochemical (IHC) analyses, the samples were decalcified in 10% EDTA for 4 weeks after micro-CT imaging. Then, 4-μm-thick sections were then subjected to H&E staining and Masson’s trichrome staining. For IHC staining, 6-μm-thick sections were incubated with primary antibodies against OCN (1:100; DF12303, Affinity Biosciences, Cincinnati, OH, USA), VEGF (1:200; AF5131, Affinity Biosciences, Cincinnati, OH, USA), and CD31(1:200; AF6191, Affinity Biosciences, Cincinnati, OH, USA). The immunoreactivity of the analysis was determined using horseradish peroxidase detection system.



Sequential Fluorescent Labeling

All of the rats were intraperitoneally injected with 10 mg/kg calcein (cat. no. C0875, Sigma) at 10 and 3 days before the end of the experiment (32). At the end of the observation time (4 weeks after the treatment), the tibia samples were obtained for hard-tissue slicing and then imaged through the laser confocal microscopy (LSM 880, Zeiss, Germany). The bone mineral apposition rate (MAR, μm/d) was measured and calculated by automatic image analysis system.



Biomechanical Test

A three-point bending test was performed on the tibia specimens to determine the biomechanical properties by a material testing machine (ELF-3510AT, Bose, Inc., USA) as previously described (33). The bones were positioned horizontally on two supports. As the location of the bone repair area, the center of the metaphysis was positioned downward. The load and the displacement of the loading device were collected during each experiment until fracture. Data was recorded to the material testing instrument from the load–deformation curve. The maximum force at failure values (N) were recorded from the load data, and the stiffness (N/mm) was calculated as the slope of the initial linear uploading portion of the curves.




Statistical Analysis

SPSS software version 25.0 was used for all statistical analyses. Data were analyzed by two-tailed Student’s t-test or analysis of variance (ANOVA), with repeated measures where applicable. Differences were determined to be statistically significant when P-value <0.05, with the data reported as mean ± SEM.




Results


Melatonin Promoted the Osteogenesis of BMSCs In Vitro

First, a CCK-8 assay was conducted to observe whether melatonin can affect the proliferation of BMSCs. As shown in Figure 1A, melatonin promoted cell proliferation, and its effect was not in a dose-dependent manner. The most effective concentration was 100 nM, followed by 1 μM, 10 nM, and 10 μM. Then, ALP staining and ARS staining were performed to assess the pro-osteogenic effect of melatonin in vitro. BMSCs treated with melatonin indicated a higher level of ALP activities compared to the control group (Figures 1B, C). The most effective concentration was also 100 nM, followed by 1 μM and 10 nM, which was consistent with the CCK-8 assay. In addition, ARS staining validated the result. After 14 days of osteogenic induction, ARS staining revealed an increase in the stained area and extracellular deposition of calcium in the melatonin treatment groups compared with the control group (Figures 1D, E).




Figure 1 | Melatonin promoted the osteogenesis of BMSCs in vitro. (A) The effect of melatonin on BMSC proliferation measured by CCK-8 assays. (B, C) Images and quantification of ALP activity after 7 days of osteogenic induction (scale bars, 200 μm). (D, E) Calcium mineralization was assessed via ARS staining and quantification (scale bars, 200 μm). (F) mRNA expression levels of osteogenesis-related markers in BMSCs following treatment with/without melatonin. (G, H) Protein expression levels of osteogenesis-related markers (OCN, RUNX2, and ALP). (I, J) Immunofluorescent images of BMSCs stained for ALP and OCN (scale bars, 100 μm). All the experiments were repeated at least 3 times independently. CCK-8, cell counting kit-8; BMSCs, bone marrow mesenchymal stem cells; ARS, alizarin red S; ALP, alkaline phosphatase; OCN, osteocalcin; RUNX2, runt-related transcription factor 2. The data are presented as means ± SEM. *p < 0.05, **p < 0.01 vs. control group, #p < 0.05, ##p < 0.01 vs. 100 nM melatonin group.



To further investigate how melatonin promotes the osteogenesis of BMSCs, we measured the mRNA and protein expressions of osteogenesis-related genes in cultured BMSCs at 3 and 7 days after various gradient concentrations of melatonin treatment. It showed that the mRNA expression levels of osteogenesis-related markers, including ALP, OCN, RUNX2, and osterix were all significantly increased in the melatonin treatment groups compared with the control group (Figure 1F). The most effective concentration is 100 nM. Consistently, the protein expression levels of ALP, OCN, and RUNX2 were all significantly increased in the melatonin treatment groups compared with the control group (Figures 1G, H). Immunofluorescence staining also indicated higher expression levels of ALP and OCN after melatonin treatment (Figures 1I, J). Thus, all these data indicated that melatonin promoted the osteogenesis of BMSCs in vitro.



Melatonin Promoted Angiogenesis In Vitro

Then, the mRNA expressions of angiogenesis-related genes in cultured BMSCs at 3 days were detected after various concentrations of melatonin treatment. The mRNA expression levels of angiogenesis-related markers, including VEGF, angiopoietin-2, and angiopoietin-2, were all significantly upregulated compared with the control group (Figure 2A). After 7 days of melatonin treatment, the protein expression level of VEGF was significantly increased compared with the control group (Figure 2B). Consistently, ELISA and immunofluorescence staining for VEGF both showed significantly higher levels of VEGF in the melatonin-treated groups (Figures 2C, D), Notably, the most effective concentration for all of these assays is also 100 nM. It suggested that the most effective concentration of melatonin for promoting osteogenesis and angiogenesis was consistent. These findings imply that melatonin can also promote angiogenesis in vitro.




Figure 2 | Melatonin promoted angiogenesis in vitro. (A) mRNA expression levels of osteogenesis-related markers in BMSCs following treatment with/without melatonin. (B) Protein expression levels of osteogenesis-related marker VEGF. (C) VEGF content secreted in the supernatant liquid assessed by ELISA kits. (D) Immunofluorescent images of BMSCs stained for VEGF (scale bars, 100 μm). All the experiments were repeated at least 3 times independently. BMSCs, bone marrow mesenchymal stem cells; VEGF, vascular endothelial growth factor. The data are presented as means ± SEM. *p < 0.05, **p < 0.01 vs. control group, #p < 0.05, ##p < 0.01 vs. 100 nM melatonin group.





Melatonin Promoted Osteogenesis–Angiogenesis Coupling In Vitro

To further assess the angiogenic capability of melatonin, BMSCs were treated with or without 100 nM melatonin, and the conditioned mediums were harvested after 7 days of osteogenic induction. The fresh mediums and the conditioned mediums were used for the following assays, respectively. Scratch wound assay and transwell migration assay were used to explore whether melatonin could affect cell migration. We found that no significant difference in cell migration was observed between the melatonin-treated group and the control group when HUVECs were cultured in fresh medium (P > 0.05). However, the migration of the melatonin-treated group was incredibly increased compared to the untreated group when HUVECs were cultured in conditioned medium (Figures 3A–D). Consistently, there was no significant difference in the ability to induce capillary tube formation between the melatonin-treated group and the untreated group when HUVECs were cultured in fresh medium (P > 0.05). The ability of the melatonin-treated group to induce capillary tube formation was significantly enhanced compared to the untreated group when HUVECs were cultured in conditioned medium (Figures 3E, F). We also found that the most effective concentration for the above-mentioned assays is 100 nM, which is consistent with our previous results. The results indicated that melatonin treatment was not able to facilitate HUVEC angiogenesis. However, it implied that melatonin possessed the ability to promote BMSC-mediated angiogenesis. This illustrated that the role of melatonin in promoting angiogenesis is coupled with that in promoting osteogenesis. Collectively, it demonstrated that melatonin promoted osteogenesis–angiogenesis coupling in vitro.




Figure 3 | Melatonin promoted osteogenesis-angiogenesis coupling in vitro. (A, B) Scratch wound assay of HUVECs incubated with the indicated mediums (scale bars, 100 μm). (C, D) Transwell migration assay of HUVECs incubated with the indicated mediums (scale bars, 100 μm). (E, F) Tube formation assay of HUVECs incubated with the indicated mediums (scale bars, 100 μm). All the experiments were repeated at least 3 times independently. The data are presented as means ± SEM. **p < 0.01 vs. control group, ##p < 0.01 vs. CM-vehicle group. HUVECs, human umbilical vein endothelial cells; FM, fresh medium; CM, conditioned medium. ns, no significance.





Confirmation of Osteoporosis Model in OVX Rats

After 3 months of OVX surgery, the efficacy of OVX was confirmed by micro-CT and H&E staining of tibia bones. 2D images and 3D vertically sectioned images of the tibia bone were performed in the Sham group and the OVX group (Figures 4A, B). Both 2D and 3D images showed a significant trabecular bone volume, thickness, and density decrease, with a striking trabecular separation increase, compared to the Sham group. To observe this change more clearly, the 2D scanned images were constructed into 3D microstructures for analyses (Figure 4C). It showed significantly decreased BMD, BV/TV, and Tb.N in the OVX group compared with the Sham group (Figure 4D). Furthermore, H&E staining exhibited that the tibia bone in the OVX group was severely damaged, with increased bone trabecular spacing and broken tibia trabeculae, compared with the Sham group (Figure 4E). All of the above-mentioned data demonstrated that the OVX rat model of osteoporosis was successfully established.




Figure 4 | Confirmation of osteoporosis model in ovariectomized rats. (A) 2D images of the tibia bone in two groups (scale bars, 1 mm). (B) Tibia bone visualized and vertical-sectioned images (scale bars, 1 mm). (C) 3D constructed images of the tibia proximal metaphysis (top, trabecular bone with cortical bone; internal, trabecular portion) (scale bars, 1 mm). (D) Quantitative presentation of microarchitectural parameters including BMD, BV/TV, and Tb.N. (E) H&E staining images of tibia bone. BMD, bone mineral density; BV/TV, trabecular bone volume; Tb.N, trabecular number. The data are presented as means ± SEM. **p < 0.01 vs. Sham group.





Melatonin Enhanced Bone Repairing Ability by Promoting the Osteogenesis of Tibia Defect in OVX Rats

After confirmation of osteoporosis, a tibia defect model was established in rats and then treated with melatonin for 4 weeks. At week 2, the CON group remained primarily empty in the 3D reconstruction images. However, a small amount of mineralized tissue was predominantly located at the defect periphery in the LMEL and HMEL groups (Figure 5A). At week 4, increased bone volume can be observed in the LMEL and HMEL groups compared with the CON group (Figure 5B). Histological representation of bone formation further confirmed the results of micro-CT (Figures 5C, D). In addition, BMD, BV/TV, Tb.N, and Tb.Sp in the ROI were further analyzed. The CON group showed the lowest values in BMD, BV/TV, and Tb.N, with the highest value in Tb.Sp among all groups at both time points (Figure 5E). It indicated that melatonin treatment promoted the osteogenesis of tibia defect in OVX rats. Meanwhile, Masson’s trichrome staining showed that melatonin treatment increased the bone mineralization and formation around the tibia defect compared with the CON group (Figures 5F, G). Remarkably, the HMEL group showed a more striking effect than the LMEL group at both time points. This suggested that melatonin therapy may show a dose-dependent manner in vivo. In general, these results revealed that melatonin enhanced the bone repairing ability by promoting the osteogenesis of tibia defect in OVX rats.




Figure 5 | Melatonin enhanced the bone repairing ability by promoting osteogenesis of tibia defect in ovariectomized rats. (A, B) 3D images of mineralized bone formation in tibia defect (scale bars, 1 mm). (C, D) Histological assessment of the defect area by H&E staining (scale bars, 200 μm). (E) Quantitative presentation of microarchitectural parameters, including BMD, BV/TV, Tb.N, and Tb.Sp. (F, G) Histological assessment of the defect area by Masson’s trichrome staining (scale bars, 200 μm). BMD, bone mineral density, BV/TV, trabecular bone volume, Tb.N, trabecular number; Tb.Sp, trabecular separation; HMEL, high-dose melatonin treatment group. The data are presented as means ± SEM. **p < 0.01 vs. control group, #p < 0.05, ##p < 0.01 vs. HMEL group.





Melatonin Accelerated Bone Repair by Promoting the Osteogenesis and Angiogenesis of Tibia Defect in OVX Rats

Immunohistochemical staining of osteogenesis-related marker (OCN) and angiogenesis-related markers (VEGF and CD31) was further performed. Compared with the CON group, OCN immunostaining was denser and more widely distributed in sections in the melatonin-treated groups (Figure 6A), which was consistent with the results of VEGF and CD31 (Figures 6B, C). The HMEL group showed a more striking effect than the LMEL group at both time points. Sequential fluorescent labeling showed that the distance strip in the melatonin-treated groups was wider than that in the CON group (Figure 6D). The bone mineral deposition rate was analyzed to investigate the bone formation activity. It showed that MAR was significantly improved in the melatonin-treated groups, and this effect was more significant in the HMEL group than that in the LMEL group (Figure 6E). The three-point bending test revealed that the melatonin treatment increased the ultimate load and stiffness compared with the CON group (Figures 6F, G). All these data implied that melatonin could accelerate bone repair and increase bone strength by promoting the osteogenesis and angiogenesis of tibia defect in OVX rats.




Figure 6 | Melatonin accelerated bone repair by promoting the osteogenesis and angiogenesis of tibia defect in ovariectomized rats. (A) Images of immunohistochemical staining of osteocalcin in the tibia defect (scale bars, 200 μm). (B) Images of immunohistochemical staining of vascular endothelial growth factor in the tibia defect (scale bars, 200 μm). (C) Images of immunohistochemical staining of CD31 in the tibia defect (scale bars, 200 μm). (D) New bone formation was detected by sequential fluorescent labeling of calcein (scale bars, 10 μm). (E) Quantitative analysis of mineral apposition rate. (F) Maximum force determined experimentally by three-point bending test. (G) Stiffness determined experimentally by three-point bending test. The data are presented as means ± SEM. *p < 0.05, **p < 0.01 vs. control group, #p < 0.05 vs. high-dose melatonin treatment group.






Discussion

The repair of bone defects requires recapitulation of complex signaling cascades, including a series of spatiotemporal angiogenesis and osteogenesis (34, 35). However, for osteoporosis, the bone resorption rate is greater than that of new bone formation, with a decreased ability for new bone formation. The clinical therapy of osteoporotic bone defect is more difficult than that of normal bone defect (36). However, conventional treatment option has limited efficacy and is not satisfactory. Therefore, novel therapeutic drug strategies to tackle osteoporosis and its related complications are warranted, which should be effective, safe, and available. To the best of our knowledge, our study is the first to demonstrate that melatonin could promote osteogenesis–angiogenesis coupling in vitro. Meanwhile, we further confirmed that melatonin treatment could accelerate bone repair and increase bone strength by promoting the osteogenesis and angiogenesis of tibia defect in OVX rats.

Bone regeneration is inseparable from the supply of nutrients, and angiogenesis in bone is crucial for bone defect repair (37). Vascularization is the premise of bone defect repair (38), which is a key link in the process of fracture healing and bone defect repair (39). The conventional view is that the relationship between osteogenesis and angiogenesis is one way, mainly manifested as angiogenesis providing essential nutrients for bone regeneration and repair and eliminating metabolic wastes (40). However, recent studies have shown that bone regeneration also plays a vital role in the regeneration of blood vessels within the bone (41, 42). Thus, it is critical to focus on the regeneration of blood vessels while investigating bone regeneration.

Increasing studies suggested that melatonin plays beneficial roles in bone metabolism, including bone anabolism as well as anti-bone resorption (43–45). Currently, various studies have been focused on the association between melatonin and osteogenesis. However, few studies are about the effects of melatonin on angiogenesis. In our study, we found that melatonin can promote osteogenesis and angiogenesis simultaneously. An in vitro study showed that melatonin promoted osteogenesis at the same optimal concentration as it promoted angiogenesis. The most effective concentration of both was 100 nM. However, it is worth noting that its effect was not in a dose-dependent manner. It indicates that it is important to find the optimal concentration, rather than simply increasing it, for melatonin to maximize its role in osteogenesis and angiogenesis. We further found that melatonin possessed the ability to promote BMSC-mediated angiogenesis and osteogenesis–angiogenesis coupling in vitro. When HUVECs were cultured in fresh medium, we found that no significant difference in cell migration and tube formation was observed between the melatonin-treated group and the control group. However, when HUVECs were cultured in conditioned medium, the ability of migration and induction of capillary tube formation of the melatonin-treated group was significantly enhanced compared to the untreated group. The communication between vascular endothelial cells and BMSCs was significantly critical in bone remodeling. The process can be amplified by multiple elements, which participated in the recruitment, differentiation, and proliferation of vascular endothelial cells and BMSCs (46). This association has been illustrated to be due to an osteoblastic and angiogenic factor (VEGF), which was consistent with our findings (47). Combined with the results of the VEGF-related assays in this study, it suggested that melatonin could promote BMSC-mediated angiogenesis by upregulating the VEGF levels.

Previous studies, including animal experiments and clinical findings, have shown that melatonin has a notably anti-osteoporosis effect and high safety profile (48–52). Amstrup et al. demonstrated that melatonin could improve BMD at the femoral neck in postmenopausal women with osteopenia (53). A randomized controlled trial suggested that melatonin treatment is safe in postmenopausal women with osteopenia, and small doses of melatonin can improve sleep quality (54). However, the studies on melatonin mostly focused on the effects of melatonin therapy on osteoporosis. Relative mechanisms are mainly focused on the fact that melatonin can promote osteogenesis in osteoblasts (55–57) and inhibit osteolysis in osteoclasts (58–60). There is little evidence about exploring the relationship between melatonin and angiogenesis. Ramírez-Fernández et al. showed that melatonin could promote angiogenesis in a bone defect rabbit model and may have potential beneficial effects on bone defect repair (26). Hu et al. demonstrated that melatonin could protect cortical bone-derived stem cells against γ-ray radiation and assist in the healing of postradiation bone defects (61). Yildirimturk et al. found that melatonin showed beneficial effects on the healing of bone defects in streptozotocin-induced diabetic rats (62). However, these studies lacked further clarify how melatonin affects angiogenesis and explore its effects on osteoporotic bone defect. Our study is the first to demonstrated that melatonin could promote BMSCs-mediated angiogenesis by upregulating VEGF levels and promote osteogenesis-angiogenesis coupling in vitro. In addition, our study is novel in showing that melatonin could accelerate bone repair by promoting osteogenesis and angiogenesis of tibia defect in OVX rats. Therefore, our study is the first to indicate that melatonin treatment was able to accelerate bone repair in rats with osteoporotic bone defect, which was potentially effective to bone regeneration. However, the limitation of our study is that the exact pathway underlying melatonin promoting osteogenesis-angiogenesis coupling has not been clarified, which is our ongoing research.



Conclusion

In conclusion, our results demonstrated that melatonin could accelerate osteoporotic bone repair by promoting osteogenesis-angiogenesis coupling. Further investigation is undertaken about the underlying mechanism about how the osteogenesis-angiogenesis coupling process is promoted by melatonin. These findings can advance our thinking about that the application of melatonin may provide new insight and strategy for bone regeneration, and hence it could be a promising therapeutic remedy against osteoporosis and osteoporotic bone defect.
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Objective

To investigate the mechanisms of super-enhancer-associated LINC01485/miR-619-5p/RUNX2 signaling axis involvement in osteogenic differentiation of human bone marrow mesenchymal stem cells (hBMSCs).



Methods

Osteogenic differentiation of hBMSCs was induced in vitro. The expression levels of LINC01485 and miR-619-5p during osteogenesis were measured using quantitative real-time polymerase chain reaction (qRT-PCR). Osteogenic differentiation was examined by qRT-PCR, western blot, alkaline phosphatase (ALP) staining, ALP activity measurement, and Alizarin Red S (ARS) staining assays. Thereafter, the effects of LINC01485 and miR-619-5p on osteogenic differentiation of hBMSCs were evaluated by performing loss- and gain-of-function experiments. Subsequently, a fluorescence in situ hybridization (FISH) assay was employed to determine the cellular localization of LINC01485. Bioinformatics analysis, RNA antisense purification (RAP) assay, and dual-luciferase reporter assays were conducted to analyze the interactions of LINC01485, miR-619-5p, and RUNX2. Rescue experiments were performed to further delineate the role of the competitive endogenous RNA (ceRNA) signaling axis consisting of LINC01485/miR-619-5p/RUNX2 in osteogenic differentiation of hBMSCs.



Results

The expression of LINC01485 was up-regulated during osteogenic differentiation of hBMSCs. The overexpression of LINC01485 promoted osteogenic differentiation of hBMSCs by up-regulating the expression of osteogenesis-related genes [e.g., runt-related transcription factor 2 (RUNX2), osterix (OSX), collagen type 1 alpha 1 (COL1A1), osteocalcin (OCN), and osteopontin (OPN)], and increasing the activity of ALP. ALP staining and ARS staining were also found to be increased upon overexpression of LINC01485. The opposing results were obtained upon LINC01485 interference in hBMSCs. miR-619-5p was found to inhibit osteogenic differentiation. FISH assay displayed that LINC01485 was mainly localized in the cytoplasm. RAP assay results showed that LINC01485 bound to miR-619-5p, and dual-luciferase reporter assay verified that LINC01485 bound to miR-619-5p, while miR-619-5p and RUNX2 bound to each other. Rescue experiments illustrated that LINC01485 could promote osteogenesis by increasing RUNX2 expression by sponging miR-619-5p.



Conclusion

LINC01485 could influence RUNX2 expression by acting as a ceRNA of miR-619-5p, thereby promoting osteogenic differentiation of hBMSCs. The LINC01485/miR-619-5p/RUNX2 axis might comprise a novel target in the bone tissue engineering field.
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Introduction

Critical-sized bone defects in oral and maxillofacial regions occurring due to tumor resection, trauma, congenital malformation, or alveolar bone resorption after teeth loss remain a significant challenge in oral reconstruction (1). Currently, autologous bone grafts have been considered the gold standard for the repair and reconstruction of maxillofacial bone defects, including critical-sized bone defects (2, 3). However, their clinical application is limited by disadvantages such as additional trauma at the donor site and limited bone availability (1, 4). Because of the limitations of autologous bone transplantation and other currently applied methods, bone tissue engineering that organically combines seed cells, bioactive factors, and biomaterials scaffolds is expected to provide an effective alternative approach for bone repair and reconstruction (5–7). Marrow mesenchymal stem cells (MSCs)-based therapies are considered viable alternatives with promising advantages for restoring the structure and function of damaged bone (5, 8). Bone marrow mesenchymal stem cells (BMSCs) are adult stem cells with high regeneration and multidirectional differentiation potential, which makes them ideal seed cells. Notably, research addressing the potential application of long non-coding RNAs (lncRNAs) in bone tissue engineering constructs for repair of bone defects is scarce. While the use of lncRNAs in combination with scaffolding has been reported in a few recent studies (8, 9), accumulating evidence shows that lncRNAs are involved in the osteogenic differentiation of various types of cells (9–12). Therefore, exploring the regulatory mechanisms related to lncRNAs’ roles in osteogenic differentiation could provide a theoretical basis for target discovery in applications within bone tissue engineering.

lncRNAs are a class of little or no protein-coding transcripts longer than 200 nucleotides (9). Improvements in sequencing technologies have led to the identification of thousands of IncRNAs in different cell types, including cells of cartilage and bone (13). Accumulating evidence has shown that lncRNAs are involved in the osteogenic differentiation of various types of cells, and several lncRNAs such as H19 (14, 15), MALAT1 (16, 17), MEG3 (18), and HOTAIR (19) have been found to regulate the osteogenesis of MSCs. lncRNAs are believed to regulate osteoblastic differentiation by mechanisms such as combining with RNA binding protein (RBP), interacting with sense transcripts, binding with EZH2, chromatin modification, binding to transcription factors, and acting as competitive endogenous RNA (ceRNA) (9, 11).

Super-enhancers (SEs) have been attracting attention since their concept was first proposed by Hnisz et al. in 2013 (20). SEs are a large cluster of enriched transcriptional activity enhancers that drive the expression of genes controlling cell identity. Compared with typical enhancers (TEs), SEs enrich a greater number of factors related to enhancer activity, such as Mediator1 (Med1), H3K27ac, H3K4me1, H3K4me2, and chromatin factors such as cohesin, p300, and CBP, RNA polymerase II (RNAPII), and therefore SEs display stronger transcriptional activation ability (21). Moreover, SEs can increase the transcription and production of enhancer-associated ncRNAs (eRNAs, elncRNAs) (21, 22).

