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Decarboxylated osteocalcin, a possible drug for type 2 diabetes, triggers glucose uptake in MG63 cells
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Abstract
BACKGROUND
[bookmark: _Hlk73439090]Uncarboxylated osteocalcin (GluOC) has been reported to improve glucose metabolism, prevent type 2 diabetes, and decrease the severity of obesity in mice with type 2 diabetes. GluOC can increase glucose uptake in a variety of cells. Glucose metabolism is the main source of energy for osteoblast proliferation and differentiation. We hypothesized that decarboxylated osteocalcin (dcOC), a kind of GluOC, can increase glucose uptake in MG63 cells (osteoblast-like osteosarcoma cells) and influence their proliferation and differentiation.

AIM
To investigate the effects of dcOC on glucose uptake in human osteoblast-like osteosarcoma cells and the possible signaling pathways involved.

METHODS
[bookmark: _Hlk73440543]MG63 cells (human osteoblast-like osteosarcoma cells) were treated with dcOC (0, 0.3, 3, 10, or 30 ng/mL) for 1 and 72 h, and glucose uptake was measured by flow cytometry. The effect of dcOC on cell proliferation was measured with a CCK-8 assay, and alkaline phosphatase (ALP) enzyme activity was measured. PI3K was inhibited with LY294002, and hypoxia-inducible factor 1 alpha (HIF-1α) was silenced with siRNA. Then, GPRC6A (G protein-coupled receptor family C group 6 subtype A), total Akt, phosphorylated Akt, HIF-1α, and glucose transporter 1 (GLUT1) levels were measured by Western blot to elucidate the possible pathways by which dcOC modulates glucose uptake.

RESULTS
The glucose uptake of MG63 cells was significantly increased compared with that of the paired control cells after short-term (1 h) treatment with dcOC at different concentrations (0.3, 3, and 10 ng/mL groups, P < 0.01; 30 ng/mL group, P < 0.05). Glucose uptake of MG63 cells was significantly increased compared with that of the paired control cells after long-term (72 h) treatment with dcOC at different concentrations (0.3, 3, and 10 ng/mL groups, P < 0.01; 30 ng/mL group, P < 0.05). DcOC triggered Akt phosphorylation in a dose-dependent manner, and the most effective stimulatory concentration of dcOC for short-term (1 h) was 3 ng/mL (P < 0.01). LY294002 abolished the dcOC-mediated (1 h) promotion of Akt phosphorylation and glucose uptake without affecting GLUT1 protein expression. Long-term dcOC stimulation triggered Akt phosphorylation and increased the protein levels of HIF-1α, GLUT1, and Runx2 in a dose-dependent manner (P < 0.01). Inhibition of HIF-1α with siRNA abolished the dcOC-mediated glucose uptake and substantially decreased GLUT1 protein expression. DcOC intervention promoted cell proliferation in a time- and dose-dependent manner as determined by the CCK-8 assay. Treatment with both 3 ng/mL and 10 ng/mL dcOC affected the ALP activity in MG63 cells after 72 h (P < 0.01).

CONCLUSION
Short- and long-term dcOC treatment can increase glucose uptake and affect proliferation and ALP activity in MG63 cells. This effect may occur through the PI3K/Akt, HIF-1α, and GLUT1 signaling factors.
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Core Tip: Uncarboxylated osteocalcin (GluOC) has been reported to improve glucose metabolism and prevent type 2 diabetes. GluOC can increase the glucose uptake in a variety of cells. In this