SEs have been a particular focus of research in cell development and differentiation, and tumorigenesis. In recent years, accruing data has demonstrated a role of SEs in bone tissue regulation. Studies have reported that SEs are associated with various bone-related diseases, including osteosarcoma, Ewing sarcoma, chordoma, multiple myeloma, cartilage dysplasia, osteoporosis, rheumatoid arthritis, and osteoarthritis (23). These studies have typically identified disease-specific SEs and their target genes using bioinformatics, and then analyzed the functions of the target genes through experimental approaches (23). In conjunction, BRD4 and CDK7 based drugs targeting critical components of SEs have been developed to treat osteosarcoma, Ewing sarcoma, multiple myeloma, osteoarthritis, and other bone-related diseases (24–27). Specifically, Zhang et al. (24) have reported that the specific CDK7 inhibitor THZ2 could suppress the phosphorylation of RNAPII CTD and selectively suppress super-enhancer-related genes, leading to anti-osteosarcoma effects. Considering osteogenic differentiation, Yu et al. (28) have reported that the single-nucleotide polymorphisms (SNP)-unique ankylosing spondylitis (AS) SNP-adjacent SEs (SASEs)-mRNA network participated in the pathological osteogenesis of AS and enhanced the osteogenic differentiation ability of MSCs from AS patients (ASMSCs). Overall, research regarding the role of SEs in bone-related diseases and osteogenic differentiation has mainly focused on SEs-associated mRNAs but few studies have addressed SEs-associated lncRNAs. Thus, the function of SEs-associated lncRNAs (SE-lncRNAs) involved in osteogenic differentiation remains largely unknown.

SE-lncRNAs are typically transcribed from SE genomic regions or their adjacent regions which harbor specific chromatin states of activation senators, H3K4me1, H3K27ac, and related co-factors (such as P300, etc.) or interact with SEs (21, 29). Multiple functional studies have shown that elncRNAs are required for enhancer activity and target promoter transcriptional activity (30–33). In addition, Yan et al. (34) have applied genome-wide analysis and shown that in mouse embryonic stem cells (mESCs), lncRNA genes were preferentially located next to SEs, and consumption of SE-lncRNAs transcripts dysregulated the activity of nearby SEs. Many studies have highlighted the critical roles of SE-lncRNAs in tumorigenesis, cell development, and differentiation (22, 35–39). For example, LINC00162, an SE long non-coding RNA, was shown to bind to THRAP3 to inhibit the expression of PTTG1IP and promote the proliferation of bladder cancer cells (37). A super-enhancer-regulated lncRNA UCA1 in epithelial ovarian cancer (EOC) is shown to enhance the interaction between AMTO and YAP, activating YAP dephosphorylation and nuclear translocation, and promoting binding to TEAD to promote the expression of pro-oncogene signatures (38). CARMEN, an enhancer-associated lncRNA, was shown to cis-regulate the expression of miR-143/145 in adult cardiac precursor cells (CPCs) by producing CARMEN7, thereby regulating the differentiation of adult CPCs into smooth muscle cells (39). These findings highlight the basis for investigating the roles of SE-lncRNAs in the process of osteogenic differentiation.

In our previous studies, the SEs expressed before and after osteogenic differentiation D0 group (before osteogenic induction) and D14 group (day 14 after osteogenic induction) of human bone marrow mesenchymal stem cells (hBMSCs) were identified by chromatin immunoprecipitation sequencing (ChIP-seq) of H3K27ac (40). The associated genes of the specific SEs in the D14 group were analyzed using bioinformatics and quantitative real-time polymerase chain reaction (qRT-PCR), and the SE-lncRNA LINC01485 was found to show significant differences in expression levels before and after osteogenic differentiation. Therefore, the role and regulatory mechanisms of LINC01485 involvement in the differentiation of hBMSCs were considered to merit further research and are addressed in the present investigation.



Materials and Methods


Annotation and Prediction of SE-Associated Genes

SEs were assigned to the expressed transcripts, and the transcription start site (TSS) closest to the center of the enhancer was used to identify neighboring genes (20, 24, 41). AnnotatePeaks.pl, a Hypergeometric Optimization of Motif EnRichment (Homer, version 4.11) application for peak annotation, was used to link peaks to the neighboring genes (42, 43).



Culture and Osteogenic Differentiation of hBMSCs

hBMSCs were purchased from Procell Life Science & Technology (CP-H166, Wuhan, China) and Cyagen Biosciences (HUXMA-01001, Guangzhou, China) and cultured in MSC medium (Cyagen, China) supplemented with 10% fetal bovine serum (FBS), 1% penicillin, and streptomycin, 1% glutamine (Cyagen, China) in humidified air of 5% CO2 at 37°C. The purchased cells were accompanied by quality reports, including flow cytometry identification, which revealed that the hBMSCs were positive for CD29, CD44, CD73, and CD105, and negative for CD34, CD11b, and CD45. The purchased hBMSCs could differentiate into osteoblasts, adipocytes, and chondrocytes under specific inductive conditions. When cells reached 80-90% confluence, subculture was performed at a ratio of 1:2 or 1:3, and the medium was replaced every 2 days. After being cultured to P2-P4, the cells were plated in a 6-well plate at a density of about 1×105 cells/well. When cell confluence reached roughly 70%, hBMSCs osteogenic induction medium (Cyagen, China) containing dexamethasone, vitamin C, and β-sodium glycerophosphate was added, and was changed every 3 days.



qRT-PCR

Total RNA was extracted from the cells using TRIzol reagent (Accurate Biotech, Hunan, China). RNA purity and concentration were assessed by NanoDrop 2000 instrument (Thermofisher, US). For the qRT-PCR quantification of mRNAs and lncRNAs, 1000 ng RNA was reverse transcribed into cDNA using the Evo M-MLV RT kit with gDNA Clean for qPCR (Accurate Biotech, China). Reverse transcription of miRNAs was performed using Bulge-Loop SCRIPT Reverse Transcription Kit (RiboBio, Guangzhou, China). qRT-PCR was performed using SYBR Green Premix PCR kit (Accurate Biotech, China) on a CFX Connection Real-Time System (Bio-Rad, California). According to the manufacturer’s protocol, the qRT-PCR reaction program for mRNAs and lncRNAs was set as follows: initial activation at 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and 63°C for 30 s, while the cycling conditions for miRNAs were as follows: initial activation at 95°C for 10 min, followed by 40 cycles at 95°C for 2 s, 60°C for 20 s, and 70°C for 10 s. GAPDH was used as an endogenous reference for lncRNAs and mRNAs, while U6 was used to normalize the expression of miRNAs. The 2−ΔΔCT method was used to calculate the relative expression level of each gene. All reactions were performed in duplicate to ensure reliability and validity. All primers were obtained from Tsingke (Beijing, China) or RiboBio (Guangzhou, China). The sequences of the primers used are listed in Supplementary Tables S2, S3.



Western Blot

Total protein was extracted by RIPA lysate (Cwbio, Jiangsu, China) containing protein inhibitors and phosphatase inhibitors (Cwbio, China) and was quantified by bicinchoninic acid (BCA) protein assay kit (Cwbio, China). A total of 20 µg protein from each sample was separated by 10% SDS-PAGE gel at 80V (stacking gel)/120V (resolving gel) for about 2 h and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, US) with a diameter of 0.45 um at 250 mA for 150 min. The membrane was blocked with 5% non-fat milk at room temperature for 1 h, washed with TBST (0.1% Tween-20 in Tris-buffered saline (TBS)) and incubated overnight in the primary antibody at 4°C. The primary antibodies were as follows: RUNX2 (1:1000, Cell Signaling Technology, Cat# 12556s), Osterix (1:1000, BOSTER, Cat# A02077-1), COL1A1 (1:1000, BOSTER, Cat# BA0325), OPN (1:1000, Abcam, Cat# ab8448), and GAPDH (1:20000, Proteintech, Cat# 60004–1-Ig). The membrane was washed with TBST three times for 10 min each and then incubated with an HRP-conjugated secondary antibody (Goat Anti-Mouse IgG, 1:5000, Proteintech, Cat # SA00001-1; Goat Anti-Rabbit IgG, 1:5000, Proteintech, Cat# SA00001-2) at room temperature for 1 h followed by washing with TBST three times for 10 min each. Immune complexes were detected using an ECL kit (Merck Millipore, Germany) with a chemiluminescence imaging system (Bio-Rad, US). The density data of each specific protein was normalized to that of GAPDH and analyzed using Image J software (Media Cybernetics, US).



Alkaline Phosphatase (ALP) Staining and ALP Activity Detection

hBMSCs plated in 6-well plates were subjected to osteogenic induction for 7 days, then washed twice with phosphate-buffered saline (PBS), and fixed with 4% paraformaldehyde (PFA) for 15 min. After washing with PBS, the cells were stained with ALP staining solution (Beyotime, Shanghai, China) according to the manufacturer’s instructions. After 24 h of staining, the cells were photographed under a microscope (Leica, DMIRB, Germany). In addition, the cells were added with lysates (Beyotime, China), which were collected and used to detect ALP activity using an ALP activity test kit (Beyotime, China). The absorbance at 450 nm was examined.



Alizarin Red S (ARS) Staining and ARS Quantification Assay

hBMSCs were subjected to osteogenic induction for 14 days, washed twice with PBS, and fixed with 4% PFA for 15 min. Next, they were washed with diH2O and stained with 40 mM ARS (ScienCell, US) at 37°C for 15 min. After dyeing, the cells were washed with diH2O, and images were obtained under the microscope (Leica, DMIRB, Germany). The stained cells were added with 10% acetic acid and 10% ammonium hydroxide from an Alizarin Red S staining quantification assay kit (ScienCell, US). The absorbance at 405 nm was determined and used to analyze the ARS concentration.



Lentivirus Construction and Cell Transduction

The full-length sequences of LINC01485, LINC01485 short hairpin (sh) RNA targeting LINC01485 (sh-LINC01485), and scrambled control shRNA (sh-NC) were inserted into the GV vector, and the three target plasmid vectors and an empty plasmid vector were transfected into 293T cells with plasmids Helper 1.0 and Helper 2.0, respectively. The cell supernatant was collected to obtain the virus, and the virus was concentrated, purified, and detected. The inserted sequence was confirmed by sequencing analysis. This work was done by GeneChem (GeneChem, Shanghai, China). hBMSCs were plated in a 6-well plate at a density of 6×104 cells/well. When the cells became adherent to the wall about 24 h later, and the confluence reached approximately 50%, the cells were infected with lentiviruses at an MOI of 40 for 2-3 days. Then, 3 μg/mL puromycin (Solarbio, Beijing, China) was utilized for screening for 2 days. Finally, the cells were collected to test the overexpression and interference efficiency of LINC01485 and used for further experiments. The sequence of LINC01485 RNAi is listed in Supplementary Table S4.



Bioinformatics Analysis of Targeting Relationship Between lncRNA-miRNA and miRNA-mRNA

lncRNA-bound miRNAs and miRNA-targeted mRNAs were predicted using TargetScan and Miranda databases, and the predicted results of the two databases were intersected. First, the target mRNAs of miRNA associated with osteogenesis were selected from the relationship pairs with the highest binding score. Then the RNA antisense purification (RAP) assay was performed to determine the miRNA that was finally interacting with LINC01485.



MiRNA Transfection

hBMSCs were seeded in the 6-well plate at a density of 6×104, and the cells reached 70% confluence after about 48 h. According to the manufacturer’s instructions, miR-619-5p mimic and miRNA mimic NC (RiboBio, Guangzhou, China) were transfected with Lipofectamine 3000 transfection reagent (Invitrogen, US) at a concentration of 50 nM, and miR-619-5p inhibitor, miRNA inhibitor NC (RiboBio, Guangzhou, China) at a concentration of 100 nM. RNA was extracted 24 h after transfection, the protein was extracted 48 h for detection, and osteogenic induction solution was added for osteogenic induction differentiation. Transfection was performed again after 3 days. MiR-619-5p mimic and miR-619-5p inhibitor sequence are listed in Supplementary Table S5.



FISH Assay

Before and after osteogenic induction, hBMSCs in 6-well plates were fixed with 4% PFA for 15 min upon reaching a cell density of 70-80%. The cells were washed with DEPC water twice for 5 min each time, then added protease K and incubated at 55°C for 5 min for digestion. At room temperature, the cells were fixed again with 1% PFA for 10 min and washed three times with pre-cooled alcohol at -20°C. Pre-hybridization was performed with a 100 μL pre-hybridization solution dropped onto slices at 37°C for 30 min. The prepared LINC01485 probe (Axl-bio, Guangzhou, China) was denatured at 73°C for 8 min. The probe and hybrid solution mixture was added to the sections and hybridized overnight at 42°C. After washing with hybridization solution and PBS, according to the instructions of the FISH test kit (Axl-bio, Guangzhou, China), 4,6-diamidino-2-phenylindole (DAPI) was added for staining, in light avoid conditions for 10 min, followed by washing with PBS 3 times, 5 min each. Then, anti-fluorescence attenuated tablets were used to seal the tablets, and the images were obtained with laser scanning confocal microscopy (Carl Zeiss AG, Germany). LINC01485 FISH probe is listed in Supplementary Table S6.



RAP Assay

For this experiment, the RAP kit (Axl-bio, Guangzhou, China) was employed.

RAP uses biotinylated probes that bind to target RNAs and miRNAs, which may subsequently be extracted, reverse transcribed to cDNA, and detected by qRT-PCR. A total of 107 hBMSCs were washed in PBS and UV irradiated at 254 nm (0.15 J cm-2) for cross-linkage, 1 mL lysis buffer was used to lyse the cells, and a 0.4-mm syringe was used to homogenize them completely. The lncRNA-RAP system received two separate 25-bp biotinylated antisense probes (0.2 nmol), as well as one 26-bp biotinylated antisense probe (0.2 nmol) targeting the adapter sequence. The probes were denatured at 65°C for 10 min and hybridized at room temperature for 2 h. There were 200μL streptavidin-coated magnetic beads added, washing was employed to remove non-specifically bound RNAs, and Trizol reagent was used to extract miRNAs directly interacting with LINC01485. The miRNAs were reverse transcribed and binding strength was determined using qRT-PCR. The LINC01485 RAP probe sequence is listed in Supplementary Table S7.



Luciferase Assay

HEK293T cells were purchased from ATCC cell bank, cultured, and amplified with DMEM (Gibco, US) complete medium containing 10% FBS (Gibco, US). HEK293T cells were plated in 6-well plates at a density of 2×106 cells/well. After 16 h, the cell confluence reached about 80%. The possible binding sites of LINC01485 and miR-619-6p were predicted using bioinformatics tools, and the predicted LINC01485 binding sequence and mutated sequence were constructed into psicheck2 reporter plasmid. At the same time, the full-length sequence of LINC01485 was inserted into the pcDNA3.1 plasmid. The plasmids and miR-619-5p mimic or miRNA NC were co-transfected into HEK293T cells with Lipofectmin 3000 transfection reagent (Invitrogen, US). The medium was changed 6 h after transfection, and the culture was continued until 48 h after adding the complete medium. The medium was removed, washed twice with PBS, and 1×PLB lysate (Promega, US) was added for incubation at room temperature for 15 min. A total of 20 μL lysate, 100 µL LARII, and 100 µL stop Glo buffer (Promega, US) were added to a 96-well plate, and luciferase activity was detected using a microplate reader (BioTek, US).



Statistical Analysis

All experiments were carried out three times independently. Data were presented as mean ± standard deviation (SD) based on three replicates. Unpaired two-tailed Student’s t-test was used to examine differences between groups. All data were statistically analyzed using GraphPad Prism 8.0 (GraphPad Software, US). Statistical significance was defined as a value of p<0.05 (two-sided).




Results


LncRNAs in Specific SE-Associated Genes in the D14 Group

Using HOMER software analysis, the genes closest to the SEs were selected as the SE-associated genes. Supplementary Table S1 shows lncRNAs in the D14 group specific SE-associated genes. qRT-PCR results showed that the expression levels of 4 lncRNAs were significantly increased after osteogenic differentiation (Supplementary Figure S1).



LNC01485 Expression Was Up-Regulated During Osteogenic Differentiation of hBMSCs

At first, the osteogenic differentiation of hBMSCs was confirmed by ALP activity assay and ALP and ARS staining. ALP staining (Figure 1A) on Day 7 after induction and ARS staining (Figure 1B) on Day 21 after induction showed positive staining results. The ALP activity was significantly enhanced after osteogenic induction on the seventh day (Figure 1C). Alizarin Red semi-quantitative analysis showed that the content of Alizarin Red bound to calcium nodules increased significantly 14 days after osteogenesis induction (Figure 1D). Western blot and qRT-PCR assays were used to determine the expression levels of runt-related transcription factor (RUNX2), collagen type I alpha 1 chain (COL1A1), osterix (OSX), osteocalcin (OCN), and osteopontin (OPN) during the process of osteogenic induction of hBMSCs. Western blot results showed that protein levels of RUNX2 (Figures 1E, F), COL1A1 (Figures 1E, G), OSX (Figures 1E, H), and OPN (Figures 1E, I) were up-regulated after osteogenic induction as compared to uninduced cells. The qRT-PCR results revealed that RUNX2 (Figure 1J), OPN (Figure 1K), and OCN (Figure 1L) increased gradually during 14 days of osteogenic induction, and COL1A1 (Figure 1M) and OSX (Figure 1N) reached their peak on the tenth day. Compared with the uninduced cells, the expression levels of these osteogenic factors were significantly up-regulated (p<0.05). These results revealed that the osteogenic induction of hBMSCs in vitro was achieved successfully.




Figure 1 | LNC01485 expression was up-regulated during osteogenic differentiation of hBMSCs. (A, C) ALP staining (A) and ALP activity assay (C) of hBMSCs before osteogenic induction and 7 days after induction. (B, D) hBMSCs were stained with Alizarin Red S (B) before osteogenic induction and at 14 days after induction, and the staining results were analyzed semi-quantitatively (D). (E-I) The protein expression levels of RUNX2 (E, F), COL1A1 (E, G), OSX (E, H), and OPN (E, I) level on Days 0, 7, 14, and 21 of osteogenic induction were detected by Western blot and quantified analysis by normalized to GAPDH. (J-O) The mRNA expression levels of RUNX2 (J), OPN (K), OCN (L), COL1A1 (M), OSX (N), and LINC01485 (O) before and after osteogenic differentiation were determined by qRT-PCR. (P-R) Expression correlation analysis between LINC01485 and osteogenic genes RUNX2 (P), OPN (Q), and OCN (R) during osteogenic differentiation. *p < 0.05, **p < 0.01, ***p < 0.001.



The mRNA expression levels of LINC01485 were determined by qRT-PCR during the osteogenic differentiation of hBMSCs. The expression of LINC01485 gradually increased over time during 14 days of osteogenic induction (Figure 1O). The expression trend of LINC01485 was consistent with that of osteogenic genes RUNX2, OPN, and OCN; therefore, the correlation between LINC01485 and osteogenic-related genes was analyzed using Spearman’s correlation analysis. LINC01485 was evident as significantly positively correlated with RUNX2 (Figure 1P), OPN (Figure 1Q), and OCN (Figure 1R), suggesting that LINC01485 might be involved in osteogenesis regulation.



LINC01485 Regulates Osteogenic Differentiation of hBMSCs

To explore the effects of LINC01485 on osteogenic differentiation of hBMSCs in vitro, we infected cells with LINC01485 overexpression and LINC01485 knockdown lentivirus to maintain continuous expression levels of LINC01485. qRT-PCR was performed to examine the overexpression and interference efficiency of LINC01485. The results verified that the level of LINC01485 expression in the LINC01485-overexpression group was significantly higher than that in the negative control group after transduction (Figure 2A). In contrast, LINC01485 was down-regulated after transduction of sh-LINC01485, as compared with the scrambled group (Figure 2B). Subsequently, qRT-PCR and western blot assays were used to determine the expression levels of osteogenic specific factors in the infected groups at mRNA and protein levels after 14 days of osteogenic induction. As shown in Figures 2C–K, LINC01485 overexpression markedly enhanced the expression of RUNX2 (Figure 2C), COL1A1 (Figure 2D), OSX (Figure 2E), and OCN (Figure 2F) at the mRNA level and promoted the expression of RUNX2 (Figures 2G, H), COL1A1 (Figures 2G, I), OSX (Figures 2G, J), and OPN (Figures 2G, K) at the protein levels. In contrast, LINC01485 knockdown produced the opposite effects (Figures 2C–K). Furthermore, ALP activity detection and ALP staining revealed that the up-regulation of LINC01485 enhanced ALP staining (Figure 2L) and the ALP activity (Figure 2M), while the down-regulation of LINC01485 reduced ALP staining (Figure 2L) and inhibited ALP activity (Figure 2M). ARS staining with LINC014845 overexpression led to increase in the mineralized bone matrix as compared to the control group (Figures 2N, O), whereas sh-LINC01485 decreased calcium nodules (Figures 2N, O). These results manifested that LINC01485 could promote osteogenic differentiation of hBMSCs in vitro.




Figure 2 | LINC01485 regulates osteogenic differentiation of hBMSCs. (A, B) The overexpression (A) and  interference (B) efficiency of LINC01485 was determined by qRT-PCR in hBMSCs after transduction with LV-LINC01485 and sh-LINC01485. (C–F) The mRNA levels of RUNX2 (C), COL1A1 (D), OSX (E), and OCN (F) after 14 days of osteogenic induction in hBMSC infected with lentivirus by qRT-PCR. (G, H) Western blot analysis of the RUNX2 (G, I), COL1A1 (G, I), OSX (G, J), and OPN (G, K) protein expression in hBMSCs infected with lentivirus after osteogenic induction 14 days later and the corresponding gray value quantitative analysis. (L, M) ALP staining (L) and ALP activity (M) of hBMSC cells infected with lentivirus after 7 days of osteogenic induction. (N, O) Alizarin Red S staining (N) and semi-quantitative analysis (O) of infected hBMSCs with lentivirus after 14 days osteogenic induction. *p < 0.05, **p < 0.01, ***p < 0.001.





LINC01485 Acts As A Sponge of miR-619-5p in the Osteogenesis of hBMSCs

To investigate the molecular mechanisms of LINC01485 regulation of osteogenic differentiation of hBMSCs, we first evaluated the cellular localization of LINC01485. FISH assay results determined that LINC01485 was mainly expressed in the cytoplasm (Figure 3A). This finding is consistent with the results reported by Zhou et al. (44) showing LINC01485 as primarily located in the cytoplasm of gastric cancer cells. In addition, FISH results also suggested greater LINC01485 fluorescence in hBMSCs after osteogenic induction as compared with uninduced cells (Figure 3A).




Figure 3 | LINC01485 acts as a sponge of miR-619-5p in the osteogenesis of hBMSCs. (A) FISH assay for LINC01485 before and after osteogenic induction in hBMSCs. (B) Percentage of purified miRNAs identified in the RAP assay relative to the input group detected by qRT-PCR. (C) Binding site prediction of LINC01485 and miR-619-5p. (D) Luciferase activity of LINC01485-WT and LINC01485-Mut upon transfection of miRNA NC or miR-619-5p mimic into HEK293T cells. ns, no significance. *p < 0.05, ***p < 0.001.



Recent research (12) has shown that lncRNA located in the cytoplasm plays a role in the osteogenic differentiation of MSCs through cross-talk with miRNA. Thus, we used Miranda and TargetScan databases to predict miRNAs that might bind to LINC01485. A Venn diagram depicted the intersection. To further screen target miRNAs, an RAP assay of LINC01485 was conducted to determine the expression levels of several miRNAs that displayed high predicted scores. RAP results showed that among 5 miRNAs with high scores, miR-619-5p was evident in the AP group as compared with the Input group without RAP probe, while the other miRNAs showed negative results in the AP group (Figure 3B). The electrophoretic patterns of qRT-PCR products in the RAP experiment also confirmed this result (Supplementary Figure S2). Thus, the RAP results indicated that LINC01485 efficiently pulled down miR-619-5p but did not bind to several other miRNAs.

Furthermore, the binding sites of LINC01485 and miR-619-5p were predicted using bioinformatics (Figure 3C). Thereafter, we constructed LINC01485 wild-type (WT) and LINC01485 mutant (MUT) luciferase receptor plasmids based on the putative binding sites. The result of luciferase activity analysis indicated that the luciferase activity of LINC01485-WT reporter vector was significantly inhibited by miR-619-5p mimic, while luciferase activity of LINC01485-MUT type was not affected by miR-619-5p mimic (Figure 3D).



MiR-619-5p is Down-Regulated and Inhibits Osteogenesis During Osteogenic Induction of hBMSCs

Since LINC01485 could sponge miR-619-5p to promote osteogenic differentiation, we next studied the expression of miR-619-5p in the osteogenic process and its effect on osteogenic differentiation. qRT-PCR analysis showed that the mRNA level of miR-619-5p decreased gradually during osteogenic differentiation (Figure 4A), which was negatively correlated with the expression trend of LINC01485 (Figure 4B). Subsequently, miR-619-5p mimic, miRNA mimic negative control (miRNA mimic NC), miR-619-5p inhibitor, and miRNA inhibitor negative control (miRNA inhibitor NC) were synthesized and transfected into hBMSCs for osteogenic induction, followed by western blot and ALP staining assay. qRT-PCR results showed that the expression level of miR-619-5p in cells transfected with miR-619-5p mimic increased to about 100-fold higher than that in mimic NC (Figure 4C). In contrast, the expression level of miR-619-5p in cells transfected with miR-619-5p inhibitor was about 72% lower than that in inhibitor NC (Figure 4D). MiR-619-5p mimic significantly reduced the protein levels of RUNX2 (Figures 4E, F), COL1A1 (Figures 4E, G), OSX (Figures 4E, H), and OPN (Figures 4E, I), and weakened ALP staining (Figure 4J). At the same time, inhibition of miR-619-5p led to an increase in RUNX2 (Figures 4E, F), COL1A1 (Figures 4E, G), OSX (Figures 4E, H), and OPN (Figures 4E–I) protein expression and enhanced ALP staining (Figure 4J). These results indicated that miR-619-5p overexpression could inhibit osteogenic differentiation, and inhibition of miR-619-5p could promote the osteogenesis of hBMSC. This is contrary to the effect of LINC01485 on osteogenic differentiation and adds to the evidence that LINC01485 promotes osteogenic differentiation through the LINC01485/miR-619-5p axis.




Figure 4 | MiR-619-5p is down-regulated and inhibits osteogenesis during osteogenic induction of hBMSCs. (A) The relative expression levels of miR-619-5p before and after osteogenic differentiation were determined by qRT-PCR. (B) Correlation analysis of LINC01485 and miR-619-5p expression levels during osteogenic differentiation. (C, D) The mRNA level of miR-619-5p in hBMSCs transfected with miR-199a-5p mimic (C) and miR-199a-5p inhibitor (D) by qRT-PCR. (E–I) Western blot analysis of the RUNX2 (E, F), COL1A1 (E, G), OSX (E, H), and OPN (E, I) protein expression in hBMSCs transfected with miR-619-5p mimic, miRNA mimic NC, miR-619-5p inhibitor, and miRNA inhibitor NC after osteogenic induction and the corresponding gray value quantitative analysis. (J) ALP staining analysis of hBMSCs transfected with miR-619-5p mimic, miRNA mimic NC, miR-619-5p inhibitor, and miRNA inhibitor NC after osteogenic induction. *p < 0.05, **p < 0.01, ***p < 0.001.





RUNX2 Is A Direct Target of miR-619-5p

We predicted the target genes of miR-619-5p using Miranda and TargetScan databases and found that miR-619-5p could bind to the osteogenic gene RUNX2. The mRNA level of RUNX2 increased gradually during osteogenic differentiation, which was negatively correlated with the expression of miR-619-5p (Figure 5A). In addition, Western blot and qRT-PCR analysis showed that protein and mRNA levels of RUNX2 decreased when hBMSCs were transfected with miR-619-5p mimic, while protein and mRNA levels of RUNX2 increased by the treatment with the miR-619-5p inhibitor (Figures 5B–D). Moreover, the results of bioinformatic predictions showed that miR-619-5p had a binding site at the 3’UTR of RUNX2, and the binding sequence is shown in Figure 5E. The dual-luciferase assay showed that luciferase activity of RUNX2-WT was significantly down-regulated by miR-619-5p mimic, but the luciferase activity of RUNX2-MUT was not affected by miR-619-5p (Figure 5F). These results confirmed that miR-619-5p targets RUNX2, inhibiting RUNX2 expression by binding to the 3’UTR of RUNX2.




Figure 5 | RUNX2 is a direct target of miR-619-5p. (A) Correlation analysis of RUNX2 and miR-619-5p expression levels during osteogenic differentiation. (B) The mRNA expression of RUNX2 in hBMSCs transfected with miR-619-5p mimic or miR-619-5p inhibitor was determined using qRT-PCR. (C, D) The RUNX2 protein level in hBMSCs transfected with miR-619-5p mimic or miR-619-5p inhibitor was determined using Western blotting (C) and the gray value quantitative analysis (D). (E) The putative binding sites of miR-619-5p in wild type and mutant RUNX2 3′-UTR. (F) Luciferase activity of RUNX2-WT and RUNX2-Mut upon transfection of miRNA NC or miR-619-5p mimic into HEK293T cells. ns, no significance. *p < 0.05, **p < 0.01, ***p < 0.001.





LINC01485 Acts As A ceRNA of miR-619-5p to Regulate RUNX2 and Osteogenic Differentiation

A series of rescue assays was performed to verify whether there is a regulatory relationship among LINC01485, miR-619-5p, and RUNX2. First, we transfected miR-619-5p inhibitor or miRNA inhibitor NC into sh-LINC01485 or sh-NC stable hBMSCs constructed in advance. Western blot results showed that after osteogenic induction of hBMSCs in the LINC01485 interference group, the protein levels of RUNX2 (Figures 6A, B), COL1A1 (Figures 6A, C), OSX (Figures 6A, D), and OPN (Figures 6A, E) were decreased, and ALP staining was reduced as compared with the control group (Figure 6F). However, miR-619-5p inhibitor treatment compensated for the effect of LINC01485 knockdown on osteogenic differentiation, and the protein levels of RUNX2 (Figures 6A, B), COL1A1 (Figures 6A, C), OSX (Figures 6A, D), and OPN (Figures 6A, E) were elevated, and ALP staining was more pronounced (Figure 6F). Then, miR-619-5p mimic or miRNA mimic NC was transfected into LV-LINC01485 or LV-NC stable hBMSCs for osteogenic differentiation induction. miR-619-5p mimic reduced ALP staining as compared with miRNA mimic NC, but the ALP staining increased after co-transfection of LV-LINC01485 (Figure 6G). Luciferase assays indicated that miR-619-5p mimic reduced the luciferase activity of RUNX2-WT, while the co-transfection of LINC01485 overexpressed plasmid with miR-619-5p mimic restoring the luciferase activity of RUNX2-WT (Figure 6H). RUNX2-WT luciferase activity was higher in the LINC01485 overexpressed plasmid transfection group than in RUNX2-WT transfected with the empty plasmid but decreased when miR-619-5p mimic was added (Figure 6H). Overall, these in vitro results suggest that LINC01485, miR-619-5p, and RUNX2 constitute a ceRNA network, and LINC01485 competes with miR-619-5p to regulate RUNX2 expression, thereby regulating the bone formation of hBMSCs.




Figure 6 | LINC01485 acts as a ceRNA of miR-619-5p to regulate RUNX2 and osteogenic differentiation. (A–E) Western blot analysis of the RUNX2 (A, B), COL1A1 (A, C), OSX (A, D), and OPN (A, E) protein expression in hBMSCs infected with sh-NC or sh-LINC01485 lentivirus along with miRNA inhibitor NC or miR-619-5p inhibitor after osteogenic induction and the corresponding gray value quantitative analysis. (F) ALP staining analysis of hBMSCs infected with sh-NC or sh-LINC01485 lentivirus along with miRNA inhibitor NC or miR-619-5p inhibitor after osteogenic induction. (G) ALP staining analysis of hBMSCs infected with LV-NC or LV-LINC01485 lentivirus along with miRNA mimic NC or miR-619-5p mimic after osteogenic induction. (H) Luciferase activity of RUNX2-WT upon transfection of pcDNA3.1, pcDNA3.1-LINC01485, or miR-619-5p mimic into HEK293T cells. ns, none significance. *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

Maxillofacial critical size bone defects caused by several etiological factors pose challenges in successful reconstruction. Therefore, exploring the regulatory mechanisms underlying BMSCs osteogenic differentiation can provide a theoretical basis and target discovery for bone tissue engineering. SEs comprise a genomic region composed of activity enhancer clusters enriched with many factors related to enhancer activity. Compared with TE related genes and genomic regions, SEs are found in all cell lines spanning a highly cell type-specific genomic domain and are associated with master cell-type-specific regulatory genes (45–47). Recent studies have shown that SE-associated genes are involved in multiple bone-related diseases. For instance, TBXT has been found to play an essential role in chordoma pathogenesis (48), and was associated with SE, where transcriptional cyclin-dependent kinase(CDK)inhibitors could downregulate the expression of brachyury/TBXT. Similarly, Lin et al. (49) reported that MEIS1, an SE-associated oncogene, promotes the malignant development of Ewing sarcoma by synergistic activation of APCDD1 transcription with EWS-FLI1. These studies indicate that SE-associated mRNAs can play essential roles in bone regulation. In this study, we identified the SE-lncRNA LINC01485 through bioinformatics investigation and found that it was elevated during the osteogenic differentiation of hBMSCs.

SE-lncRNAs are transcribed from or interact with SEs. A higher percentage of SEs are reported to generate eRNAs termed seRNAs compared to TEs (50). LINC01485 is located on chromosome 5q35.2 and has been shown to be an oncogenic gene. In earlier work, LINC01485 has been reported to promote the growth and migration of gastric cancer cells by inhibiting EGFR ubiquitination and activating its downstream Akt signal (44). Additionally, LINC01485 was reported among the 6 lncRNAs that emerged as prognostic indicators for colorectal cancer (51). However, no studies have explored the role of LINC01485 in osteogenic differentiation. The present study demonstrated that the overexpression of LINC01485 could promote osteogenic differentiation as indicated by increase in ALP activity and ALP staining, along with enhanced production of calcified nodules and expression of osteoblast differentiation markers, while the knockdown of LINC01485 exerted the opposite effects on osteogenic differentiation. These results indicated that LINC01485 could positively regulate the osteogenic differentiation of hBMSCs.

elncRNAs perform regulatory transcriptional functions by -cis and -trans mechanisms (21). The roles of seRNAs include chromatin loops stabilization, and transcription factor recruitment among others, and thus seRNAs mediate various cellular activities in the cytoplasm (52). To further explore the molecular mechanism of LINC01485 involvement in osteogenic differentiation process, we first identified the subcellular localization of LINC01485 and found that LINC01485 is mainly localized in the cytoplasm, consistent with the results reported by Zhou et al. (44). The cellular localization of lncRNAs is closely related to its mechanism of action. Cytoplasmic lncRNAs can regulate the stability and transcription of mRNA and exert their functions mainly through transcription or translation regulation (53). For instance, in related studies (38, 54) super-enhancer-regulated lncRNA UCA1 has been found to serve as an endogenous competitive RNA binding miR-193a-3p to regulate ERBB4, thereby promoting proliferation and colony formation of lung cancer cells. In yet another finding, Wang et al. (55) reported that UCA1 could repress the host immune system, stimulate the proliferation and migration of gastric cancer cells, and inhibit apoptosis of gastric cancer cells by directly interacting with miR-26a/b, miR-193a, and miR-214 anti-tumor miRNAs to up-regulate PDL1 expression. Here, we predicted the binding of LINC01485 to miR-619-5p using in-silico approaches and verified this relationship by performing RAP and luciferase assays. Cross-talk between lncRNA and miRNA has been found to be involved in a variety of osteogenic signaling pathways, including TGF/BMP-SMAD dependent and non-dependent, and the Wnt/β-catenin pathways (56–58). Specifically, miR-619-5p has been shown to improve pancreatic cancer sensitivity to gemcitabine by targeting Pygo2 and activating the Wnt/β-catenin pathway (59). The Wnt/β-catenin pathway is shown to play a critical role in regulating the osteogenic differentiation of hMSCs (60, 61). Therefore, here we hypothesized that miR-619-5p might be involved in osteodifferentiation of hBMSCs by activating the osteogenesis-related Wnt/β-catenin pathway and subsequently demonstrated that miR-619-5p, as a negative regulator of osteogenic differentiation, could inhibit the protein expression levels of RUNX2, COL1A1, OSX, and OPN, and reduce ALP staining.

Earlier research has revealed the post-transcriptional interaction between lncRNA and miRNA as gene expression regulators in the process of BMSCs osteogenic differentiation (12). We predicted the mRNAs binding to miR-619-5p through bioinformatics. Among these genes, we focused on the osteogenic transcription factor RUNX2, based on the fact that Wnt signaling can promote osteogenesis by directly stimulating RUNX2 gene expression (62). RUNX2 is the primary regulating gene for the osteoblast phenotype (63) and binds to osteoblasts-specific cis-acting elements (OSE)-2 in the promoter region of osteogenic genes (64). RUNX2 has also been well demonstrated to promote the mineralization of bone nodules by up-regulating several osteoblast differentiation marker genes (e.g., ALP, COL1A1, OSX, OCN, and OPN) (65–67). These genes regulated by RUNX2 were found to be up-regulated when hBMSCs overexpressed LINC01485, and vice versa, these genes were downregulated upon interference with LINC01485. These results indirectly indicated that RUNX2 might be a target gene associated with LINC01485 during the osteodifferentiation process of hBMSCs. Previous studies have reported that the osteogenic promoting role of RUNX2 is regulated by other ceRNA signaling axes, including lncRNA NTF3-5/miR-93-3p/RUNX2 (68), LncRNA TUG1/miR-204-5p/RUNX2 (69), lncRNA MALAT1/miR-30/RUNX2 (17), lncRNA MALAT1/miR-124/RUNX2 (70), lncRNA MEG3/miR-140-5p/RUNX2 (71), lncRNA KCNQ1OT1/miR-138/RUNX2 (72), lncRNA MODR/miR-454/RUNX2 (73), and lncRNA DGCR5/miR-30d-5p/RUNX2 (74). Sponging of miRNAs by lncRNAs has been demonstrated as a regulatory mechanism in this context. By sponging miR-93-3p, lnc-NTF3-5 has been found to stimulate osteogenic differentiation of maxillary sinus membrane stem cells (68). LncRNA TUG1 is shown to promote osteogenic differentiation by up-regulating RUNX2 in aortic valve calcification through sponging miR-204-5p (69). Here, a negative relationship between miR-619-5p and LINC01485, a negative correlation between miR-619-5p and RUNX2, and a positive correlation between LINC01485 and RUNX2 were each demonstrated. In addition, the binding of miR-619-5p to RUNX2 was verified by luciferase assay. According to the competing endogenous RNA (ceRNA) hypothesis proposed by Salmena et al. (75), lncRNA can bind competitively to miRNAs and thus further enhance mRNA’s stability, transcription, and translation. We designed and conducted rescue experiments to verify the regulatory relationships among LINC01485, miR-619-5p, and RUNX2. Luciferase assays showed that miR-619-5p mimic inhibited the luciferase activity of RUNX2-WT, while the overexpression of LINC01485 promoted luciferase activity. At the cellular level, Western blot and ALP staining indicated that miR-619-5p inhibitor countered the effects of LINC01485 interference on RUNX2 and hBMSCs osteogenic differentiation. MiR-619-5p mimic also reduced the enhanced ALP staining effect of LINC01485 overexpression. These findings are consistent with the ceRNAs hypothesis, confirming the existence of endogenous sponge competition between LINC01485 and miR-619-5p, highlighting the role of the ceRNAs axis LINC01485/miR-619-5p/RUNX2 in regulating bone cell differentiation (Figure 7).




Figure 7 | Production and possible functional mechanism of SE-lncRNA LINC01485. SEs are a genomic region composed of activity enhancer clusters enriched with many factors related to enhancer activity. SEs can increase the transcription and production of elncRNAs. SE-lncRNA LINC01485 competitively binds to miR-619-5p in the cytoplasm to promote RUNX2 expression regulating osteogenic differentiation of hBMSCs. (SE, super-enhancer; TE, typical enhancer; ATF, activating transcription factor; TF, transcription factor; RNAPII, RNA polymerase II; BMSCs, bone marrow mesenchymal stem cells.).



The potential limitations of current research must be considered. First, this study did not investigate osteogenesis by performing in vivo experiments to verify the reported in vitro findings. Animal experiments to confirm whether LNC01485 promotes osteogenesis by competitively binding to miR-619-5p are thus warranted. Second, the regulatory relationships involving SEs and lncRNAs in MSCs osteogenic differentiation remain to be addressed. The interaction between LINC01485 and SEs merits deeper exploration in future research. At the same time, the main findings bear potential implications for future research. The LINC01485/miR-619-5p/RUNX2 signaling axis revealed by the current study suggests a novel target for the genetic and epigenetic modification of hBMSCs. Such an approach could potentially enhance bone formation and thus hold promise in the stem cell-based bone tissue engineering area.



Conclusion

In conclusion, this study identified that the SE-lncRNA LINC01485 was up-regulated during the osteogenic differentiation of hBMSCs. The upregulation of LINC015485 was found to promote osteogenic differentiation of hBMSCs by competitively binding miR-619-5p and up-regulating RUNX2 expression. The LINC01485/miR-619-5p/RUNX2 signaling axis emerged as a promising target for translation in the bone tissue engineering arena.
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Fracture healing is highly dependent on an early inflammatory response in which prostaglandin production by cyclo-oxygenases (COX) plays a crucial role. Current patient analgesia regimens favor opioids over Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) since the latter have been implicated in delayed fracture healing. While animal studies broadly support a deleterious role of NSAID treatment to bone-regenerative processes, data for human fracture healing remains contradictory. In this study, we prospectively isolated mouse and human skeletal stem cells (SSCs) from fractures and compared the effect of various NSAIDs on their function. We found that osteochondrogenic differentiation of COX2-expressing mouse SSCs was impaired by NSAID treatment. In contrast, human SSCs (hSSC) downregulated COX2 expression during differentiation and showed impaired osteogenic capacity if COX2 was lentivirally overexpressed. Accordingly, short- and long-term treatment of hSSCs with non-selective and selective COX2 inhibitors did not affect colony forming ability, chondrogenic, and osteogenic differentiation potential in vitro. When hSSCs were transplanted ectopically into NSG mice treated with Indomethacin, graft mineralization was unaltered compared to vehicle injected mice. Thus, our results might contribute to understanding species-specific differences in NSAID sensitivity during fracture healing and support emerging clinical data which conflicts with other earlier observations that NSAID administration for post-operative analgesia for treatment of bone fractures are unsafe for patients.
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Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are commonly used for pain relief after operative treatment of fractures, and there is significant clinical interest as to whether NSAID administration itself has a deleterious effect on fracture healing in humans. NSAIDs inhibit cyclo-oxygenase (COX) enzymes, including COX1 and COX2, that mitigate prostaglandin production and pain. Whether NSAIDs affect osteoblast progenitor differentiation, inhibit fracture healing, and therefore increase the risk of nonunion, remains controversial. Experimental rodent models overwhelmingly have suggested that NSAID administration inhibits new bone formation and fracture healing (1–4). However, the corresponding generalizability of findings in murine models to humans is uncertain. In humans, the role of NSAIDs on fracture healing is inconclusive. In the clinical setting, historical retrospective studies suggested an association between NSAID use and fracture nonunion, but overall there is a lack of high quality, prospective evidence to conclusively demonstrate a relationship between NSAIDs and delayed union or nonunion (5–8). Mixed data from isolated skeletal cell populations tested for differentiation potential when treated with NSAID has contributed to this dilemma (9, 10). One reason explaining this dichotomy is the fact that bone marrow stromal cells are isolated retrospectively by plastic adherence which yield heterogeneous cell populations thereby leading to varying results (11, 12). We recently demonstrated that mouse and human osteochondrogenic cell types arise from a defined skeletal stem cell (SSC), a self-renewing, multi-potential population giving rise to a transient bone-cartilage-stromal-progenitor (BCSP) that can be isolated by fluorescence-activated cell sorting (FACS) from acute fractures based on their differential expression of a combination of specific cell surface markers. These cells show age-related functional impairments and might also be useful for prospectively assaying fracture healing outcome (13–17). Here, we reasoned that if we compared the effect of NSAIDs on freshly purified, functionally defined skeletal lineage cell types in mice and humans, we might be able to delineate species-specific effects on their response regarding bone-forming characteristics.



Materials and methods


Study approval

Studies involving the sourcing of human samples was approved by the Stanford IRB. Animal experiments complied with all relevant ethical regulations and were conducted under approved protocols by Stanford’s Administrative Panel on Laboratory Animal Care.



Human tissue

hSSCs, human osteoprogenitors (hOPs), and human chondroprogenitors (hCPs) were collected from acute human fractures, and collected for transcriptomic analysis or expanded in culture medium, and differentiated in the presence or absence of NSAIDs or selective COX2 inhibitors as described before (13). Tissues were collected from acute fractures undergoing direct reduction and fixation. As per our previous observation that hSSCs from different long bone fracture sites are functionally identical, we have included specimens from tibial, humerus, radius and ulna fractures of patients aged 18 to 74 years (16). Any soft callus hematoma, which was impeding fracture reduction and considered medical waste, was collected.



Mouse experiments

All animal experiments complied with all relevant ethical regulations and were conducted under approved protocols by Stanford’s Administrative Panel on Laboratory Animal Care. Mice were maintained at the Stanford University Research Animal Facility in accordance with Stanford University guidelines. Animals were given food and water ad libitum and housed in temperature-, moisture-, and light-controlled (12h light/dark cycle) micro-insulators. Fracture experiments were conducted on adult (10-12 weeks) male C57BL6/J mice. Subcutaneous transplants of human SSCs were performed in adult male NSG mice (NOD scid gamma; JAX: 005557).



Skeletal stem cell isolation

hSSC were collected as previously described (16). Briefly, the tissue was initially minced with razor blades, collected in 0.22% collagenase digestion buffer (Sigma-Aldrich, Cat#C6885), and incubated at 37°C for 60 minutes under constant agitation. The supernatant was collected and filtered through a 70 µm nylon mesh and quenched in staining media (2% fetal calf serum, FCS, in phosphate-buffered saline, PBS) for subsequent centrifugation at 200 x g at 4°C and resuspension in staining media. Human skeletal cells were separated from RBCs by ACK lysis and washed with staining media. Cells were stained with fluorochrome-conjugated antibodies against CD45, CD235, CD31, TIE2, CD146, Podoplanin, CD164, CD73 (1:50; eBioscience). Flow cytometry was performed on a FACS Aria II. Gating schemes were established with fluorescence-minus-one (FMO) isotype controls and DAPI was used for viability staining. Human SSCs were isolated by CD45-CD235-CD31-TIE2-CD146-PDPN+CD164+CD73+ and hOPs by CD45-CD235-CD31-TIE2-CD146+PDPN- selection gated from single living cells (DAPI-negative).

Mouse SSCs were isolated from 10-day old femoral fracture calluses. Stabilized mid-diaphyseal femoral bi-cortical fractures were generated after inserting an intramedullary pin. Soft tissue-free femurs were processed as described before (18), antibody stained for CD45, Ter119, Thy1.1, Thy1.2, CD105, CD51, 6c3, Tie2, CD200 (eBiosciences) prior to isolation by flow cytometry. Mouse SSCs were isolated by CD45-Ter119-Thy1-CD105-CD51+6c3-Tie2-CD200+ selection gated from single living cells (Propidium Iodide-negative).



Tissue culture and in vitro differentiation

For mouse and human colony forming assays, cells were plated at clonal density (defined number of 100 to 500 cells per well of a 6-well plate depending on experiment) and cultured in MEM alpha medium with 10% FBS and 1% pen strep (mouse) or 10% HPL, 1% pen strep, 0.01% heparin (human) maintained at 37°C incubator with 5% CO2. After two weeks cells were fixed, stained with 0.5% Crystal Violet and examined under phase microscopy and counted.

Osteogenic differentiation media (ODM) (MEM alpha medium, 10% Fetal Bovine Serum, 1% pen strep, 100 nM dexamethasone, 10 mM sodium β-glycerophosphate, 2.5 mM ascorbic acid) was changed every 3 days for 14 days. Cells were then stained with Alizarin Red to assess osteogenic potential. Alizarin red staining was quantified using spectrophotometry. Chondrogenesis assays were conducted in micromasses. Briefly, cells were resuspended at a cell-density of 1.6x107 cells/ml. A 5 µl droplet of the cell suspension was seeded under high humidity conditions in a 24-well plate for 2 hr. After 2 hr, warmed chondrogenic differentiation media was added to the culture vessel. The growing micromass was fed with fresh chondrogenesis media (DMEMhigh [Thermo Fisher Scientific, Cat# 10569010] with 10% FBS, 100 nM dexamethasone, 1 µM ascorbic acid 2-phosphate, and 10 ng/ml TGFβ1 [Peprotech, Cat# 100-21C]) every other day in a 37°C incubator with 5% CO2. At day 14 the micromass was fixed and stained with Alcian Blue (Sigma-Aldrich, Cat#A5268).



Non-steroidal anti-inflammatory drugs (NSAIDs)

NSAIDs (Ibuprofen (Sigma; Cat#I4883), Ketorolac tris salt (Sigma; Cat#K1136), Indomethacin (Sigma; Cat#I7378)) and the selective COX2 inhibitor Celecoxib (Sigma; Cat# PZ0008) were purchased, stored at RT, and diluted according to manufacturer’s specifications. Concentrations were tested according to previous studies based on pharmacokinetics of plasma levels corresponding to typical and maximum intake. NSAIDs were administered to cells in vitro at peak plasma levels corresponding to therapeutic levels reported in pharmacokinetic analyses and as indicated in the figures (19–21).



Lentiviral overexpression

A lentivirus plasmid to overexpress COX2 with a dTomato tag was constructed using Gibson cloning of pHIV-dTomato (Addgene cat# 21374) and PTGS2 (Origene Cat#SC128243). HEK-293T cells were transfected using calcium phosphate transfection with VSV-G (addgene Cat #8454), psPAX2 (addgene Cat #12260), and either ZsGreen (addgene Cat#18121) or PTGS2 dTomato. Lentiviral particles were concentrated using Lenti-X concentrator (Takara, Cat#631232) and then immediately used to transduce hSSCs plated one hour prior at 80% confluency at a dilution of 1:100 with 1:1000 polybrene. Confluent cells were FACS sorted by fluorescence for subsequent expansion and differentiation.



Subcutaneous transplantation of human skeletal stem cells

Freshly sorted patient derived hSSCs were sorted and expanded to confluency. 2x106 cells were mixed with 5 ul of Matrigel and seeded on 20 mg anorganic cancellous bone graft granulat (InterOss®, 0.25-1mm) at 4°C. The solution was transferred to a round-bottom 96-well plate well and allowed to solidify for 5 minutes at room temperature. The gelatinized cell mixture was then transplanted subcutaneously in the dorsum of NSG mice. PBS or Indomethacin was administered at 2 mg/kg for the first 7 days after cell transplant. Grafts were excised and analyzed 4- and 8-weeks later.



Micro-CT analysis of grafts

Grafts were dissected from mice and fixed in 2% PFA overnight. The next day grafts were transferred to tubes containing sterile water and scanned using a Bruker Skyscan 1276 (Bruker Preclinical Imaging) with a source voltage of 85 kV, a source current of 200 µA, a filter setting of AI 1 mm, and pixel size of 12 microns at 2016 x 1344. Reconstructed samples were analyzed using CT Analyser (CTan) v1.17.7.2 and CTvox v3.3.0 software (Bruker). Sections spanning the size of the graft were selected and upper (255) and lower (60) grey threshold were set. The total mineralized volume was measured for each graft assuming equal starting amounts of anorganic cancellous bone graft granulat.



Transcriptomic analysis

Transcriptomic analysis was performed on highly purified, double-sorted mSSCs, mBCSPs, hSSC, hOP, and hCP populations either directly sorted into TRIzol LS (Invitrogen, Cat#10296028) or expanded and differentiated towards the osteogenic lineage for 14 days before collection in TRizol. RNA was isolated with RNeasy Micro Kit (QIAGEN, Cat#74004) as per manufacturer’s instructions. For microarray analysis RNA was twice amplified with an Arcturus RiboAmp PLUS Kit (Applied Biosystems, Cat#KIT0521). Amplified cRNA was streptavidin-labeled, fragmented, and hybridized to Affymetrix arrays HG-U133+ (for human genome; Applied Biosystems, Cat#901569). Arrays were scanned with a Gene Chip Scanner 3000 (Affymetrix) running GCOS 1.1.1 software. Raw microarray data was submitted to Gene Expression Commons (https://gexc.riken.jp/models/2551 and https://gexc.riken.jp/models/2552). On this platform data is normalized by computing against the Common Reference, which is comprised of a large number of array (mouse 11,939 and human 25,229) experiments deposited to the National Institutes of Health Gene Expression Omnibus (NIH GEO) database. GEXC assigns a threshold value to each probeset using the StepMiner algorithm and calculates a percentile value between -100% (inactive) and +100% (active) for each available gene, allowing comparison of human gene expression on a normalized, continuous scale. From there, heatmaps were generated showing fold change in gene expression of Cyclooxygenase mRNAs. For quantitative PCR experiments the following primers were used for timecourse experiments with hSSCs: COX-1 (PTGS1; NM_000962.4), F-GATGAGCAGCTTTTCCAGACGAC, R-AACTGGACACCGAACAGCAGCT; COX-2 (PTGS2; NM_000963), F- CGGTGAAACTCTGGCTAGACAG, R-GCAAACCGTAGATGCTCAGGGA.



Histochemistry

Cryo-sections were stained using Movat’s Pentachrome or hematoxylin and eosin (H&E). Adjacent sections were used for immunofluorescence (IF) with primary antibodies mouse anti-human Human Nuclear Antigen (HNA; Abcam, Cat#ab191181) and rabbit anti-human Osteocalcin (OC; Abcam, Cat#ab93876) at 1:200 dilutions. The secondary antibodies goat anti-mouse AF-488 (Abcam, Cat#ab150117) and donkey anti-rabbit AF-647 (Abcam, Cat# ab150075) were added at 1:500 dilutions and sections counterstained with DAPI. Fluorescence microscopy (Leica TCS Sp8) was used to capture images.



Immunocytochemistry

For immunocytochemistry, fixated cells in well plates were permeabilized with 0.1% Triton X-100 solution and blocked with 3% BSA in PBS. After incubation with primary antibody for Cox-2 [ThermoFisher, Cat#12375-1-AP]) overnight at 4°C, secondary antibody was applied for 30 min at room temperature. For nuclear staining specimen were treated with DAPI (BioLegend, Cat# 422801). Fluorescence Quantification of Cox-2 expression in cultured hSSCs was measured by Corrected Total Cell Fluorescence (CTCF) and calculated using ImageJ for cells of five independent donors and for each time point. Each CTCF value is the average of five cells that is the integrated density minus the area of the selected cells multiplied by the mean fluorescence of the background readings.



Statistics

Data are presented as mean + standard error of the mean (SEM). Experiments were conducted at least in duplicate as indicated in the figure legends. Statistical analysis between two experimental groups was determined using two-tailed, unpaired Student’s t-test. Normality was assessed by Shapiro-Wilk test and corrected if failed by using Mann-Whitney test. If unequal variances (F-test) were detected the t-test was adjusted with Welch’s correction. For comparison of more than two groups one-way ANOVA analysis was used with Tuckey’s posthoc test. P-values were considered significant if p < 0.05. Statistical analyses were performed using GraphPad Prism 9 (GraphPad).




Results

Microarray data of freshly purified skeletal lineage cell populations from day-10 mid-diaphyseal femoral fractures (Figures S1A, B) demonstrated that Cox-2 but not Cox-1 mRNA was abundantly expressed in freshly isolated mouse SSCs (CD45-Ter119-Tie2-Thy1-6c3-CD51+CD105-CD200+) and BCSPs (CD45-Ter119-Tie2-Thy1-6c3-CD51+CD105+) (Figures 1A, B). Additionally, primary mouse SSCs (mSSCs) cultured in vitro expressed high levels of COX2 (Figure 1C). When we seeded freshly sorted fracture mSSCs at clonal density and continuously treated expansion cultures with the common NSAIDs Ketorolac (Keto), Indomethacin (Indo), or Ibuprofen (Ibu) we did not observe any changes to the fibroblast colony forming unit (CFU-F) ability as well as the size of the colonies compared to controls (Figures 1D and S1C). This suggested that proliferation of mSSCs was most likely not affected by NSAID treatment. Next, we examined whether NSAIDs inhibited chondrogenic and osteogenic differentiation capacity of mSSCs in vitro. All three NSAIDs tested significantly inhibited chondrogenic differentiation in mSSC compared to controls as determined by Alcian Blue staining quantification (Figure 1E). Similarly, in vitro osteogenic mineralization was strongly diminished in the presence of Ketorolac and Indomethacin (Figure 1F). These results extend the previously reported inhibitory effect of Cox2-inhibition on bone biology in rodents to the purified skeletal stem cell level, indicating a direct role in perturbing endochondral bone formation processes.




Figure 1 | Mouse skeletal stem cells depend on Cox2 for functional osteochondrogenic differentiation. (A) The mouse skeletal stem cell (SSC) lineage tree as defined by surface marker expression profiles with the SSC at the apex and the downstream bone cartilage stroma progenitor (BCSP) which gives rise to committed bone, cartilage, and stroma progenitor cells. (B) Microarray analysis showing Cox-1 and Cox-2 expression of freshly purified SSCs and BCSPs from fracture calluses of four different mice. (C) Representative immunocytochemistry (ICC) staining of Cox2 of fracture-derived SSCs expanded in culture for five days. (D) Representative images of colony-forming unit assays of fracture-derived SSCs stained with Crystal Violet expanded in the absence or presence of NSAIDs (left; Ketorolac 0.3 µg/ml, Ibuprofen 3 µg/ml, or Indomethacin 0.3 µg/ml) and quantification thereof (right). Replicates from n=3 mice. (E) Representative images of chondrogenesis assays of fracture derived SSCs stained with Alican Blue differentiated in the absence or presence of NSAIDs (left) and quantification thereof (right). Replicates from n=4 mice. (F) Representative images of osteogenesis assays of fracture derived SSCs stained with Alizarin Red S differentiated in the absence or presence of NSAIDs (left) and quantification thereof (right). Replicates from n=4 mice. All data shown as mean + standard error of mean (SEM). Results from at least two independent experiments. Statistical testing versus control group by unpaired Student’s t-test with Welch’s correction for unequal variances and Mann-Whitney test for non-normality where necessary.



Next, we examined whether COX enzymes played a functional role in human SSCs (hSSCs). We purified human hSSCs (CD45-CD235-CD31-TIE2-CD146-PDPN+CD164+CD73+), as well as their downstream osteoprogenitors (hOPs) and chondroprogenitors (hCPs), from acute fractures at the time of surgical open reduction and internal fixation (Figure 2A and Figures S2A, B). Transcriptomic analysis revealed that COX-1 mRNA was stably expressed in purified uncultured and differentiating patient-derived hSSCs (Figure 2B and Figure S2C). COX-2 expression, on the other hand, was high in freshly isolated hSSCs but rapidly lost gene and protein expression upon early commitment towards the osteogenic lineage as shown by qPCR and immunocytochemistry time-course analyses (Figures 2B–E). In line with this observation, COX-2 expression was not detectable in freshly isolated committed osteoprogenitors (hOPs; CD45-CD235-CD31-TIE2-CD146+PDPN-) (Figures S2D, E). Interestingly, early chondrocyte progenitor cells (hCPs) maintained high levels of COX-1 and COX-2 expression. To test the influence of the presence of COX-2 in hSSCs during osteogenic differentiation we lentivirally overexpressed primary hSSCs with a COX-2 construct and induced osteogenesis. Compared to GFP-transduced cells, hSSCs from three different patients showed strongly diminished in vitro mineralization when COX-2 was continuously expressed (Figure 2F). Taken together, this data indicates that primary bona fide hSSCs express COX-2 in an undifferentiated state but, in contrast to mSSCs, might depend on its downregulation for osteogenic differentiation.




Figure 2 | COX2 downregulation is necessary for osteogenic differentiation of human SSCs. (A) The human skeletal stem cell (hSSC) lineage tree as defined by surface marker expression profiles with the hSSC at the apex and the downstream bone cartilage stroma progenitor (hBCSP) which gives rise to committed bone (hOP) and cartilage (hCPs) progenitor cells. (B) Microarray analysis showing COX-1 and COX-2 expression of freshly purified (uncultured) hSSCs from human fracture callus tissue of three different patients as well as their expression after two-week osteogenic differentiation from hSSCs. (C) Representative IHC images of COX2 staining in freshly purified hSSCs at different timepoints during in vitro osteogenesis. (D) Related quantitative PCR of COX-2 expression in the same experiment. n=12 independent replicates of hSSCs from four patients performed in triplicates. (E) Quantification of COX2 ICC staining by CTCF (corrected total cell fluorescence). n=20 independent replicates of hSSCs from two patients (n=10 each). Statistical testing between timepoints by one-way ANOVA with Tukey’s posthoc test. (F) Alizarin Red staining and quantification of hSSCs (with patient age; yo: years old) of lentivirally overexpressed COX2 or ZsGreen controls during osteogenic differentiation. n=6 independent replicates of hSSCs from three patients performed in duplicate. Statistical testing by unpaired Student’s t-test. All data shown as mean ± SEM. All results from at least two independent experiments.



Next, we surveyed reported peak plasma levels of common NSAIDs in human patients and treated colony-forming unit fibroblast assays with the average of these concentrations (Figure S3A) (19–21). Ketorolac (3 µg/ml), Indomethacin (3 µg/ml), or Ibuprofen (30 µg/ml) treatment did not alter clonogenicity of hSSCs compared to controls (Figure 3A). In contrast to mSSCs, chondrogenesis of hSSCs was also unaffected in the presence of these NSAIDs (Figure 3B). Using in vitro bone-forming assays we tested low and peak plasma concentration levels of NSAID and treated hSSC cultures either short-term (first three days) or continuously (throughout differentiation) with NSAIDs. Regardless of NSAID supplementation and duration of treatment, there was no effect on osteogenic potential of hSSCs (Figure 3C and Figures S3B, C). Importantly, when we assayed the effect of the commonly used selective COX2-inhibitor Celecoxib at varying concentration, we could not observe any effect on osteogenic differentiation either (Figure 3D). Since NSAIDs could act downstream of the stem cell level or on a putative distinct SSC lineage, we also asked if short-term or continuous NSAID administration differentially affected osteogenic differentiation of CD146-positive osteoprogenitors (hOPs), previously described as a key source of bone formation in humans (22). We found that neither low nor high doses of NSAIDs added during differentiation, short-term or continuously, inhibited bone mineralization in hOPs (Figures S3D-F). This suggested a species-specific effect of COX-inhibition on bone-forming cell types between mice and humans.




Figure 3 | NSAIDs do not alter in vitro functionality of human SSCs. (A) Representative images of CFU-F assays of fracture derived hSSCs stained with Crystal Violet expanded in the absence or presence of NSAIDs (left; Ketorolac 3 µg/ml, Ibuprofen 30 µg/ml, or Indomethacin 3 µg/ml) and quantification thereof (right). n=6 independent replicates from hSSCs of two patients performed in triplicate. (B) Representative images of chondrogenesis assays of fracture derived hSSCs stained with Alican Blue differentiated in the absence or presence of NSAIDs (left) and quantification thereof (right). n=11 independent replicates from hSSCs of five patients performed at least in duplicate. (C) Continuous NSAID treatment of osteogenic differentiation assays from hSSCs. n=8 independent replicates from hSSCs of four patients performed in duplicate. (D) Osteogenic differentiation of hSSCs in the presence of COX2-specific inhibitor Celecoxib. n=12-18 independent replicates from hSSCs of six patients performed at least in duplicates. All data shown as mean ± standard error of mean (SEM). All results from at least two independent experiments. Statistical testing versus control group by unpaired Student’s t-test with Welch’s correction for unequal variances where necessary.



Lastly, we sought to explore if exposure to NSAIDs affects de novo bone formation reflective of the fracture healing process in vivo. SSCs are able to recreate skeletal structures, if transplanted as purified single cell solution to ectopic sites, provided access to vascular ingress (13, 14, 23). Thus, we transplanted primary patient-derived hSSCs subcutaneously into immune-incompetent NSG mice that were treated intraperitoneally with Indomethacin or PBS as control daily for one week (Figure 4A). We reasoned that the lack of adaptive immunity in NSG mice would be well suited to assess a direct effect of NSAIDs on the hSSC function. As expected, patient hSSCs generated grafts complete with bone tissue at least in part forming through a cartilage intermediate (Figures 4B–E and Figures S4A–C). At four and eight weeks, µCT analysis showed no differences in mineralization between hSSC-derived grafts from seven independent patients either transplanted into mice receiving NSAID doses or to patient-matched PBS controls (Figure 4C). Histomorphometric quantification of bone tissue in grafts confirmed these results. Importantly, immunostaining revealed that osteocalcin-expressing cells in grafts were of human origin and did not differ in frequency between groups (Figures 4F, G). In summary, osteochondrogenic differentiation of fracture-derived hSSC lineage populations is facilitated in the absence of COX2, providing a rationale for the discrepancy observed between animal experiments and human studies.




Figure 4 | Indomethacin does not interfere with in vivo ossicle formation of human SSCs. (A) Experimental schematic for in vivo grafting of hSSCs and treatment of mice with Indomethacin. (B) Three-dimensional microCT reconstruction of mineralized graft tissue. (C) Quantification of mineralized graft tissues (total bone volume) at 4- (n=4) and 8-weeks (wks; n=3) post transplant between PBS and Indomethacin treated mice. Results from seven experiments with hSSCs from distinct patients. (D) Representative Movat Pentachrome staining of sectioned grafts (B, Bone; FC, Fibrocartilage; V, Blood vessel; GM, Graft material). (E) Histomorphometric quantification of graft bone volume (each data point represents average of three non-adjacent sections per patient hSSC-derived graft). (F) Immunohistochemistry showing graft derived osteogenic cells are of human origin. Human Nuclear Antigen (HNA; green), Osteocalcin (OCN; red), DAPI (blue). (G) Quantification of OCN-expressing cells of human origin based on IHC. Data shown as mean + SEM. Statistical testing by paired Student’s t-test (n.s., not significant).





Discussion

The effects of NSAIDs on osteogenic stem cell differentiation and fracture healing remain controversial and appear to vary with investigated species and cell type. Here, we compared prospectively isolated, highly purified, homologous populations of skeletal stem cells from mice and humans and report that COX enzymes may be dispensable for chondrogenic and osteogenic differentiation in fracture-derived hSSCs but not mSSCs.

In mice we found that NSAIDs repressed chondrogenic and osteogenic differentiation of mSSCs from fractures. In general, NSAIDs appear to inhibit murine fracture healing based on previous evidence. Perhaps most convincingly, genetic Cox-2 null mice demonstrate bone healing defects (5). From the perspective of bone marrow stromal cells, it has previously been reported that NSAIDs are inhibitory at the osteogenic differentiation level, although in a non-cell autonomous model (10). Although NSAIDs had no effect on serum markers of fracture healing or biomechanical properties of fracture callus in rat fractures (24), there is also evidence that in rat long bone fractures, prolonged NSAID administration inhibits BMSC differentiation and fracture callus formation (25). We have extended these observations by demonstrating an inhibitory effect of NSAIDs on osteochondrogenic differentiation in the highly purified and characterized mSSC, a bona fide skeletal stem cell, that has been shown to play an essential part in fracture healing (14–17, 26, 27). However, the limitations translating genetically homogenous mouse models to complex multi-factorial disease processes are well-documented (28, 29). Subsequently, we have also studied the homologous human cell population, the hSSC, and made distinct observations (13, 16).

We found no effect of NSAIDs on osteogenic and chondrogenic differentiation of hSSCs, which is not fully concordant with many previous human studies but is consistent with the strongest available clinical evidence. A previous analysis of human bone marrow stromal cells did find a specific inhibitory effect of multiple NSAIDs on chondrogenesis but not osteogenic differentiation (9), while another study demonstrated an inhibitory effect of NSAIDs on osteogenesis (30). These conflicting results might have several explanations, including the fact that cells were derived from uninjured tissue through bone marrow aspirates as well as pro-longed selection and growth in culture. The present study used flow cytometrically purified defined skeletal progenitor cell types with minimal in vitro expansion. Our earlier work could show that fracture-derived SSCs behave differently than their steady-state counterparts (27) and that selection of heterogenous cell populations by plastic adherence leads to variations in experimental readout (11, 12, 31). Strikingly, in this study we also observed a lack of effect of NSAIDs on differentiation of lineage restricted osteoprogenitors (hOPs; CD146-positive), which contain a previously described populations of perivascular bone marrow stromal cells with stem cell-like features (22). It is feasible to assume that by initiating differentiation experiments at the hSSC level with cells undergoing maturation through more committed lineage progenitor stages before terminal osteochondral differentiation, our findings of a lack of effect of NSAIDs on experimental outcome can be extrapolated to human BMSCs, which contain a heterogeneous mixture of stem and progenitor cell types. While COX1/2 are expressed at time of isolation of hSSCs from fracture sites, COX2 expression becomes attenuated during differentiation, suggesting an alternate role, if any for this enzyme at sites of skeletal injury. We also observed that lentiviral overexpression of COX2 in hSSCs actually prevented in vitro mineralization. This could be a consequence of superphysiological COX2 levels. Moving forward this could be mitigated by using more specific transcriptional control with other genetic models. We will also have to test if the same results are obtained when a catalytically inactive COX2 variant is used as a control.

Our work might have not covered cell types highly enriched for “MSC”-like cells that have been shown to modulate local and systemic inflammatory responses (32), and may do so at sites of fracture as well. Future studies will have a closer look at NSAID effects on angiogenesis and immune cells during early fracture healing in humans. However, our in vivo results suggest that even in a monocyte/macrophage enriched environment, as present in NSG mice, which have been implicated in NSAID mediated suppression of osteogenesis, bone formation from SSCs is not impaired in the presence of NSAID drugs (10).

In the clinical setting, there remains a lack of convincing evidence, but not controversy, surrounding the use of NSAIDs in fracture healing (5–7, 33). A recent meta-analysis concluded that association of nonunion with NSAID use was predominantly found in studies with insufficient cohort sizes, unclear definition of outcomes and even fraud allegations, stating that there were a dearth of high quality studies in fracture literature (8). Another review cited lack of strong evidence against NSAID use in fracture healing (34).

In conclusion, there is great interest in safe post-operative analgesia, given the current opioid crisis, especially during fracture care in orthopaedic surgery. Currently, much of our understanding of the role of NSAIDs in fracture healing comes from rodent models. Here, we demonstrate that NSAIDs have disparate and species-specific effects on osteochondrogenic differentiation of homologous populations of murine and human fracture-derived SSCs, which are prospectively isolated and a highly purified cell population. In contradistinction to the mSSC, the hSSC is unaffected by NSAID administration. COX enzyme-specific mechanisms in SSCs likely evolved to synchronize priming of SSC-dependent regenerative responses with recruitment of inflammatory cell types that may also facilitate other aspects of the regenerative process. COX1 might be differentially regulated at the stem cell level in mice while, for instance, recent findings have also shown that there are differences between humans and mice in their regulation of COX2 expression (18). Finally, the expression of COX1 versus COX2 in human versus mouse SSCs is a species-specific regulatory switch that might serve to maintain stem cell identity rather than promoting differentiation. Thus, caution should be used in extrapolating mechanistic data from experimental animal models to clinical practice. Our data provides evidence from a mechanistic perspective that NSAID does not appear to impair human skeletogenic stem and progenitor cells and contributes to the hypothesis that NSAID use might be safe after fractures in humans in some contexts. Additionally, hSSCs isolated from acute human fractures provide a model with which to study how common medications may influence fracture healing.
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Introduction

Type 2 diabetes mellitus (T2DM) is well-known to be associated with normal bone density but, concurrently, low bone turnover and increased risk for fracture. One of the proposed mechanisms is possible derangement in bone precursor cells, which could be represented by deficiencies in circulating osteogenic progenitor (COP) cells and osteoclast precursors (OCP). The objective of our study is to understand whether extent of glycemic control has an impact on these cells, and to identify other factors that may as well.



Methods

This was a secondary analysis of baseline data from 51 male participants, aged 37-65 in an ongoing clinical trial at Michael E. DeBakey VA Medical Center, Houston, Texas, USA. At study entry serum Hemoglobin A1c was measured by high-performance liquid chromatography osteocalcin (OCN) and C-terminal telopeptide of type 1 collagen (CTx) were measured by ELISA, and testosterone and estradiol by liquid-chromatography/mass-spectrometry. Areal bone mineral density (BMD), trabecular bone score and body composition were measured by dual energy x-ray absorptiometry, while COP and OCP were measured by flow cytometry.



Results

When adjusted for serum testosterone, parathyroid hormone, and 25-hydroxyvitamin D, those with poor long-term glycemic control had significantly higher percentage of COP (p = 0.04). COP correlated positively with visceral adipose tissue (VAT) volume (r = 0.37, p = 0.01) and negatively with free testosterone (r = -0.28, p = 0.05) and OCN (r = -0.28, p = 0.07), although only borderline for the latter. OCP correlated positively with age, FSH, lumbar spine BMD, and COP levels, and negatively with glucose, triglycerides, and free estradiol. Multivariable regression analyses revealed that, in addition to being predictors for each other, another independent predictor for COP was VAT volume while age, glucose, and vitamin D for OCP.



Conclusion

Our results suggest that high COP could be a marker of poor metabolic control. However, given the complex nature and the multitude of factors influencing osteoblastogenesis/adipogenesis, it is possible that the increase in COP is a physiologic response of the bone marrow to increased osteoblast apoptosis from poor glycemic control. Alternatively, it is also likely that a metabolically unhealthy profile may retard the development of osteogenic precursors to fully mature osteoblastic cells.
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Introduction

A host of factors can lead to disorders of bone remodeling including but not limited to aging, menopause, hormonal imbalance, vitamin D deficiency, medications, immobilization, and chronic kidney disease, among others (1). Recently, type 2 diabetes mellitus (T2DM) has been added to this list. Our group previously reported that men with T2DM with or without hypogonadism had reduced bone turnover markers (2). This finding is in agreement with observations from other investigators suggesting impaired bone remodeling in these patients (3–6). Furthermore, our group also showed a differential effect of glycemic control on bone turnover. We recently reported that men with poor blood glucose control, defined as hemoglobin A1c (A1c) of ≥7% had suppressed bone turnover relative to men with good glycemic control (defined as A1c of <7%) (7). In fact, the bone turnover markers of the latter were comparable to patients without T2DM. These glycemia-associated differences in bone remodeling are in turn reflected by differences in bone microarchitecture and strength, with poor indices among those with poor control (8).

Diabetes mellitus is associated with accumulation of advanced glycation end products (AGE’s) and non-enzymatic glycation products (NEG’s) which can result in microstructural defects in bone (9, 10). Given the reduced bone remodeling in these patients, it is likely that repair of these microstructural damages and replacement of old with new bone is impaired, leading to skeletal fragility. The underlying mechanism for this observed reduction in bone remodeling in patients with T2DM is not well-established. Nevertheless, there are suggestions that low bone turnover in the context of T2DM is mostly a problem of bone formation since hyperglycemia impairs osteoblastogenesis (11, 12) and could be the initiating factor for reduced bone remodeling given the cross-talk between osteoblasts and osteoclasts. One study reported lower osteoblastic progenitors in patients with T2DM (13). However, it remains unclear if the degree of glycemic control affects the proliferation and differentiation of these cells in-vivo. The objective of this study is to evaluate the effect of glycemic control on circulating osteogenic progenitor (COP) cells and osteoclast precursors (OCP) in the circulation. Secondarily, we will also evaluate the effect of anthropometric, hormonal and metabolic factors on circulating COP and OCP.

We hypothesize that poor glycemic control (ie A1c>7%) is associated with fewer circulating COP and OCPs. Furthermore, we also hypothesize that other factors (hormonal and metabolic) will affect the flux of these cells in circulation resulting in alterations in bone parameters. To our knowledge, this is the first study of its kind examining the effect of glycemic control on COP and OCPs levels in adult males with T2DM.



Materials and methods


Patient population

This is a secondary analysis of baseline data from the study “Testosterone Therapy and Bone Quality in Men With Type 2 Diabetes Mellitus and Hypogonadism” which is ongoing at the Michael E DeBakey VA Medical Center since October 2019 (NCT03887936). The inclusion/exclusion criteria for this study are as described previously (14), but briefly, male veterans, 35 to 65 years old, with an average fasting morning total testosterone (T) level from 2 measurements of <300 ng/dL taken at least a day apart and symptoms of hypogonadism as assessed by quantitative Androgen Deficiency in the Aging Male survey (qADAM) (15), having T2DM of <15 years duration with an A1c of <10.5% and body mass index (BMI) <35 kg/m2. Diagnosis of T2DM was by chart review and A1c measurement at study entry, using widely-accepted diagnostic criteria of A1c≥6.5% and fasting plasma glucose>125mg/dL or use of antidiabetic medications (16). Excluded were those with 1) a history of prostate or breast cancer, 2) testicular disease, 3) untreated severe sleep apnea, 4) any illness that could prevent the subject from completing the study or diseases that interfere with bone metabolism 5) hematocrit of >50%, 6) prostate-related findings on digital rectal exam, 7) serum PSA of ≥4.0 ng/mL or ≥3.0 ng/mL for African-Americans, 8) International Prostate Symptom Score (IPSS) > 19, 9) on androgen therapy, or selective androgen receptor modulators, 10) on medications that affect bone metabolism, 11) current alcohol use of >3 drinks/day, 12) history of deep vein thrombosis, pulmonary embolism, stroke or recent diagnosis of coronary artery disease 13) a T-score ≤−2.5 assessed by dual-energy x-ray absorptiometry at the lumbar spine, total femur or femoral neck, or a history of fragility fractures (spine, hip or wrist), and/or 14) fasting total T less than 50 ng/dL.



Body mass index

Body weight and height were measured by standard weighing scale and stadiometer, respectively. BMI (kg/m2) was calculated by dividing the weight (in kilograms) by height (in meters) squared.



Biochemical analyses

Blood was obtained in the morning after an overnight fast, processed, and samples were stored at -80°C until analysis. Serum total T and estradiol were measured by liquid chromatography/mass spectroscopy by LabCorp laboratory (Burlington, NC, USA), total T intra-assay CVs are 7.4%, 6.1%, 9.0%, 2.3%, and 0.9% at 0.65, 4.3, 48, 118, and 832 ng/dL, respectively. Inter-assay CVs are 8.9%, 6.9%, 4.0%, 3.6%, and 3.5% at 0.69, 4.3, 45, 117, and 841 ng/dL, respectively. The detection range is 0.5 to 2,000 ng/dL (17). Estradiol assay sensitivity is 0.23 to 405 pg/mL, intra-assay CV is 1.4% to 11.8% and inter-assay CV is 4.8% to 10.8% (2). SHBG was measured with electrochemiluminescence immunoassay by LabCorp laboratory (Burlington, NC, USA). The following were measured by the clinical laboratory at the Michael E. DeBakey VA Medical Center: A1c was measured by high-performance liquid chromatography using Tosoh Automated Glycohemoglobin Analyzer HLC-723G8. (Tosoh Bioscience, Inc. South San Francisco, CA, USA); triglycerides were measured by fluorometric assay and LDL and HDL were measured by colorimetric assay by UNICEL DxC (Beckman Coulter, Inc., 250 S. Kraemer Blvd., Brea, CA 92821 USA). Detection limits for these measurements are: 11–500 mg/dl for LDL, 5–135 mg/dL (0.13–3.5 nmol/L) for HDL, 10–1,000 mg/dL (0.1–11.3 mmol/L) for triglycerides; CVs <10% for all measurements (17). The free T index was calculated by using the formula previously described by Sowers et al. (18) i.e. 100×T (ng/dl)/28.84×SHBG (nM) which is unit free. The free E2 index (FEI) was calculated as the molar ratio of total E2 to SHBG (pmol/nmol) (19). Fasting glucose was measured using Unicel DxC 800 Auto-analyzer (Beckman Coulter, Fullerton, CA, USA). The following were measured using enzyme-linked immunosorbent assay kits: CTx, marker of bone resorption (Crosslaps; Immunodiagnostic System Inc., Gaithersburg, MD); and OCN, marker of bone formation, (Metra OC; Quidel Corporation, San Diego, CA); and high-sensitivity C-reactive protein (hs-CRP) (Eagle Biosciences, Inc., Nashua, NH). The coefficients of variation (CVs) for the above assays in our laboratory are <10% and <3.5% for A1c.



Mean -12M A1c

Mean A1c was obtained from medical record review of each patient’s chart using the Veterans Affairs Computerized Patient Record System, A1c values measured between 9 and 15 months prior to study enrollment. For each participant, the average of these A1c measurements was calculated to give a single 12-month average A1c value, the -12M A1c.



Flow cytometry

Identifying COP and OCP can and has been done by flow cytometry. OCP express several identifying proteins, chiefly among them M-CSF’s receptor MCSFR. Gossiel et al. have previously described a staining protocol where dual CD14CD11b+, CD14MCSFR+, CD14CD120b+ cells are identified as OCPs (20). CD14 is a cell-surface receptor in monocytes that responds to lipopolysaccharides and serves as a pattern recognition receptor (21, 22), CD11b is an integrin protein found on many leukocytes of the macrophage lineage (23), and CD120b, also known as TNFR2, is a surface receptor for TNF-α. Osteoblasts and circulating COP are identified chiefly with anti-OCN antibodies as described by others (13, 24–26). To exclude B, T, and NK cells, the CD3-CD19-CD56- cell population can be gated. Finally, the fluorescence minus one technique, as described by Perfetto et al. (27), can be useful in ruling out background noise to identify COP.

OCN positive COP were isolated from peripheral blood using a previously described method with modification (13, 24, 25, 28). Peripheral blood mononuclear cells (PBMC) were isolated via Ficoll-Paque density gradient. Fresh, whole blood, treated with anticoagulant, was diluted 1:1 with phosphate-buffered saline, then layered on top of Ficoll-Paque density gradient at a ratio of 4:3. This was centrifuged for 35 minutes at 400 x g. The pellet was then isolated and washed twice with PBS. PBMC were then stored on ice for the remainder of the experiment. They were stained with a) combination of CD3 (BD Pharmingen, San Diego, CA, USA), CD19 (Beckman Coulter, Indianapolis, IN, USA), CD56 (BD Horizon, San Diego, CA, USA), OCN (Santa Cruz Biotechnology, Dallas, TX, USA), and 4′,6-diamidino-2-phenylindole (DAPI, Beckman Coulter, Indianapolis, IN, USA) b) just CD3, CD19, CD56, and DAPI (reflecting the fluorescence minus one technique (27)) or c) just DAPI. Viable cells that were OCN+ and CD3CD19CD56- were considered COP (see Figure 1A).




Figure 1 | (A) Gating Strategy for Circulating Osteogenic Progenitor Cell Isolation. Cells are first sorted along forward/side scatter to identufy nucleated cells, then forward area and height to identify singlets, then DAPI-negative cells are identified as viable. Cells that are CD3-CD19-CD56-are gated from this population the OCN+ cells are identified as osteoblast progenitors. (B) Gating Strategy for Osteoclast Precursor Cell Isolation. Cells are first sorted along forward/side scatter to idfentify nucleated cells, then forward area and height to identify singlets, then DAPI-negative cells are identified as viable. Cells that are CD14+CD11b+, CD14+MCSFR+, or CD14+CD120b+ are identified as OC precursors.



OCPs were also isolated from peripheral blood. First, PBMC were extracted from whole blood as described above. These were then stained with a) combination of CD14 (BD Pharmingen, San Diego, CA, USA), CD11b (ThermoFisher Scientific, Waltham, MA, USA), and DAPI b) CD14, CD11b, MCSFR (Abcam, Waltham, MA, USA), and DAPI c) CD14, CD11b, CD120b (BD Pharmingen, San Diego, CA, USA), and DAPI or d) just DAPI. Viable cells that were dual CD14CD11b+, CD14MCSFR+, or CD14CD120b+ were considered OCPs (see Figure 1B). All flow cytometry data was collected on a CytoFlex LX Flow Cytometer (Beckman Coulter, Indianapolis, IN, USA) and analyzed using Kaluza Analysis Software (Beckman Coulter, Indianapolis, IN, USA).



Imaging studies


Areal BMD, trabecular bone score and body composition

aBMD was assessed by dual energy X-ray absorptiometry (DXA) on the lumbar spine, left proximal femur (right femur if history of prior surgery) for total femur and femoral neck regions of interest, and whole body using Hologic Discovery (Hologic Inc, Bedford, MA, USA). The CVs at our center are ~1.1% for the lumbar spine and ~1.2% for the proximal femur (19, 29). TBS of the spine images (using L1-L4) obtained by DXA was assessed using the TBS Insight 2.2 software (Med-Imaps, Merignac, France). TBS is a gray-level textural assessment calculated from the standard DXA spine images which is considered a measure of skeletal microarchitecture at the spine (30).

Measurement of body composition was performed by DXA (Hologic-Discovery; Enhanced Whole Body 11.2 software version; Hologic Inc, Bedford, MA; USA). Images were analyzed according to manufacturer’s instructions. The CV for fat mass and lean mass measurements in our center is 1.5% (19). Visceral adipose tissue (VAT) volume (g/cm2) was calculated from the DXA body composition scan using APEX software (version 5.5.2; Hologic Inc., Bedford, MA) as previously described (29).




Statistical analyses

Results are presented as means ± standard deviation (SD) in the tables. A p-value <0.05 was considered significant, and <0.10 was considered borderline significant. Participants were grouped according to study entry and mean A1C levels, i.e. ≤7% and >7%. Group comparisons were performed by one-way analysis of covariance. The associations between COP and OCP cells with hormonal, metabolic and bone parameters were analyzed by simple correlation analysis. Independent predictors for each of these circulating cellular components were identified by multivariable regression analyses. This was performed by first identifying all variables that were significantly associated with the parameter of interest as candidate variables, then performing a backwards stepwise regression with all candidate variables included in the model. Significant predictors were identified and tabulated. Data were managed using Excel 2013 (Microsoft, Redmond, WA), and analyzed by Statgraphics Centurion XVI X64 (Statgraphics Technologies, Inc., The Plains, VA, USA).




Results


Demographics and medications

The data from 51 consecutive men who were able to provide the outcomes of interest were included in this analysis. Ages ranged from 37 to 65 with an average of 55.2 ± 6.3 years. Of the 51 men, 20 (39%) were African-American, 24 (47%) were non-Hispanic white, 6 (12%) were Hispanic, and 1 (2%) was Asian. Total T of the overall population was 265.0 ± 84.3 ng/dL, 43 participants were hypogonadal with an average Total T of 236.8 ± 44.4 while 8 were eugonadal with an average Total T of 328.4 ± 82.8 ng/dl. Average BMI was 31.7 ± 3.5. All participants had T2DM with average A1c 8.1 ± 1.4%. Mean duration of T2DM was 7.6 ± 5.7 years (see Table 1). Of the 51 participants, 42 were on medications for T2DM while 9 were not. Of the 42 participants on medications, 8 were on metformin alone, 2 on insulin alone, 4 on metformin and insulin in combination, and the other 28 were on different combinations of metformin, insulin, dipeptidyl peptidase 4 inhibitors, glucagon-like peptide-1 receptor agonists, sodium-glucose cotransporter-2 inhibitors, sulfonylureas, thiazolidinediones, and alpha-glucosidase inhibitors (see Supplemental Table 1).


Table 1 | Demographic and clinical data of the study participants.





Effect of glycemic control

To determine the effect of short- and long-term glycemic control, we divided our subjects according to A1c at study entry and the Mean (-12M) A1c into ≤ 7% (n = 15, good T2DM control) and >7% (n = 36, poor control), but only 46 subjects have data on COP and OCPs (good control N=15, poor control N=31). For clinical characteristics of subjects according to A1c at entry and Mean -12M A1c, please see Supplementary Tables 2, 3. Analysis according to A1c at study entry showed that poorly-controlled subjects had significantly longer duration of T2DM (9.0 ± 5.9 years vs 5.0 ± 4.5 years, p = 0.02), higher average A1c for the prior year (9.0 ± 1.9% vs 6.8 ± 1.0%, p < 0.001), lower 25-hydroxyvitamin D (23.8 ± 11.3 ng/mL vs 33.1 ± 14.7 ng/mL, p = 0.02), lower SHBG (22.0 ± 12.6 nmol/L vs 30.5 ± 11.3 nmol/L p = 0.02), and lower BMD at the total hip (1.062 ± 0.16 g/cm2 vs 1.159 ± 0.16 g/cm2, p = 0.05) (Supplementary Table 2). The significance of the latter disappears with adjustments for age and BMI (p = 0.14). Analysis according to Mean -12M A1c similarly showed that those with poor long-term glycemic control had significantly longer duration of T2DM (8.9 ± 5.9 years vs 4.7 ± 4.1 years p = 0.02). Furthermore, they had significantly lower total lean mass (63.1 ± 8.1 kg vs 68.2 ± 5.1 kg, p = 0.04) compared to those with good long-term glycemic control but significance was lost after adjustment for age and BMI, p = 0.20 (Supplementary Table 3). A separate analysis for BMD and body composition adjusted for age and BMI in both Supplementary Tables 1, 2 was done showing no significant between-group differences in any of these parameters in the short- or long-term glycemic control categories.

The average COP in the entire population was 0.41 ± 0.13% and within the reference range of normal for COP (OCN+) reported in a prior study (31). Analysis of precursor cells in Table 2 showed that those with long-term poor glycemic control had significantly increased percentage of COP when adjusted for factors that influence production, proliferation and differentiation of these cells such as PTH, 25-hydroxyvitamin D and free T levels (0.42 ± 0.12% vs 0.35 ± 0.11%, p = 0.04). However, when analysis was also adjusted for the duration of T2DM, the difference between the 2 groups became borderline (p=0.07). There were no significant differences in circulating OCP cells according to short- and long-term glycemic control.


Table 2 | Circulating osteogenic progenitors and osteoclast precursors according to A1C at study entry and mean -12M A1c.





Association between COP and OCPs with hormonal and metabolic factors

COP were inversely correlated with serum free T (r = -0.28, p = 0.05) and OCN (r = -0.28, p = 0.07), although significance for the latter was only borderline (Table 3). OCPs, CD14CD11b+, CD14MCSFR+, and CD14CD120b+ cells positively correlated with age and negatively correlated with plasma glucose, and triglycerides. FSH was positively correlated with all three of the OCP populations, but LH was not significantly associated with any of them. The CD14MCSFR+ negatively correlated with free estradiol (r = -0.34, p = 0.03). The CD14CD120b+ population was positively correlated with serum 25-hydroxyvitamin D (r = 0.33, p = 0.03), while significance was borderline for the other two. COP also positively correlated with all OCPs (r = 0.34, p = 0.02, r = 0.38, p = 0.01, r = 0.33, p = 0.03 for CD14CD11b+, CD14MCSFR+, and CD14CD120b+ respectively). There were no correlations between short- and long-term A1c and any cellular parameters.


Table 3 | Correlation analysis of circulating osteogenic progenitors and osteoclast precursors on hormonal and metabolic parameters of interest.





Association between COP and OCPs with body composition

Average total body fat percentage was 34.3 ± 4.3%. COP increased significantly with increasing VAT (r = 0.37, p = 0.01, see Table 4 and Figure 2). There was no significant correlation between any of the OCPs with any parameter of body composition.


Table 4 | Correlation analysis of body composition parameters on circulating osteogenic progenitors and osteoclast precursors.






Figure 2 | Regression of Circulating Osteogenic Progenitors (COP) with Visceral Adipose Tissue Volume. COP were identified as CD3-CD19-CD56-and OCN+ cells, and expressed as a percent of the nucleated, viable population.



Other associations noted with body composition parameters are: VAT volume decreased significantly with increasing serum OCN levels (r = -0.46, p = 0.003, see Figure 3A) and negatively but weakly corelate with CTX (r = -0.31, p = 0.06). Appendicular lean mass, on the other hand, negatively correlated with CTX (r = -0.40, p = 0.01, see Figure 3B). There was no significant association between VAT volume and hs-CRP (r=0.22, p=0.12).




Figure 3 | (A) Correlation between Serum Osteocalcin and Visceral Adipose Tissue Volume (VAT). (B) Correlation between Serum C-telopeptide (CTX) and Appendicular lean mass.





Association between COP and OCPs with bone mineral density

There were no significant associations with bone density at the hip or femoral neck, but lumbar spine BMD was positively associated with all three OCP cell populations, though only the CD14CD11b+ reached statistical significance (r = 0.31, p = 0.04) (see Table 4).



Independent predictors of circulating bone progenitor/precursor cells

Multivariable regression analyses were performed to identify the significant predictors of COP and OCP concentration in peripheral blood (Table 5). VAT volume and OCP concentration were found to be independent predictors for the COP (R2 = 33.1, p < 0.001 for the model). For each of the CD14+CD11b+, CD14+MCSFR+, and CD14+CD120b+ cells, the independent predictors were found to be: age and COP; fasting plasma glucose and COP; 25-OH vitamin D and COP (R2 = 20.7, p = 0.007, R2 = 27.4, p = 0.002, R2 = 19.9, p = 0.008, respectively).


Table 5 | Multivariate regression analysis of circulating osteogenic progenitors and osteoclast precursors with variables of interest.






Discussion

Our results show that in our population of mostly hypogonadal patients with T2DM, long-term poor glycemic control was associated with increased circulating COP compared to those with good long-term control. There were no significant differences in OCPs in either short- or long-term glycemic control status. COP positively correlated with VAT volume and negatively with free T. OCPs positively correlated with age, 25-hydroxyvitamin D, and FSH and negatively with plasma glucose, triglycerides, and free estradiol. Our results also showed that COP and OCP flux are positively correlated with each other as expected from the coupling mechanism. Further analysis revealed that VAT and OCPs are independent predictors of circulating COP; conversely, for OCPs independent predictors include COP for each, along with age; glucose; and 25-hydroxyvitamin D for the CD14CD11b+, CD14MCSFR+, and CD14CD120b+ cell populations respectively. Interestingly, we also found that OCN and CTX were inversely correlated with VAT and ALM respectively.

Osteoblasts are mononucleated cells whose primary function is to synthesize bone matrix. They derive from mesenchymal stem cells which are common progenitors for fibroblasts, chondrocytes, myoblasts, and adipocytes (32, 33). The process of differentiation into osteoblasts has been described in greater detail elsewhere (34–36), but briefly this common progenitor can be directed toward adipocytes by peroxisome proliferator-activated receptor gamma (PPARγ), myocytes by myoblast determination protein 1 (MyoD), chondrocytes by Sox-9, and osteoblasts by Runx-2. Upon Runx-2 activation, the cells undergo a 3-stage differentiation which results in a mature, osteocalcin (OCN)-secreting osteoblast (35).

Osteoclasts are multinucleated cells whose primary function in bone remodeling is to resorb bone. Mononuclear hematopoietic stem cells, in the presence of macrophage colony stimulating factor (M-CSF), differentiate into macrophage colony forming units, which are common precursors of both macrophages and osteoclasts. Receptor activator of nuclear factor κB (RANK) receptor activation by its ligand RANKL (among other downstream molecules) is then responsible for the differentiation of OCPs into mature osteoclasts (37–41). Multinucleation, stimulated by osteoclast stimulatory transmembrane protein (OC-STAMP) and dendritic cell-specific transmembrane protein (DC-STAMP) (42, 43), is a complex process which appears to strongly enhance resorptive activity (44). Mature osteoclasts resorb bone at their ruffled surface through acid secretion and proteolysis to dissolve the inorganic and organic components of bone respectively (45–47).

That osteoblast and osteoclast activities are coupled has been recognized for decades (48, 49). Bone remodeling occurs in four phases: activation, during which osteoclasts are recruited; resorption when osteoclasts are active, reversal when osteoclasts undergo apoptosis, and formation where osteoblasts lay down new bone (50). This coupling process is delicately regulated by a number of cell-cell communication mechanisms, and mediators (51–57). The crosstalk between these 2 cells is well-illustrated in our study by the positive correlation between COP and OCPs, and one an independent predictor of the other.

The potential role of COP in health (for example, healing of fractures) and diseases such as vascular calcifications, heterotopic ossification, osteoporosis, and frailty is summarized in a recent review by Feehan and colleagues (58). A study in a population of 57 older adults demonstrated a positive correlation between BMD and bone mineral content of the whole body and femoral neck with levels of COP (59), Interestingly, the authors identified that a COP cut-off of 0.4% has 100% sensitivity and 79% specificity of predicting osteoporosis on the femoral neck. Furthermore, they also found COP to positively correlate with appendicular lean mass (59). Moreover, with the emerging body of evidence suggesting that diabetes is associated with low bone turnover (60–62) some investigators examined the role of COP as reflection of ongoing events in the bone of patients with T2DM. In a study by Manavalan et al. (13), circulating OCN+ cells or COP cells are significantly lower in patients with T2DM compared to those without diabetes. This observation was corroborated by findings of significantly reduced bone turnover markers in the serum and significantly lower bone formation rate, osteoblastic surface, and osteoid surface by histomorphometric analysis of iliac crest biopsy of patients with T2DM compared to those without diabetes. Unfortunately, they did not quantify circulating OCPs in this study, although parameters of osteoclast activity and number in the bone were examined. Given the cross-talk between osteoblasts and osteoclasts with reduced bone formation, it is expected that reduction in bone resorption follows with resultant low bone turnover. In previous studies, our group also reported that men with T2DM with or without hypogonadism (2) and obese men with T2DM have reduced bone turnover compared to those without T2DM (29). Furthermore, we demonstrated in another study that glycemic control could be an important determinant of this alteration in bone turnover in T2DM patients, with poor glycemic control associated with reduction in bone turnover as compared to those with good glycemic control (7).

However, in the current study, we found the opposite of what we anticipated initially. Those with poor long-term glycemic control in fact had higher COP compared to those with good long-term glycemic control. A previous study reported an increase in OCN+ cells in the circulation of subjects with A1c in the pre-diabetic and diabetic range compared to normal subjects. The authors speculated that this increase in OCN+ cells may initiate or account for increased vascular calcification in these patients (28). In fact, one study reported that OCN+ cells are associated with the severity of aortic calcification (63). Lineage plasticity of the mesenchymal stem cells is influenced by a variety of factors (64). It is possible that poor metabolic health alters the balance between osteoblastogenesis and adipogenesis favoring the former over the latter as compensatory response to osteoblast apoptosis from hyperglycemia (65, 66). On the other hand, a published report indicated that hyperglycemia also retards maturation of osteoblast progenitor cells in a dose-dependent manner (11) and may also contribute to the high COP in those with poor glycemic control. The combined effect of hyperglycemia on the mature and differentiating osteoblastic cells is manifested clinically by dramatic reductions in bone formation indices histomorphometrically and on circulating COP followed by overall global reduction in bone turnover (13) (67–70). Although we did not find any concomitant increase in OCPs in our subjects, the segregation of the OCPs into different groups according to staining may have prevented us from finding a difference in these cells between the poor and good glycemic control groups.

As expected, there were significant negative correlations between the different OCPs with estradiol, and free T, deficiencies of which will result in increased bone turnover and bone loss (71–73). FSH receptors have been reported on the surface of osteoclasts (74), hence the finding of positive association between FSH and OCPs is not surprising. The negative relationship between OCPs and glucose, and triglycerides is likely a reflection of the suppression of bone remodeling that happens with T2DM and metabolic syndrome. However, we find an interesting positive correlation between COP and VAT, with the latter an independent predictor (in conjunction with OCPs) of the former in the multivariable regression analysis. One possible explanation for our observation could be the common progenitor shared by adipocytes and osteoblasts. Our cohort had average BMI of 31.7 and average total body fat of 34.3%, so they were more obese than the general population. It is possible that with more signals for this progenitor to differentiate into adipocytes, there was less signal to differentiate into osteoblasts. This is a possibility in patients with T2DM as hyperglycemia has been reported to divert OBP cells to an adipogenic pathway (75). Another possible explanation is VAT serving as a proxy for bone marrow adipose tissue (BMAT). Bredella et al. found a positive association between visceral fat and bone marrow fat, and additionally found an inverse correlation between marrow fat and trabecular BMD (76). Interestingly, when mesenchymal stem cell-derived osteoblasts are co-cultured with adipocytes, they show an increase in adipogenic and decrease in osteogenic markers (77). One study found that, compared to age-matched controls, people with osteoporosis have significantly more BMAT (78). Our findings also show that VAT is negatively associated with markers of bone formation (OCN), which in the presence of increased COP perhaps suggest that increased adipogenesis may suppress preosteoblast differentiation in our patient population, which would in turn decrease rate of bone remodeling and lead to poorer bone quality. Such findings have been suggested previously in the context of osteoporosis (79). We also found a negative association between CTX and ALM. One possible link between the bone homeostasis and muscle mass here could be RANKL’s activation of the NF- κB pathway and concomitant inhibition of myogenic differentiation (80, 81). It has been reported that treatment with denosumab, a RANKL inhibitor, can improve muscle mass in osteoporotic, sarcopenic mice (82). Similar observations have also been noted in older, community-dwelling adults (83).

We were also interested in learning whether COP and OCPs concentrations would be associated with BMD. We found a positive association between OCPs and lumbar spine BMD. Excessive mature OC activity can result in decreased bone mass (84, 85). Accordingly, our result could be interpreted as higher bone density caused by reduced bone turnover, a product of fewer OCP’s differentiating into mature osteoclasts. The positive correlation between OCPs and 25-hydroxyvitamin D, is consistent with the report from prior in-vitro studies showing that conversion of 25-hydroxyvitamin to 1,25-dihydroxyvitamin D occurs in macrophage lineage cells which results in increase in osteoclast transcription factors and regulation of osteoclastic differentiation (86, 87).

The strengths of this study include: 1) novelty, as this is the first study that examines the effect of glycemic control and other factors on the circulating bone precursor cells in T2DM and 2) the relatively good number participants for a flow cytometry study done on humans, which allows us to extrapolate a mechanistic understanding of previously observed trends in bone quality and geometry in patients with type 2 diabetes (2, 29). There are several limitations to our study. First, our patient population included mainly middle-aged men with T2DM, who for the most part are hypogonadal, and in the absence of normal controls and women, results from this study may not be applicable to the population of patients with T2DM in general. Second, although COP were higher in patients with Mean A1c>7%, the same trend was not observed for those with baseline A1c>7%, suggesting that the effect was either not strong, or that the effect of poor glycemic control on COP is a long-term relationship and may be difficult to capture at a single A1c timepoint. Finally, despite having significant p values, many of our correlation coefficients were somewhat weak.

In conclusion, findings from our study suggest high COP could be a marker for poor metabolic health with increased COP representing a potential compensatory response to the deleterious effect of hyperglycemia on osteoblasts (65, 66). However, there is also a possibility that poor metabolic health retards the maturation of COP cells to mature osteoblast (11). Given the different roles that COP may play in physiological and pathological conditions (58), future studies with larger sample size, longitudinal follow-up, and more demographically diverse patient population including women are needed to affirm results in this study.
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In the adult skeleton, the bone remodeling process involves a dynamic coordination between osteoblasts and osteoclasts, which is disrupted in diseases with high bone turnover rates and dysregulated transforming growth factor beta 1 (TGF-β1). However, little is known about how TGF-β1 signaling mediates bone resorption. Here, we described a pedigree with a heterozygous variant in TGF-β1 (R218C) that resulted in aberrant activation of TGF-β1 through an activating mechanism that caused Camurati-Engelmann disease (CED). We showed that CED patients have high levels of active Rho GTPases and the migration-related proteins Integrin β1 and Integrin β3 in their peripheral blood. HEK293T cells transfected with a plasmid encoding this mutant expressed high levels of TGF-β1 and active Rho GTPases. Furthermore, activation of Rho by TGF-β1 increased osteoclast formation and bone resorption, with increased migration of pre-osteoclasts, as well as cytoskeletal remodeling of pre-osteoclasts and mature osteoclasts. Importantly, pharmacological inhibition of Rho GTPases effectively rescued hyperactive TGF-β1-induced osteoclastogenesis in vitro. Overall, we propose that Rho GTPases mediate TGF-β1-induced osteoclastogenesis and suggest that Rho-TGF-β1 crosstalk is associated with high bone turnover in CED.
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Introduction

Anomalies of the bone remodeling process are usually described in skeletal disorders, including Camurati-Engelmann disease (CED) (1). The disorder manifests with pain in early childhood, muscular weakness, and gait disturbances (2). Transforming growth factor beta 1 (TGF-β1) is involved in CED, and in healthy individuals, activated TGF-β1 stimulates bone deposition (3, 4). In CED, mutations cause inadequate activation of TGF-β1 and poor-quality bone formation (5); however, the role of TGF-β1 in CED remains unclear.

In skeletal tissues, TGF-β1 regulates the functions of osteoblasts and osteoclasts (1, 6–8). Specifically, TGF-β1 binds to cell surface receptors that activate receptor-regulated Smads (R-Smads), which are important proteins for regulating cell development and growth (9). In addition, TGF-β1 also acts through non-Smad effectors, including Rho GTPases, focal adhesion kinase (FAK) and mitogen-activated protein kinases (MAPKs) (10–13). Among them, Rho GTPases regulate the organization of the cytoskeleton (9), and once activated, they bind to protein kinases and actin-binding proteins that modulate F-actin dynamics, leading to morphological changes (9, 14). Recent studies found that the Rho GTPases and Rho-associated coiled-coil-containing protein kinases (ROCKs) were involved in cell growth, cell death and cytoskeletal reorganization in osteogenic cells. ROCK activity also triggered cartilage degradation and affected bone formation. In chondrocytes and osteoblasts, the inhibition of Rho GTPase/ROCK activity prevented cartilage degradation and promoted bone formation (15).

Osteoclasts maintain the balance of bone metabolism in the body by cooperating with osteoblasts. Excessive activity of osteoclasts leads to bone loss; thus, understanding the activities of osteoclasts is necessary for developing therapeutic strategies against osteoclast-related disorders (16). Although the relationship between Rho GTPases and bone metabolism is well-documented, the role of Rho GTPases in regulating TGF-β1-induced osteoclast production remains ambiguous.

Here, the clinical features of heterozygous patients with CED—with a mutation in the TGF-β1 propeptide—are described. We reported a CED pedigree that causes aberrant activation of TGF-β1 due to p.R218C mutation. Our study also confirmed that activated TGF-β1 promotes osteoclast fusion and maturation through Rho GTPase-mediated cytoskeletal remodeling and cell migration. We consider that Rho GTPases signaling is a possible therapeutic target for bone diseases with high bone turnover rates including CED.



Materials and methods


Genetics

Peripheral blood was obtained from individuals with CED and their relatives. The DNA extraction kit (QIAamp DNA Micro, Qiagen) was used to extract genomic DNA from white blood cells. Several sets of primers were designed to amplify segments of TGF-β1. The amplification was performed with PCR and the amplified products were analyzed by Sanger sequencing.



Cell treatments

Cells were purchased from the American Type Culture Collection (ATCC, TIB-71). The Dulbecco’s modified Eagle’s medium (DMEM) was used to culture RAW264.7 cells, along with 10% fetal bovine serum (FBS), streptomycin (100 μg/ml) and penicillin (100 units/ml). Then, they were seeded in a chamber at 37°C, supplemented with 5% CO2. The ALK4/5/7 inhibitor SB431542 (MCE, 10 μM), ROCK inhibitor Y27632 (Selleck, 10 μM), or Rac GTPase inhibitor NSC23766 (Selleck, 50 μM) were used as treatments. Later, cells were exposed to recombinant sRANK Ligand (Peprotech, 30 ng/ml) and recombinant TGF-β1 (Peprotech, 10 ng/ml) and processed for further experiments.



Osteoclast differentiation

RAW264.7 cells were cultured with density at 2×104 cells/cm2. At 12 hours, the cells attached to the wall were medicated with RANKL and TGF-β1 (0, 1, 5, 10, and 20 ng/ml) for 5 days. The inhibitors were added to the culture solution for 1 hour before adding RANKL and TGF-β1. Cells were harvested for protein, RNA, cell staining and SEM. We conducted osteoclast differentiation experiments at least three times.



TRAP staining assay

After washing with PBS, cells were fixed with 4% PFA. Then, 0.1% Triton X-100 permeabilized cells for 10 min. After washing, cells were stained with tartrate-resistant acid phosphatase (TRAP) solution (Sigma-Aldrich). After washing, cells were stained with hematoxylin to localize nuclei. TRAP positive cells (nuclei ≥ 3) were defined as differentiated osteoclasts. Bright-field images were captured using the inverted fluorescence microscope (Olympus IX73).



Western blot analysis

The RIPA buffer (Biotime Biotechnology, cat. #P0013B, China) was used to extract proteins. The total protein content was analyzed through a bicinchoninic acid (BCA) kit (Biovision, cat. #K813-2500). For denaturation, a metal bath was used to boil samples for 10 min after mixing with 6× loading buffer (Tiangen, #RT201). The amount of 20 μg protein was moved into polyvinylidene difluoride (PVDF) membranes after separation using 10% SDS-PAGE. The blocking agent (5% skim milk) was then added. The PVDF was incubated with several primary monoclonal antibodies: rabbit anti-Smad2/3(CST, #8685, 1:1000), rabbit anti-p-Smad2/3 (CST, #8828, 1:1000), rabbit anti-JNK (CST, #9552, 1:1000), rabbit anti-p-JNK (CST, #4668, 1:1000), rabbit anti-ERK1/2 (CST, #4695, 1:1000), rabbit anti-p-ERK1/2 (CST, #4370, 1:1000), rabbit anti-p38 (CST, #9212, 1:1000), rabbit anti-p-p38 (CST, #4631, 1:1000), rabbit anti-Tartrate Resistant Acid Phosphatase (Abcam, #ab191406, 1:2000), mouse anti-Smad4 (Santa, #sc-7966, 1:1000), rabbit anti-NFATc1 (CST, #8032, 1:1000), rabbit anti-RhoA (CST, #2117, 1:1000), rabbit anti-Cdc42 (CST, #2466, 1:1000) and mouse anti-β-actin (Sigma, 1:10000). Rabbit polyclonal antibodies anti-Rac1/2/3 (CST, #2465, 1:1000) were also used. The secondary antibodies used were horseradish peroxidase-conjugated goat anti-rabbit and goat anti-mouse (Sigma, 1:8000). The chemiluminescence was developed with ECL solution (Milllipore). Experimental procedures were performed three times in triplicate, independently.



Real time PCR

The AxypreTM Miniprep Kit (Axygen, cat. #365) extracted the RNA from RAW264.7 cells. The PrimeScript™ RT Master Mix (Takara, cat. #RR036A) reverse-transcribed the RNA. The real-time quantitative polymerase chain reaction (PCR) was performed by SYBR Premix Ex Taq™ II (Takara, #RR820A) and 7500 system (Applied Biosystems), followed by the operational steps: 95°C for 30 s, 40 cycles at 95°C for 3 s and 60°C for 30 s, then again 60°C for 30 s. The mRNA of GAPDH was the reference as standard control. The 2−ΔΔCt method calculated the relative expression of target genes. The primers are described in Supplementary Table 1. The Primer 3 software (http://primer3.ut.ee/) designed oligonucleotides. We performed all PCR experiments three times in triplicate, independently.



Resorption pit formation assay

The assay was performed in accordance with a typical assay procedure of Bone Resorption Assay Kit (CSR-BRA-48KIT, Cosmo Bio Co., LTD). The kit contains 48-well plates pre-coated with carbonate apatite (CaP). Prior to cell seeding, each well in the plate was coated with fluoresceinamine-labelled chondroitin sulphate (FACS) for 2 h. RAW264.7 cells (1 × 104 cells per well) were used for the differentiation process with RANKL (30 ng/ml), TGF-β1 (10 ng/ml) and/or inhibitors. Plates were incubated at a humidity of 5% CO2 for 5 days at 37°C. On day 5, the conditioned medium (100 μl) was moved into a 96-well black plates. For each well, the bone resorption assay buffer (50 μl) was later added. A plate shaker was used for mixing. The fluorescence was measured according to the previously set parameters. The media were aspirated on day 5 to analyze pit formation. 5% sodium hypochlorite (100 μl) was added for 5 min. The wells dried at room temperature from 3 to 5 h after washing with distilled water. The pit areas were visualized under bright-field using a microscope. The Image J software analyzed the images. A microplate reader (Tecan Spark, Switzerland) was used to read the fluorescence signal produced.



Transwell migration assay

The migratory response of RAW 264.7 cells was analyzed through transwell inserts (8 um, Costar, Corning, NY). RAW 264.7 cells were seeded in the upper chamber (1 × 105 cells/well), with RANKL (30 ng/ml), TGF-β1 (10 ng/ml) and/or inhibitors. The inhibitors were used as pre-treatment for 1 h for 2 days. Methanol fixed migrated cells, then crystal violet stained cells. The transwell membrane was photographed through three independent views and the migrated cells were counted.



FITC-phalloidin staining

After washing two times with PBS, 3.7% formaldehyde fixed cells and 0.1% Triton X-100 permeabilized cells for 10 min, respectively. Monolayers were blocked with 2% BSA for 30 min and seeded with 10 μg/ml of FITC-phalloidin (P5282, Sigma-Aldrich) at 37°C for 1 h. Then, the nucleus were labelled with DAPI (D9542, Sigma Aldrich, 1 μg/ml) for 5 min. After another washing with PBS, cells were visualized through a laser confocal microscope (Olympus, Japan). For each sample, random fields evaluating intracellular F-actin intensity and the formation of F-actin ring with a specific software.



Electron microscopy

RAW264.7 cells on the plastic coverslip were treated as described. 1% osmium tetroxide and 2.5% glutaldehyde were used to fix mock and inhibitor-treated cells, followed by ethanol dehydration. After drying, silver paste was used to mount slides. Osteoclasts were imaged under ×1,000 and ×3,000 magnification using a Hitachi S-3400N SEM. In addition, for pre-osteoclasts, the magnifications were ×2,000 and ×7,000, respectively.



Rho GTPase activation assay

The assay was implemented through a GTPase G-LISA activation assay kit (BK135, Cytoskeleton, Inc.). After washing with PBS, RAW264.7 or HEK293T cells were treated with a cold lysis buffer for 20 min. After centrifugation at 4°C, the samples were analyzed through a bicinchoninic acid (BCA) protein assay kit (Biovision, cat. #K813-2500). Around 25 μg of total proteins were loaded in GTPases binding wells for detecting the active form of Rho GTPases (RhoA, Rac1 and Cdc42). The active forms were immobilized, then primary antibodies for Rho GTPases and HRP-conjugated secondary antibodies were added. After PBS washing HRP detection substrates were added and a microplate reader (Tecan Spark, Switzerland) was used to measure the intensity by luminometric methods. Detection of lysates from peripheral blood mononuclear cells (PBMCs) was also performed according to the procedure described above.



TGF-β1 mutants and cell transfection

Human cDNA was cloned from TGF-β1 in pCDNA 3.1 vectors. Plasmids constructed by Hunan FengHui Biotechnology Co., Ltd include pcDNA3.1-T2A-EGFP (control), TGF-β1-WT-pcDNA3.1-T2A-EGFP (WT) and TGF-β1 (C652T)-pcDNA3.1-T2A-EGFP (mutation). Medium or cell lysates were obtained for expression of mutant and WT TGF-β1 after transfection. The protein expression was quantified by enzyme-linked immunosorbent assay (ELISA), GLISA, western blotting and cell staining as described.



Conditioned medium culture

Forty-eight hours after we transfected HEK293T cells with the above plasmids, the conditioned medium was collected and concentrated with a centrifugal filter device (3 kDa cut-off; Amicon Ultra-15, Millipore). The resulting medium (approximately 50-fold concentrated) was assayed for active TGFB1 levels by ELISA assays and preserved in aliquots at −80°C until use. When preparing to start the experiment, add concentrated conditioned medium was added to RAW264.7 cells cultured in 12-well and 24-well plates to induce osteoclasts for 5 days. We set up the following experimental groups: concentrate of untransfected HEK293T cells (293-U, with RANKL), concentrate transfected with NC plasmid (NC, with RANKL), wild-type plasmid (WT, with RANKL), mutant plasmid (MUT, with RANKL), blank control group (CON, RANKL only) and positive control group (PC, RANKL and TGF-β1 combined); the final concentration of TGF-β1 in the medium of the mutant group was 10ng/ml. Cells were then collected for western blot analysis and TRAP staining.



ELISA test

TGF-β1 was properly quantified by the enzyme-linked immunosorbent assay (ELISA, Novus, USA) in serum and supernatants.



Molecular structure

Human TGF-β1 was obtained from the Protein Data Bank (https://www.uniprot.org) code P01137. Graphics were generated using Swiss-Model (https://swissmodel.expasy.org).



TGF-β1 conservation analysis

A phylogenetic tree was generated and evolutionary conservation analysis was done using the ConSurf server. Bayesian calculation method was used to calculate conservation score from the protein sequence. Here the ConSurf Server (vConSurf-2016) evaluated the conservation of TGF-β1 across species. The multiple sequence alignment is displayed in Figure 8. Supplementary Figure 4 shows the residue variety for R218 variant in TGF-β1. Human wild-type TGF-β1 residues are indicated in blue and human TGF-β1 variant in red (17, 18).



Statistical analysis

Data are presented as mean ± standard deviation (SD). Independent groups were compared using the two-tailed t-test. GraphPad Prism software (San Diego, CA) was used. A p-value below 0.05 was set as statistically significant.




Results


Clinical features and biochemical findings

Five individuals across two generations were covered by the pedigree (Figure 1A). The proband (patient 1, female) and her sister (patient 2, female) exhibited bone abnormalities. Computed tomography (CT) imaging showed periosteal thickening and sclerosis of facial bones and skulls (Figures 1B, C). Both patients suffered pain in the extremities and reported gait disturbances, protruding eyeballs and muscle weakness. They also exhibited hepatosplenomegaly, dizziness, blurred vision, and hearing loss, and patient 1 had anemia, which was absent in patient 2; however, patient 2 had changes in secondary sexual characteristics. Notably, patient 1 developed left ventricular dilation and deterioration of cardiac function, which were rarely detected in previous cases (Supplementary Figure 1A, Supplementary Table 2).




Figure 1 | Identification of a heterozygous p.R218C mutation in patients with CED. (A) The pedigree covered two generations and five individuals. Patients 1 and 2 had a de novo mutation (p.R218C). Black-filled symbols indicate affected individuals. Patient 1 was the proband. (B) Clinical photograph of patient 1. A CT scan showed bilateral sclerotic thickening of the base of the skull. Images based on a reconstructed CT scan showed more pronounced symptoms. (C) Clinical photograph of patient 2. A CT scan showed the same symptom as patient 1. Written permission from the patients was obtained for the reproduction of these photographs. (D) Electropherograms of Sanger sequencing show that the TGF-β1 mutation (c.652C > T) was heterozygous in the affected individuals in this family.



Biochemical results are displayed in Table 1. Serum alkaline phosphatase (ALP) and phosphorus (P) were significantly elevated in both patients (reference range: ALP, 53–141 U/L; P, 0.9–1.34 mmol/L). The thyroid hormone was in the normal range in both patients. Still, the serum thyroid-stimulating hormone (TSH) of patient 1 was significantly higher than the normal value, and her calcium level was lower than normal (reference range: 2.00–2.50 mmol/L). In addition, both patients had abnormally high activated partial thromboplastin time (APTT) and prothrombin time (PT).


Table 1 | Overview of patients’ clinical data.



Sequencing analysis identified a heterozygous transition (c.652C > T) [p.Arg218Cys] in exon 4 of TGF-β1 in the proband of each patient (Figure 1D). No mutation was found in their parents or siblings (Supplementary Figure 1B).



A high level of active TGF-β1 in peripheral blood of CED patients is associated with bone remodeling

Radiographs demonstrated sclerosis of the calvarium and the skull base; bilaterally (Figure 2A). Imaging revealed elevated bilateral hyperostosis and endostosis of several long bone diaphysis (Figures 2B, C). In addition, patient 1 had severe scoliosis (Figure 2D). Bone scintigraphy found diffuse uptake in the skull and the upper and lower extremities, consistent with the sclerosing dysplasia lesions on radiographs (Figure 2E). Reduced bone densitometry values were reported for patient 1 (Supplementary Figure 1C). Increases in active TGF-β1 expression (Figure 2F) and mRNA expression of the osteoclasts marker acid phosphatase type 5 (ACP5) (Figure 2G) were described in peripheral blood and PBMCs of patients, respectively.




Figure 2 | Typical osteosclerotic lesions of CED patients. (A) Skull radiographs of patient 1 showing bilateral sclerotic bony enlargement in the skull base and calvarium. (B) Thickening and irregularity of endosteal and periosteal sides of diaphyses of all long bones, including the radius and ulna. (C) Anteroposterior radiograph of the pelvis showing bilateral chronic femoral diaphyseal cortical thickening and sclerosis with severe degenerative changes of the hips (arrows). Lower-extremity radiographs showed bilateral symmetrical hyperostosis and endostosis of the diaphysis in both femurs, tibias, and fibulas. (D) Radiographs from patient 1 show severe scoliosis of the spine with osteopenia. (E) Whole-body bone scintigraphy of patient 1 shows the symmetrical distribution of the disease. Increased tracer uptake is visible in the diaphyseal portion of the long bones of the femora, lower legs, humeri, forearms, clavicles, and frontal bones, consistent with the radiographic findings. (F) The levels of active TGF-β1 were higher in peripheral blood of patients 1 and 2 than in the peripheral blood of normal controls. (G) The mRNA levels of ACP5 were higher in the PBMCs of patients 1 and 2 than in normal controls. ***p < 0.001; ****p < 0.0001.





TGF-β1 enhances RANKL-induced osteoclast formation

Excessive osteoclast activity leads to bone loss and osteoporosis (16). Osteoclasts were used to assess the regulatory function of TGF-β1 because of the lower bone mineral density in CED patients and the high expression of osteoclast marker ACP5 in their peripheral blood. We differentiated RAW264.7 cells in osteoclasts. The effects of different concentrations of receptor activators of nuclear factor-κB ligand (RANKL, 30 and 50 ng/ml) were first evaluated. TRAP staining showed that the effects of 30 and 50 ng/ml RANKL were similar (Supplementary Figure 2A); therefore, 30 ng/ml was used to induce osteoclasts in further experiments. During osteoclast formation, we administered 0, 1, 5, and 10 ng/ml of TGF-β1, which increased RANKL-induced osteoclast formation in a dose-dependent manner. Therefore, 10 ng/ml was used in the following experiments. When used alone, TGF-β1 had no osteoclast-inducing effect in vitro, even at a high concentration (Figures 3A, B).




Figure 3 | Effects of treatment of RAW264.7 cells with various concentrations of TGF-β1 for 1, 3, or 5 days in the presence or absence of RANKL. (A) Multinucleated cells cultured for 5 days were viewed by light microscopy and stained for TRAP. Bar: 100 μm. (B) The formation of multinucleated osteoclastic cells upon treatment with various concentrations of TGF-β1 was quantified by counting the number of TRAP-positive multinucleated cells and measuring the TRAP-positive cell area (n = 5). (C, D) Protein levels of TRAP and NFATc1 in cells cultured for 1, 3, or 5 days were determined by western blotting. (E) RAW264.7 cells were cultured on OsteoAssay plates for 5 days with RANKL and TGF-β1 in the presence or absence of SB431542. Resorption lacunae were visualized by bright-field microscopy. Bar: 100 μm. (F) Areas of resorption pits were measured. Data represent means ± SD (n = 3). (G, H) Cells were treated with RANKL and 10 or 20 ng/ml TGF-β1 in the presence or absence of SB431542 and then stained for TRAP. The TRAP-positive area was determined (n = 5). Bar: 100 μm. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



Next, we varied the duration of exposure to these two cytokines and analyzed the osteoclast-inducing effects of TGF-β1. TGF-β1 was administered in RAW264.7 cells for different periods (Figures 3C, D). When RANKL was administered, exposure to TGF-β1 throughout the culture caused a time-dependent increase in the level of the osteoclast marker TRAP. Nuclear factor of activated T cells c1 (NFATc1) was significantly increased in the early stages (1–3 days). SB431542 is a potent and specific inhibitor of transforming growth factor-beta superfamily type I activin receptor-like kinase (ALK) receptors ALK4, ALK5, and ALK7. We found that treatment with SB431542 inhibited osteoclast differentiation (Figures 3E, F). In addition, exposure to a high concentration of TGF-β1 (20 ng/ml) reduced the number and area of multinucleated osteoclasts, and this inhibitory effect was not rescued by the addition of SB431542 (Figures 3G, H). These results indicate that 1–10 ng/ml of TGF-β1 could enhance RANKL-induced osteoclast formation, while a high concentration (20 ng/ml) of TGF-β1 had the opposite effect.



The Smad and MAPK pathways regulate TGF-β1-mediated osteoclast formation

To assess the effects of TGF-β1 treatment on the classical TGF-β1/Smad and non-Smad pathways during osteoclastogenesis, we analyzed the levels of mRNAs and proteins during RANKL-induced osteoclast differentiation when TGF-β1 was present. Expression of Smad4 and Smad2/3 did not significantly change, while expression of p-Smad2/3 increased in the early stage, decreased in the intermediate stage, and increased again in the late stage (Figure 4A). Consistent with the findings regarding osteoclastogenesis, TGF-β1 significantly increased the expression of osteoclast-associated genes induced by RANKL, including Acp5 (also known as Trap), cathepsin K (Ctsk), and osteoclast stimulatory transmembrane protein (Oc-stamp) (Figure 4B). In addition, we investigated other effects of TGF-β1. The phosphorylation of p38, ERK, and JNK was inhibited by TGF-β1 in the early stages and stimulated in the late stages (Figure 4C). SB431542 inhibited phosphorylation of Smad2/3, p38, and ERK, indicating that it inhibits TGF-β1 induced Smad and MAPK activation in osteoclasts (Figures 4D, E). In the presence of SB431542, expression of transforming growth factor beta-activated kinase 1 (Tak1) was inhibited, confirming the effect of the inhibitor. The expression levels of Acp5, Ctsk, Oc-stamp, and osteoclast-associated receptor (Oscar) were significantly reduced. The enhancement of osteoclast differentiation by TGF-β1 was blocked (Figure 4F).




Figure 4 | Expression of Smad and MAPK signaling pathway molecules during TGF-β1-induced osteoclastogenesis. (A, C) Protein levels of Smad2/3, p-Smad2/3, Smad4, ERK1/2, p-ERK1/2, p38, p-p38, JNK, and p-JNK were determined by western blotting in cells cultured with RANKL and TGF-β1 for 1, 3, or 5 days (n = 3). (B) Relative mRNA expression of Acp5, Cstk, and Oc-stamp was determined by qRT-PCR and normalized to that of Gapdh (n = 3). (D, E) RAW264.7 cells were cultured for 5 days with TGF-β1 and RANKL in the presence or absence of SB431542. Protein levels of Smad2/3, p-Smad2/3, Smad4, ERK1/2, p-ERK1/2, p38, and p-p38 were determined by western blotting. Representative blots are shown (n = 3). (F) Effects of SB431542 treatment on relative mRNA expression of Acp5, Cstk, Oc-stamp, Oscar, and Tak1 were determined by qRT-PCR. These levels were normalized to that of Gapdh (n = 3). (G) HEK293T cells were transfected with the WT TGF-β1 or p.R218C mutant plasmid for 48 h. Cell supernatants were collected for an enzyme-linked immunosorbent assay (ELISA) of TGF-β1 levels (n = 4). (H) Western blotting of HEK293T cells transfected with the WT or mutant plasmid described above in the presence or absence of SB431542 was performed. Data represent means ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



To investigate the effect of the p.R218C mutation on TGF-β1 activity in vitro, we constructed WT and mutant vectors investigating the effects of the p.R218C mutation on TGF-β1 activity in vitro. We measured the TGF-β1 protein in the supernatants of HEK293T cells transfected with these vectors using the ELISA test. TGF-β1 was higher in the supernatants of transfected cells (Figure 4G). Expression of the constitutively active TGF-β1 variant in HEK293T cells increased the phosphorylation of Smad2/3 and p38, but not in cells expressing WT TGF-β1 (Figure 4H). The TGF-β1 variant in the patients enhanced well-defined TGF-β1 receptor-mediated Smad and p38/MAPK signaling pathways and augmented osteoclast differentiation mediated by these pathways.



Rho GTPases regulate TGF-β1-mediated pre-osteoclast migration and fusion

How TGF-β1 regulates Rho GTPases to participate in osteoclast formation remains an important question in the field. To assess TGF-β1 effects on Rho signaling during osteoclast differentiation, the levels of Rho GTPases during RANKL-induced osteoclast differentiation were investigated. Expression of Rho GTPases did not significantly change overall, but the levels of GTP-bound Rho GTPases were augmented. Their levels were decreased to varying extents in the presence of SB431542 (Figures 5A, B), and mRNA expression of Rock1 and Rock2 downstream of RhoA was also reduced by SB431542 administration (Supplementary Figure 2B). Expression of the constitutively active TGF-β1 variant in HEK293T cells increased the levels of active Rho GTPases but not in WT TGF-β1 cells (Figure 5C), which was consistent with the results concerning osteoclasts.




Figure 5 | Effect of the Rho signaling pathway on TGF-β1-induced osteoclastogenesis. (A) RAW264.7 cells were cultured for 5 days with TGF-β1 and RANKL in the presence or absence of SB431542. Protein levels of total RhoA, Rac1, and Cdc42 were determined by western blotting. (B) The levels of GTP-bound RhoA, Rac1, and Cdc42 were detected by GLISAs (n = 3). (C) HEK293T cells were transfected with the WT TGF-β1 or p.R218C mutant plasmid for 48 h. Cell lysates were collected for GLISAs of GTP-bound RhoA, Rac1, and Cdc42 levels (n = 3). (D, E) Representative images of TRAP staining (D) (bar: 200 μm) and areas of TRAP‐positive multinucleated (≥ 3 nuclei) RAW264.7 cells (E) after 5 days of culture. Cells were cultured with RANKL and TGF-β1 in the presence or absence of a Rho GTPase inhibitor (Y27632 or NSC23766) (n = 5). (F, G) RAW264.7 cells were cultured on OsteoAssay plates for 5 days with RANKL and TGF-β1 in the presence or absence of a Rho GTPase inhibitor (Y27632 or NSC23766). Resorption lacunae were visualized by bright-field microscopy (n = 3). Bar: 100 μm. (H, I) Representative images of Raw264.7 cells (stained with crystal violet) on the lower surface of a Transwell membrane (H) and quantitative analysis of cell migration by cell counting (I) after 2 days of culture. Cells were cultured alone (control), with RANKL, with RANKL plus TGF-β1, or with RANKL plus TGF-β1 plus an inhibitor (SB431542, Y27632, or NSC23766) (n = 3). Bar: 100 μm. (J, K) Protein levels of FAK and p-FAK were determined by western blotting, and the gray values were statistically analyzed. (L) the mRNA levels of Integrin β1 and Integrin β3 were determined by quantitative RT‐PCR in RAW264.7 cells cultured for 5 days (n = 3). Data represent means ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns: no significance.



To determine the effect of the p.R218C mutation on osteoclasts, we collected conditioned medium from HEK293T cells transfected with the plasmids to stimulate RAW264.7 cells. The results showed that the p.R218C mutant HEK293T cells-conditioned medium promoted the formation of osteoclasts differentiated from RAW264.7 cells (Supplementary Figures 2C, D) and activated the Smad and MAPK signaling pathways (Supplementary Figures 2E, F).

To further validate the role of Rho GTPases in TGF-β1-mediated osteoclastogenesis, we examined the formation of mature osteoclasts. The formation of mature osteoclasts decreased when a RhoA inhibitor (Y27632) and a Rac1 inhibitor (NSC23766) were administered. The suppressive effects of Rac1 inhibition on mature osteoclast formation (Figures 5D, E) and bone resorption (Figures 5F, G) were much greater than those of RhoA inhibition.

Spatiotemporally coordinated activation of RhoA, Rac1 and Cdc42 is required for effective cell migration. Therefore, we examined how TGF-β1 regulates osteoclast migration by activating RhoA, Rac1, and Cdc42. Transwell-based migration assays demonstrated that TGF-β1 enhanced RANKL-induced migration of pre-osteoclasts. SB431542, Y27632, and NSC23766 inhibited this migration to varying extents (Figures 5H, I). We determined how RhoA and Rac1 contributed to the expression of FAK and integrins involved in TGF-β1-induced osteoclast migration using Y27632 and NSC23766. Inhibition of RhoA and Rac1 downregulated RANKL- and TGF-β1-induced protein expression of p-FAK (Figures 5J, K) and mRNA expression of Integrin β1 and Integrin β3 (Figure 5L) according to western blotting and qRT-PCR, respectively.

To fully assess the functional consequences of the p.R218C substitution, we transfected HEK293T cells as described earlier. Transwell-based migration assay showed that the constitutively active TGF-β1 variant of HEK293T cells migrated more substantially than WT (Supplementary Figures 2G, H), which was consistent with the results for pre-osteoclasts. The TGF-β1 variant in the patients enhances the well-defined TGF-β1 receptor-mediated Rho signaling pathway and augments cell migration mediated by this pathway.



Rho GTPases mediate TGF-β1-induced migration of pre-osteoclasts through cytoskeletal remodeling

Actin dynamics are inextricably linked to osteoclast differentiation (19, 20). We hypothesized that Rho GTPases regulate pre-osteoclasts migration through the cytoskeleton reorganization. TGF-β1 significantly promoted the formation of intracellular F-actin and filopodia in RAW264.7 cells, and SB431542, Y27632, and NSC23766 inhibited this effect. Treatment with these inhibitors, especially the Rac1 inhibitor, increased the roundness of RAW264.7 cells. These cells had fewer filopodia and lamellipodia, which is likely not conducive to migration and fusion of pre-osteoclasts (Figures 6A, B). These findings were validated in RAW264.7 cells by scanning electron microscopy (Figure 6C). Then, using the previously described plasmids, we expressed the constitutively active TGF-β1 variant that promoted actin recombination in HEK293T cells, as revealed by pre-osteoclasts, but to a lesser extent in WT TGF-β1 (Figures 6D–F. Complete information is in Supplementary Figure 3A). Rho signaling mediated TGF-β1-induced pre-osteoclast migration through cytoskeletal remodeling, with Rac1, in particular, playing a more important role.




Figure 6 | Inhibition of Rho GTPases suppresses migration of RAW264.7 cells by disrupting the actin cytoskeleton. (A) RAW264.7 cells were pretreated with an inhibitor (SB431542, Y27632, or NSC23766) for 24 h, treated with RANKL plus TGF-β1 for 10 min, fixed, permeabilized, and stained with phalloidin to visualize F-actin. TGF-β1-treated cells had well-defined intracellular F-actin (white asterisks) and filopodia (white arrows). Cells treated with inhibitors had less intracellular F-actin and fine aggregates of F-actin. The inhibitors caused marked morphological changes and reduced cell size, especially during treatment with NSC23766, following which cells contained little intracellular F-actin and tended to be round. (B) Formation of filopodia and average roundness of the different groups of cells in A (n = 3). Data represent means ± SD. **p < 0.01; ***p < 0.001; ****p < 0.0001. (C) Scanning electron microscopy showed that the inhibitors suppressed the formation of filopodia and membrane ruffles. Images (2000× and 7000× magnification) were captured using a Hitachi S-4800 FEG scanning electron microscope. NSC23766 treatment disrupted the actin cytoskeleton and caused shrinkage of RAW264.7 cells. Bar: 5 μm (2000×), 2 μm (7000×). (D, E) HEK293T cells were cultured for 16 h, transfected with different plasmids for 48 h, fixed, permeabilized, and stained with phalloidin to visualize F-actin. Cells transfected with the mutant plasmid had well-defined intracellular F-actin and more filopodia. Bar: 50 μm. (F) HEK293T cells were cultured for 16 h and transfected with different plasmids for 48 h, and then pseudopod expression was analyzed using scanning electron microscopy. Bar: 20 μm (1500×).





Rho GTPases are associated with cytoskeletal remodelling during TGF-β1-induced osteoclastogenesis

RAW264.7 cells showed increased cell-cell fusion and formed large multinucleated TRAP-positive osteoclasts during RANKL-induced differentiation. RANKL activation produced an actin ring in close proximity to osteoclasts. In addition, TGF-β1 promoted the formation of a larger actin ring and more abundant intracellular F-actin. Treatment with SB431542 led to osteoclasts forming smaller and contracted actin rings, while cells treated with Y27632 or NSC23766 lacked abundant F-actin in the cytoplasm, despite having larger actin rings (Figures 7A, B). Next, the formation of membrane folds and changes to filopodia and pseudopods were confirmed by scanning electron microscopy. The activation of TGF-β1 led to the formation of membrane ruffles and filopodia in mature osteoclasts—both actin-based structures are required for cell migration. Treatment with the aforementioned inhibitors, especially the Rac1 inhibitor, significantly reduced the formation of these structures (Figure 7C). TRAP staining of osteoclasts treated with these inhibitors yielded consistent results (Supplementary Figure 3B).




Figure 7 | Inhibition of Rho GTPases suppresses the formation of osteoclasts from RAW264.7 cells by disrupting the actin cytoskeleton. (A) Actin (green) and nuclei (blue) were stained in osteoclasts cultured with RANKL, RANKL plus TGF-β1, or RANKL plus TGF-β1 plus an inhibitor (SB431542, Y27632, or NSC23766). Bar: 100 μm. (B) The percentage of osteoclasts with closed actin rings at the cell periphery (n = 3). Data represent means ± SD. ***p < 0.001; ****p < 0.0001. (C) Scanning electron microscopy demonstrated that the inhibitors suppressed the formation of filopodia and membrane ruffles. Images (1000× and 3000× magnification) were captured using a Hitachi S-4800 FEG scanning electron microscope. Treatment with SB431542 or NSC23766 disrupted the actin cytoskeleton and inhibited the formation of larger osteoclasts from RAW264.7 cells. Bar: 20 μm (1000×), 5 μm (3000×).





The TGF-β1 variant demonstrates a gain of function

Twelve TGF-β1 mutations that cause CED have been reported based on OMIM (https://omim.org/) data. These mutations are divided into three main categories according to the effect on the protein, namely, mutations located in exon 1, including leucine insertion in the signal peptide region (p. L10_L12dup and p.L10_L13dup) and a missense mutation at the N-terminus of LAP (p.Y81H) (21); mutations located in exon 2 including two missense mutations at the N-terminus of LAP (p.R156C and p.E169K) (22); and mutations located in exon 4, i.e., C-terminal missense mutations of LAP (p.R218C, p.R218H, p.H222D, p.C223R, p.C223S, p.C223G, and p.C225R) (23) (Figures 8A, B). All pathogenic mutations eventually increase the proportion of TGF-β1 in the circulation and bone, causing bone hyperplasia, accelerated bone turnover, inhibition of normal bone mineralization and decreased bone density. The mutation (p.R218C) reported here accounts for more than 60% of all mutations and is considered a hotspot mutation for CED (24). Given that TGF-β1 mutants are involved in the initiation of CED, we assessed the evolutionary conservation of the mutant acid interface. From the ConSurf server results, it was found that, all the reported pathogenic TGF-β1 variants were located in highly conserved regions, signifying that they have a critical role (Figure 8C). For R218, none of the missense amino acids were reported in the TGF-β1 homologs (Supplementary Figure 4).




Figure 8 | TGF-β1 variants in CED demonstrate a gain of function. (A) Structural model of WT human TGF-β1, highlighting the sites of TGF-β1 gain-of-function variants. (B) A graphical illustration of TGF-β1 sequence conservation (black line) based on the ConSurf conservation score (see Methods). The TGF-β1 domain structure and positions of the variants identified in patients are indicated, including those reported in this study (red symbols). (C) Multiple species alignment of TGF-β1 protein sequences at all the mutant amino acid positions reported in CED patients. Amino acids p.L10, p.L11, p.L12, p.L13, p.Y81, p.R156, p.E169, p.R218, p.H222, p.C223, and p.C225 of TGF-β1 all show species conservation. Red indicates the mutation site in the patients in this study. The red label is the variant we reported. (D) Levels of GTP-bound RhoA, Rac1, and Cdc42 in PBMCs from patients 1 and 2 were determined by GLISAs. (E) mRNA expression of Integrin β1, Integrin β3, and TAK1 in PBMCs from patients 1 and 2 was determined by qRT-PCR (n = 3). Data represent means ± SD. **p < 0.01; ***p < 0.001; ****p < 0.0001. (F) TGF-β1 variants in CED patients lead to increased Rho GTPase activity through aberrant activation, resulting in Rho GTPase-mediated remodeling of the cytoskeleton: (1) sensing of the motogenic signal by filopodia, (2) formation and protrusion of lamellipodia and pseudopodia-like forward extension, (3) attachment of protrusions to the extracellular matrix, (4) F-actin-mediated contraction of the cell body to allow forward progress, and rear release. It promotes pre-osteoclast migration, fusion, osteoclast formation, and bone resorption, ultimately leading to osteoporosis.



To determine the functional consequences of the TGF-β1 mutation in patients regarding Rho GTPases, we examined their activation. The GTP-bound Rho GTPases were higher in PBMCs from CED patients than in healthy adults (Figure 8D). Likewise, the mRNA of TAK1, Integrin β1, and Integrin β2 were augmented in the peripheral blood of the CED patients (Figure 8E). These data indicated that the TGF-β1 R218C variant induces actin remodeling by activating downstream signals. This variant led to constitutive Rho GTPases activation, consistent with the effects in osteoclasts and HEK293T cells.

We propose that in pathological conditions resulting from a gain-of-function mutation of TGF-β1 [p.Arg218Cys], well-defined TGF-β1 receptor-mediated Rho signaling in precursor cells is hyperactivated, leading to cytoskeletal remodeling. These actin-based activities lead to increased migration of precursor cells that more readily aggregate and fuse into large osteoclasts to perform their functions, leading to excessive bone resorption and disturbances in bone coupling (Figure 8F).




Discussion

In this study, we described two patients with CED, usually characterized by pain at the extremities, gait disturbances, fatigue, muscle weakness, headaches, ophthalmopathy, and otological symptoms (25, 26). Our patients had these symptoms, although the incidence of hearing disturbances in CED is only 18% (5). Mutations of TGF-β1 are the genetic cause of CED (27); thus the diagnosis was performed by genetic testing of TGF-β1 in our patients. Both patients were heterozygous for c.652C > T [p.Arg218Cys] in the TGF-β1 gene. Furthermore, patient 1 exhibited left ventricular dilatation and decreased cardiac function, which were rarely reported previously. The TGF-β1 gene polymorphisms might predispose individuals to heart conditions, and several cardiomyopathies are associated with elevated TGF-β1 (28, 29). The aforementioned reports led to speculation that the predisposition might be related to aberrant activation of TGF-β1 caused by the TGF-β1 mutation in CED patients.

Twelve TGF-β1 mutations that cause CED have been identified based on OMIM (https://omim.org/), which might lead to an increased expression of pro-inflammatory cytokines (30). Studies of the influences of TGF-β1 on osteoblasts and osteoclasts have yielded contradictory effects (31); however, our study suggests that TGF-β1 maintains a biphasic effect on the differentiation of osteoclasts. Specifically, osteoclast differentiation is enhanced by low TGF-β1 and inhibited by high TGF-β1, consistent with a previous report (32). This highlights the influences of TGF-β1 on bone biology. More importantly, the latent TGF-β1 level was 68–75 ng/ml in peripheral blood cells, which was more than two times higher than that in normal controls (~30 ng/ml). In a previous study, PBMCs from CED patients contributed to the formation of more osteoclasts than healthy controls in the presence of a range of RANKL concentrations (2). We described that treatment with 10 ng/ml TGF-β1 increased the formation of osteoclasts from RAW264.7 cells substantially, but RAW264.7 cells did not form osteoclasts in the absence of RANKL, indicating that TGF-β1 cannot replace RANKL for the stimulation of osteoclast differentiation and function.

It has been reported that HEK293T cells transfected with p.R218C exhibit activated Smad signaling and secrete an increased amount of active TGF-β1 into the culture medium (21). Our observations complement the results of this previous study. We found that not only TGF-β1/Smad signaling, but also TGF-β1/non-Smad signaling, was activated in HEK293T cells transfected with the mutant plasmid and osteoclasts induced with exogenous TGF-β1, including MAPK and Rho GTPase signaling. Rho GTPases are regulators of cytoskeletal organization (33). Here, we reported that active Rho GTPases are higher in the peripheral blood of CED patients than in that of healthy controls. Consistent results were obtained with transfected HEK293T cells with a mutant plasmid. Furthermore, the levels of active Rho GTPases and mRNA expression of Rock1 and Rock2 were augmented in osteoclasts treated with TGF-β1. The TGF-β1 R218C mutation in CED patients presumably activates the Rho signaling pathway.

Small GTPases and ROCKs participate in cytoskeletal reorganization and differentiation toward osteogenic cells (15). These findings support the idea that RhoA/ROCK are indispensable for skeletal metabolism. We confirmed that the TGF-β1 receptor inhibitor SB431542 inhibited the activation of Rho GTPases in RAW264.7 cell-induced osteoclasts and HEK293T cells, while Rho GTPase inhibitors, including Y27632 and NSC23766, significantly reduced bone effects induced by TGF-β1. In addition, the mRNA levels of the cell migration-related molecules Integrin β1 and Integrin β3 were increased in the peripheral blood of CED patients. Our study further confirmed the promoting role of Rho signaling in TGF-β1-mediated osteoclastogenesis.

Excessive bone degradation by osteoclasts leads to characteristic diseases such as CED; however, how Rho GTPases are regulated by TGF-β1 in osteoclast formation remains elusive. Osteoclasts use podosomes, structures composed of F-actin and integrins, to attach to bone surfaces. The binding of integrins to ligands promote osteoclast adhesion, migration and bone resorption (34, 35). We found that TGF-β1 promoted cytoskeletal remodeling in precursor and mature osteoclasts, as manifested by an increased number of filopodia and abundant intracellular F-actin, and SB431542, Y27632, and NSC23766 partially inhibit this phenomenon. Active osteoclasts form a stable actin ring (36), and our results confirmed that TGF-β1 contributes to its formation. However, results with Rho inhibitors indicated an abolishment of the proper actin cytoskeletal network.

Meanwhile, increased migration of precursor cells, elevated expression of osteoclast-related molecules (ACP5, OSCAR, TRAP, OC-STAMP, and Ctsk), and increased bone resorption pits revealed the increased formation of mature osteoclasts. HEK293T cells transfected with the TGF-β1 mutant plasmid also exhibited changes to their cytoskeleton and migration. Therefore, we propose that the pathogenic mechanism underlying CED involves the acceleration of osteoclastogenesis and bone resorption by TGF-β1 through Rho GTPase-mediated cell migration and cytoskeletal remodeling, resulting in accelerated bone turnover, decreased bone density and osteoporosis.

There is no definitive treatment for CED. The most common treatments are corticosteroids, nonsteroidal anti-inflammatory drugs (NSAIDs) and bisphosphonates to reduce limb pain. Corticosteroids may counteract the increased activity of TGF-β1 and relieve some symptoms (37); however, they can also cause a reduction in bone density and inhibition of TGF-β1-induced transcription (38). The administration of NSAIDs does not usually elicit an efficient response (39), and the use of bisphosphonates is also disputed (37, 40). Losartan has recently been used to treat patients with CED; however, there were some limitations in terms of safety and efficacy (5, 38). In addition to CED, enhanced TGF-β1 has been documented in several connective tissue disorders (8, 41–43). It might be crucial to attenuate the effects of TGF-β1 signaling for these disorders.

In the future, a treatment approach that modulates the TGF-β1 signaling pathway might be effective in patients with CED (5). In a recent study, the inhibition of RhoA/ROCK prevented aging-associated bone loss (44). Similarly, our findings raise the possibility of a treatment for diseases in which TGF-β1 is abnormally activated, including CED. Moreover, the inhibition of Rho GTPases rescues the imbalance in bone coupling and excessive bone resorption.

In summary, we provided new clues for the pathogenesis of CED, highlighting the role of Rho GTPases in osteoclast differentiation and function and proposing their potential as targets for treating osteoporosis pathology. It is important to explore how the activation of TGF-β1/Rho GTPases leads to more specific manifestations of CED and whether inhibition of Rho GTPases improves therapeutic effects using animal models. Our new understanding of how the TGF-β1 mutation-triggered overactivation of Rho GTPases in CED leads to high bone turnover will help address the specific mechanisms of decreased bone density or osteoporosis due to aberrant TGF-β1 signaling in related diseases and inform the development of new therapeutic approaches.
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Characteristic Patient 1 Patient 2

Gender Female Female
Pain in extremities + +
Waddling gait + +
Muscle weakness + +
Hepatosplenomegaly + +
Easy fatigability + +
Headache and + +
dizziness
Exophthalmos + +
Anemia + -
Bone mineral density Osteoporosis Osteoporosis
ALP 384 U/L! 422 U/L!
P 2.14 mmol/L' 1.46 mmol/
Ll
Ca 1.53 mmol/L! 2.33 mmol/L
TG 25.31 ng/ml 12.8 ng/ml
T3 1.68 nmol/L 2.04 nmol/L
T4 99.61 nmol/L 121 nmol/L
FT3 4.51 pmol/L 4.37 pmol/L
FT4 14.86 pmol/L 17.5 pmol/L
TSH 35.09 mIU/L! 3.44 mIU/L
PT 13.85' 14.3s'
APTT 43.10s' 524s"

'abnormal value. ALP, serum alkaline phosphatase; P, phosphorus; Ca, calcium; TG,
thyroglobulin; T3, triiodothyronine; T4, thyroxine; FT3, free triiodothyronine; FT4, free
thyroxine; TSH, thyroid-stimulating hormone; PT, prothrombin time; APTT, activated
partial thromboplastin time.
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Parameter NDM (n = 30) DM (n = 40) p-value
Demographic data

Age (years) 897 +7.7 58.1+£6.8 0.355
Gender (% female) 63.3 60.0 0.487
BMI (kg/m?) 246+39 258 +4.3 0.269
SBP (mmHg) 130.8 + 13.1 1291 £ 11.8 0.553
DBP (mmHg) 789+98 755+ 9.4 0.150
FPG (mg/dL) 958 +9.6 138.6 + 26.0 <0.0001
HbA1c (%) 59 +0.50 75+09 <0.0001
LDL-C* (mg/dL) 1114 +£313 100.5 + 42.4 0.222
DM duration (years) - 55+4.1 -
Metformin dosage (mg/day) = 1652.5 + 627.4 =
Other drugs (% use)

*ACEI or ARB** 44.8 67.5 0.084
*DHP-CCB* 51.7 57.5 0.807
eThiazide-like diuretic 13.8 20.0 0.749
*Statins 66.7 79.5 0.275
Microvascular complications (%) - 47.5 -
eGFR (ml/min) 86.8 + 14.3 85.5+17.0 0.745
Macrovascular complications (%) - 10.0 -
FRAX: 10-year risk of hip fractures (%) 0.7+09 05+09 0.399
FRAX: 10-year risk of osteoporotic fractures (%) 3420 27+1.8 0.166
Serum markers

Pentosidine (ng/mL) 40=x241 6.1+3.6 0.030
Soluble RAGE (pg/mL) 599.4 + 4221 527.1 + 249.7 0.374

*LDL-C, low-density lipoprotein cholesterol; **ACEI, angiotensin-converting enzyme inhibitors; **ARB, angiotensin Il receptor blockers; *DHP-CCB, dihydropyridine calcium

channel blockers.
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Parameters NDM-pD

(n=27)
Age (years) 597 +7.9
BMI (kg/m?) 252 +32
FPG (mg/dL) 96.1 £9.4
HbA1c (%) 6.0+0.4
LDL-C (mg/dL) 107.9 + 289
DM duration (years) -
Metformin dosage (mg/day) -
Other drugs (% use)
*ACEl or ARB* 46.2
*DHP-CCB** 50.0
sThiazide-like diuretics 15.4
*Statins 70.3
Microvascular complications (%) =
Macrovascular complications (%) =
eGFR (ml/min) 86.3 + 14.9
Pentosidine (ng/mL) 37+18
SRAGE (pg/mL) 507.1 + 422.4

DM-pD
(n=16)

54.4 +32
257 £4.6
137.7 £30.2
7511
96.1 £ 32.9
51+33
1709.4 + 655.3

75.0
50.0
18.8
81.3
50.0
6.3
89.9 + 12.6
7347
519.1 +281.6

*comparison between NDM-pD and DM-pD; #comparison between DM-pD and DM-iD.
*ACEl, angiotensin-converting enzyme inhibitors; **ARB, angiotensin Il receptor blockers.

**DHP-CCB, dihydropyridine calcium channel blockers.

p-value*

0.004
0.705
<0.0001
<0.0001
0.249

0.109
1.000
1.000
0.494

0.442
0.008
0.516

DM-iD
(n=24)

60.5+7.4
258 £ 4.1
139.2 +23.4
75+08
103.4 + 48.1
58+4.6
1614.6 + 619.3

62.5
62.5
20.8
78.2
45.8
12.5
82.6 £ 19.1
52+25
532.4 £2322

p-valuei

0.001
0.953
0.859
0.963
0.601
0.615
0.646

0.503
0.522
1.000
1.000
0.796
0.519
0.156
0.120
0.871
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Parameter r p-value

Demographic parameters

Age (years) 0.470 0.003
BMI (kg/m?) 0.042 0.807
DM duration (years) 0.052 0.769
Serum markers
FPG (mg/dL) -0.002 0.988
HoA1C (%) 0.111 0512
Pentosidine (ng/mL) -0.039 0.819
SRAGE (pg/mL) 0.082 0.629
Gene expression
BAX/BCL2 ratio 0.735 <0.001
ALPL -0.757 <0.0001
BGALP -0.670 <0.0001
COL1A1 -0.478 0.003

RUNX2/PPARYy ratio -0.770 <0.0001
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Genes

ALPL
AGER
BAX
BCL2
BGLAP
COL1AT
GAPDH
PPARY
RUNX2

Forward

CATGGCTTTGGGCAGAAGGA
GCTGGAATGGAAACTGAACACAGG
TGGAGCTGCAGAGGATGATTG
CATGCTGGGGCCGTACAG
GAAGCCCAGCGGTGCA
CAGCCGCTTCACCTACAGC
CCCTTCATTGACCTCAACTA
AAAGAAGCCAACACTAAACC
TCTTAGAACAAATTCTGCCCTTT

Primer sequence (5’-3)

Reverse

CTAGCCCCAAAAAGAGTTGCAA
TTCCCAGGAATCTGGTAGACACG
GAAGTTGCCGTCAGAAAACATG
GAA CCGGCACCTGCACAC
CACTACCTCGCTGCCCTCC
TTTTGTATTCAATCACTGTCTTGCC
AGATGATGACCCTTTTGGCT
CTTCCATTACGGAGAGATCC
TGCTTTGGTCTTGAAATCACA
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Gene Forward primer (5’-3) Reverse primer (5°-3’)

Runx2 CGAAATGCCTCCGCTGTTAT TGAGGAATGCGCCCTAAATC
Osterix TGACTACCCACCCTTCCCTC GCCTTGTACCACGAGCCATA
GAPDH CTTCAACAGCAACTCCCACT GTCCAGGGTTTCTTACTCCT
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Parameter COP (n =45) CD14CD11b+(n = 45) CD14MCSFR+(n = 44) CD14CD120b (n = 45)

r (] r P) r (p) r (]
VAT volume (cm®) 037 (0.01) 0.01 (0.96) -0.003 (0.98) 0.06 (0.69)
Body Fat (%) -0.01 (0.95) 0.02 (0.89) 0.03 (0.86) 0.09 (0.57)
ALM (g) 0.19 (0.23) 0.22 (0.16) 0.18 (0.26) 0.27 (0.08)
Lean Mass (g) 0.18 (0.24) 0.18 (0.25) 0.15 (0.34) 0.22 (0.15)
L Spine BMD (g/cmz) 0.02 (0.90) 0.31 (0.04) 0.27 (0.08) 0.28 (0.06)
Femoral Neck BMD (g/cmz) -0.06 (0.68) 0.03 (0.85) 0.05 (0.74) 0.03 (0.85)
Total body BMD (g/cmz) -0.22 (0.14) 0.08 (0.60) 0.10 (0.52) 0.05 (0.74)
TBS -0.07 (0.63) 0.06 (0.68) 0.05 (0.73) 0.01 (0.93)

Bolded p-values are statistically significant. COP, circulating osteogenic progenitors; VAT, visceral adipose tissue; ALM, appendicular lean mass; L Spine, Lumbar spine; BMD, bone mineral
density; TBS, trabecular bone score.
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Parameter

cop
CD14MCSFR+ (%)
VAT Volume (cm®)
CD14CD11b+

Age (years)

COP (%)
CD14MCSFR+
Glucose (mg/dL)
COP (%)
CD14CDI120b+
D-250H (ng/mL)
COP (%)

20.7

27.4

B Estimate

0.031
1.8x10*

0.093
4.46

-0.010
4.951

0.048
4.718

SE

0.010
5.7x10®

0.042
1.96

0.004
1.810

0.021
2133

0.005
0.003

0.03
0.03

0.02
0.009

0.03
0.03

P (model)

<0.001

0.007

0.002

0.008

R? is expressed in percentage values; B Estimate is unitless. All significant variables from simple correlation analysis were included as candidate predictors. COP, circulating osteogenic

progenitors; SE, standard error, VAT, visceral adipose tissue; D-250H, 25-hydroxyvitamin D.
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Parameter Result (n = 51)

Age (years) 552 + 6.3
BMI 317 £3.5
Alc at study entry (%) 81+14
Testosterone (ng/dL) 265.0 + 84.3
Duration of T2DM (years) 7.6 £5.7
Total Body Fat (%) 343 +43

Results are expressed as mean + standard deviation. BMI, body mass index; Alc, glycated hemoglobin; T2DM, type 2 diabetes mellitus.
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Alc<£7% (n =15) Alc >7% (n = 31) P-value Adjusted P*

AI1C at study entry

COP (%) 0.39 £ 0.15 042 £0.13 0.51 0.35
CD14CD11b+ (%) 4.20 + 2.01 373 £191 0.45 0.77
CD14MCSFR+ (%) 3.95 + 1.70 3.50 £ 1.87 0.44 0.81
CD14CD120b (%) 441 215 3.83 £2.08 0.38 0.73
Mean A1C
COP (%) 0.35 £ 0.11 042 £0.12 0.10 0.04
CD14CD11b+ (%) 3.70 £ 235 393 £183 0.74 0.17
CD14MCSFR+ (%) 3.52 £2.03 3.69 £ 1.78 0.79 0.20
CD14CD120b (%) 3.80 £ 242 4.05 +2.02 0.73 0.12

Values are means + SD, Bolded p-values are statistically significant. Alc, glycated hemoglobin; COP, circulating osteogenic progenitor. *Adjusted for free testosterone, 25-hydroxyvitamin D
and parathyroid hormone.
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Parameter COP (n =46) CD14CD11b+(n = 46) CD14MCSFR+(n = 45) CD14CD120b (n = 46)

r (2] r (] r () r ()
Age (years) 0.11 (0.47) 033 (0.02) 0.39 (0.009) 0.32 (0.03)
Glucose (mg/dL) -0.08 (0.60) -0.32 (0.03) -035 (0.02) -0.32 (0.03)
LDL (mg/dL) 0.09 (0.54) -0.27 (0.07) -0.26 (0.08) -0.25 (0.10)
HDL (mg/dL) -0.01 (0.97) -0.20 (0.19) -0.14 (0.37) -0.20 (0.19)
Triglycerides (mg/dL) -0.20 (0.19) -0.32 (0.03) -0.35 (0.02) -0.29 (0.05)
25-OHD (ng/mL) 0.07 (0.63) 0.28 (0.06) 0.28 (0.06) 0.33 (0.03)
LH (mIU/mL) -0.02 (0.89) 0.11 (0.46) -0.03 (0.83) 0.11 (0.47)
FSH (mIU/mL) 0.13 (0.39) 031 (0.03) 0.29 (0.05) 0.31 (0.03)
Free T index -0.28 (0.05) -0.24 (0.10) -0.22 (0.14) -0.22 (0.14)
Free Estradiol (pmol/nmol) -0.17 0.27) -0.28 (0.06) -0.34 (0.03) -0.21 (0.18)
PTH (pg/mL) -0.24 (0.11) 0.01 (0.92) -0.03 (0.83) 0.11 (0.47)
OCN (ng/mL) -0.28 (0.07) 0.01 (0.93) 0.02 (0.92) 0.01 (0.95)
CTX (ng/mL) -0.22 (0.17) -0.09 (0.60) -0.08 (0.63 -0.15 (0.37)
Hs-CRP (mg/L) 0.04 (0.78) -0.03 (0.84) 0.01 (0.94) -0.003 (0.98)
Alc at study entry (%) -0.09 (0.56) -0.22 (0.14) -0.22 (0.14) -0.24 (0.11)
Mean -12M Alc (%) -0.07 (0.71) -0.23 (0.13) -0.22 (0.14) -0.25 (0.098)
COP (%) - - 0.34 (0.02) 0.38 (0.01) 033 (0.03)

Bolded p-values are statistically significant. COP, circulating osteogenic progenitors; LDL, low-density lipoprotein; HDL, high-density lipoprotein; 25-OHD, 25-hydroxyvitamin D; LH,
leutinizing hormone; FSH, follicle stimulating hormone; Free T, serum free testosterone; PTH, parathyroid hormone; OCN, osteocalcin; CTX, C-telopeptide of type I collagen; Mean -12M,
average of all Alc measurements between 9 and 15 months prior to study entry; hs-CRP, high-sensitivity C-reactive protein.
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Gene ID Gene symbol log2 (T1D/NGT) Q-value (T1D/NGT)
15978 “Ifing” 4.545 0.00
246256 “Fegrd” 3.904 <0.001
83433 “Trem2” 3.722 <0.001
14129 “Fegrt” 3.397 <0.001
435653 “Ferlb” 2.932 0.001
320832 “Sirpb1a” 2.906 <0.001
100038947 “LOC100038947" 2714 <0.001
18729 “Pirag” 2.336 <0.001
13038 “Ctsk” 2.335 <0.001
14130 “Fegr2b” 2176 <0.001
11433 “Acp5” 2163 <0.001
14131 “Fegrd” 2.160 <0.001
21934 “Tnfrsfi1a” 2.059 <0.001
12708 “Socs1” 2.001 <0.001
232790 “Oscar” 1.947 <0.001
18722 “Pira1” 1.825 <0.001
12978 “Csftr” 1.825 <0.001
20846 “Stat1” 1.820 <0.001
12702 “Socs3” 1.705 <0.001
14200 “Fhi2” 1.419 <0.001
21943 “Tnfsf11” 1.281 0.002
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Primer name

Sequence (5’ to 3')

Number of bases

Product length (bp)

B-Actin
Trem2
Ctsk
c-Fos
Trap
Nfatc1
Opg
Rankl

Tnfa

F: GAGATTACTGCTCTGGCTCCTA

R: GGACTCATCGTACTCCTGCTTG

F: ACTTATGACGCCTTGAAGCACTGG
R: CCTCGGAGACTCTGACACTGGTAG
F: CAGTGTTGGTGGTGGGCTATGG
R: TGGCTGGCTGGAATCACATCTTG
F: GCTGCACTACTTACACGTCTTCCT
R: GCTGCCTTGCCTTCTCTGACTG

F: ACGGCTACTTGCGGTTTCACTATG
R: AAGCAGGACTCTCGTGGTGTTCA
F: GGTGAGGCTGGTCTTCCGAGTT
R: GCTGTCTGTGCTCTGCTTCTCC

F: CGGAGAGTGAGGCAGGCTATT

R: GCTGTGAGGAGAGGAAGGAAGG
F: CATCGGGTTCCCATAAAG

R: GAAAGCAAATGTTGGCGTA

F: TAACTTAGAAAGGGGATTATGGCT
R: TGGAAAGGTCTGAAGGTAGGAA

22
22
24
24
22
23
24
22
24
23
22
22
21
22
18
19
24
22

150

236

174

169

172

139

185

141

264
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ID Description Gene number Rich ratio Q-value
4060 Cytokine-cytokine receptor interaction 43 0.135 <0.001
4145 Phagosome 33 0.148 <0.001
4610 Complement and coagulation cascades 22 0.210 <0.001
4668 TNF signaling pathway 25 0.177 <0.001
4612 Antigen processing and presentation 22 0.165 <0.001
4062 Chemokine signaling pathway 28 0.130 <0.001
4514 Cell adhesion molecules (CAMs) 27 0.129 <0.001
4380 Osteoclast differentiation 21 0.151 <0.001
4064 NF-kappa B signaling pathway 18 0.148 <0.001
4974 Protein digestion and absorption 14 0.143 0.001
4640 Hematopoietic cell ineage 15 0.180 0.001
4512 ECM-receptor interaction 13 0.141 0.001
4672 Intestinal immune network for IgA production 10 0.175 0.001
4620 Toll-ike receptor signaling pathway 14 0.131 0.001
4625 C-type lectin receptor signaling pathway 15 0.123 0.001
4621 NOD-like receptor signaling pathway 18 0.089 0.013
4657 IL-17 signaling pathway 12 0.111 0.013
4659 Th17 cell differentiation 12 0.100 0.031
590 Arachidonic acid metabolism 10 0.104 0.048
4658 Th1 and Th2 cell differentiation 10 0.099 0.065
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GO_F term ID Description Gene number Rich ratio Q-value
GO:0008009 Chemokine activity 24 0.358 <0.001
GO:0048020 CCR chemokine receptor binding 16 0.421 <0.001
GO:0005125 Cytokine activity 34 0.145 <0.001
GO:0008201 Heparin binding 25 0.140 <0.001
GO:0042379 Chemokine receptor binding 10 0.385 <0.001
GO:0030020 Extracellular matrix structural constituent conferring tensile strength 11 0.282 <0.001
GO:0031732 CCR7 chemokine receptor binding 8 0.444 <0.001
GO:0070891 Lipoteichoic acid binding 5 0.833 <0.001
G0:0042605 Peptide antigen binding 12 0.211 <0.001
GO:0030414 Peptidase inhibitor activity 17 0.130 <0.001
GO:0002020 Protease binding 17 0.127 <0.001
G0:0008233 Peptidase activity 4 0.074 <0.001
GO:0001530 Lipopolysaccharide binding 8 0.267 <0.001
GO:0005102 Signaling receptor binding 36 0.075 0.001
GO:0042803 Protein homodimerization activity 62 0.060 0.002
GO:0008289 Lipid binding 26 0.084 0.002
GO:0019911 Structural constituent of myelin sheath 5 0.417 0.002
G0:0008083 Growth factor activity 17 0.108 0.002
G0:0019770 IgG receptor activity 3 1.000 0.002
G0:0019864 19G binding 4 0.500 0.004






OPS/images/fendo.2021.763646/fendo-12-763646-g006.jpg
=0.128

5009 p

0.07

=
[©)
o Z
Q o =) o o o
] S o) <] )
« « - =
o (lw/Bd)x LD

=0.061

2507 p
0
50

(3 N
(jwy/6d)spndad-n o (Jw/Bu)dNLd





OPS/images/fendo.2021.763646/fendo-12-763646-g007.jpg
1500

= uwp
= down .
© Lira-vs-T1D
1200 © TIDvs-NGT
7y
2
a 900
5
z
£ 600
3
z
300
T1D vs.NGT Liravs.T1D
300 =up 300 e mm—— ™
: no-DEGS . no-DEGS
250 Downi S = Down
200 200
H] g
T 150 T 150
S I
s g
810 B
50 50
o 0
I
-50 -50 - - — - +
-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
10g2(TADINGT) log2(Lira/T1D)
Qualue Qualue
Cytokine-cytokine receptor interaction: 0 chemokine actvty- 0.
Pagosame 00t CCR chematine receptor bincing
Complement and coaguiation cascades [} eytokine activty 0.001
"TNF signaing potmuay 002 haparnbindig
Antigon processing and presantaton-| i ehemokine receportinding 0002
Chemokin sgnaing pauay extracelulr mat stuctura consttue
Cell adhesion molecules (CAMs) | 0.04 (CCR7 chemokine receptor binding
Osteoctast dfferentiaton lipoteichoic acid binding 0.003
NF-kappa B signaling pathway -| 0.05 peptide antigen binding
Protein digeston and absorption. 006 peplidase inhibior actiy 0.004
Hematopeei ol neoge | rotease binding
[ECM-receptor interaction: peptidase activity
intestinal immune network for IGA product Gene Number ipopolysaccharide binding Gene Number
Tlkike recepto sgnaing patwoy | °10 signaing receplor binding o3
C-type lectin receplor signaling pathway e 18 protein homodimerization activity 18
NOD-ike receptor signaling pathway 4 ) pid binding
1L-17 signaling pathway ° ¥4 structural constituent of myelin sheath o3
Th17 cell differentiation - L] growth factor activity
Avrachidoni acd metabolem ° o 10G rceptor sty [ 5l
Th and T cal dferenaton 196 binci
N — 43 “ . 62
° o or 0% o2 ® ° o oh 08 of \ [ ]
Rich Ratio Rich Ratio





OPS/images/back-cover.jpg
Frontiers in
Endocrinology

Explores the endocrine system to find new.
therapies for key health issues

The second most-cited endocrinology and
metabolism journal, which advances our
understanding of the endocrine system. It
uncovers new therapies for prevalent health issues
such as obesity, diabetes, reproduction, and aging

Discover the latest
Research Topics






OPS/images/fendo.2022.846154/fendo-13-846154-g002.jpg
* Gy
* “ * % % %, &
H oﬁé@y t _ b, H _ @.\Q 3 %, s _ %,
% % . 9,% 9, Y 9 * %,
%, [v)
5 e o, Yo Yo Y
H 0 1| g % 4" % & § I
* % o@» * \oo * _ B .@o m u&o H _ v.@
y 1y % % o, ¥ %%,
2 =@ 5 3 L ST T S S SR N e N %
uojssaidxa YNYW LY1100 2AREIY v e o 8 & @ - - ° 5 & = 2 ° ° ¥ @ N = 9 ?
a Hadv9/Lvi109 o HadYOINdO s Aunoe gy ° (wugpy)aouequosay

%
x
v*}& 8“‘“ é*‘gb Q"’g
s o
& g
N e S
e ek
e
SRS
=
1 **k *k
O @ L P
NS S
v S Q\é?
] &
sh-LINC01485

' 3 1y Y 0 o 0 o T o © < N o 7y
uosssaidxa YNAU ZXNNY 2ABEISY T N © ° © o_._o m<oo Rwoo °
13) T HAdYOZXNNY -,
a © @© ©
3 g £ g o
*
: & LB g5 2
H @»\ S
0-
W, % %
% i 2
% 0.
2 Q ]
P 4 7, ©
i 2 2 2 + o & + o - 20 <
uoisseidka GgyL0ONIT aNeleY Uoyssaidxa YNYW NOO aARe[oY fwv % o
A O
m [T W_b Z
4
T
: >
{ % 3
il 2
5, Y
3 %9
Y ° 9% DA
8g88ggowaowo b & & & o 7 2
Uoissaidxa gy 00NIT anfeley RASSRIEE WA XS0 SaStetl 4 2 O g £ ne "
=)
< w 6cQ 2 S o Buueisdly =z Buuels syv





OPS/images/fendo.2022.846154/fendo-13-846154-g003.jpg
LINCO1485 DAPI Merge 20,
HAP
.51
2 2
X 5
0 Q ;
30
265 =
88 05|
[0) [§]
023
%D
oLt

o YRS
E DS
S N 59
£9c PP E
<25 E e
9% SIS &
%S L Yo
S Fgg o °
g Ve
c D .
'%1.5 ***—ns
= _
2 | =
[0]
IncRNA LINC01485 WT 5'-TCC|GC|/T‘|(EC|C|AAT|GTGAAACTC-3' 8\
| g
miR-619-5p 3'-CCGAGTACGGACATTAGGGTCG-5' % i
2
IncRNA LINC01485 mutant 5'-CCGGGTACGGAAAGTGAAACTG 5
’IO.O
LINCO1485-WT + + - -
LINCO1485-Mut - - + +
miR-619-5p-mimic - + + -

miRNA-NC  + - - +





OPS/images/fendo.2022.846154/fendo-13-846154-g004.jpg
* 0, *
H %, ]
* 9%,
e, %
* 9, %, %
R *_ “% % % t_
-~ © © o 3‘ * 5 &. s, %,
uojssaidxa dg-69-Hiw dAeRY % %55,
[a] “ ) o 0 2 4 % ¢ e ®w 9 0
- i ] b &v%& 8 v « o
HadVOIY1100 ", HadvoOINdO
; o [} -
0\&
%, * é -
%, % i %, 1l
2
4 = o&%@
8 8 s ° Vé& * ,.«&\@vwve, H
% % %, Y,
uoissaidxa dg-619-yIW aAReRY * 9, % .\J\ % *
o V9 50 %,
" RN S B
3 7
b HadVOIZXNNY &«\ HadYOIXSO
§ w v T
@
g ©
g3 2 8 & 3
& o ~ X~ ~
™ ~ %) ~
g < o < ™
S Ee
o
z
83 I3
[ 4 v
% : %
: | ¥ %
<
° 5 @0\,
3 ()}
uoissaidxa dg-619-yIW aAneRYy $,\ \,W
o 0, \
% %
t 9 %
%
% %
. % %
S <
¢ Q, O
. 7, 9
% % Buiutels d1v
[ <,
T 23 2 7
< < B S = W O g @
uoissaidxa dg- 1w aApe|o; >
G-619-Y! oY m T ) \@

<« w -

NC inhibitor

miRNA inhibitor miR-619-5p

mimic

miR-619-5p

mMiRNA mimic
NC





OPS/images/fendo.2022.826660/fendo-13-826660-g006.jpg
¥ %
%%
>
”
W\,L
T < ¢ & ¢
£ € % =

(N ssaupns

2 o g
N EN : c
= = - x
A — 5
| 4 = = =
b F 4 H
v (N) 22104 wnxery
-
(8

it

1
0.
0.0

m e
£5 ;
“.m\,hm‘.w« %
s & :
rgchi 2 1
-
: |8 2
ElE R
2 &
T

NOO A9HA






OPS/images/fendo.2022.826660/table1.jpg
Gene Forward primer (5'-3') Reverse primer (5'-3)

ALP CCGCAGGATGTGAACTACT GGTACTGACGGAAGAAGGG
OCN CAGACAAGTCCCACACAGCA CCAGCAGAGTGAGCAGAGAGA
RUNX2 ACTTCCTGTGCTCGGTGCT GACGGTTATGGTCAAGGTGAA
OSX GGAAAAGGAGGCACAAAGAA CAGGGGAGAGGAGTCCATT
VEGF CACGACAGAAGGGGAGCAGAAAG GGCACACAGGACGGCTTGAAG
Ang-2 GAAGAAGGAGATGGTGGAGAT CGTCTGGTTGAGCAAACTG
Ang-4 GCTCCTCAGGGCACCAAGTTC CACAGGCGTCAAACCACCAC
GAPDH ATGGCTACAGCAACAGGGT TTATGGGGTCTGGGATGG

ALP, alkaline phosphatase; OCN, osteocalcin; RUNX2, runt-related transcription factor 2; OSX, osterix; VEGF, vascular endothelial growth factor; Ang-2, angiopoietin-2; Ang-4,
angiopoietin-4; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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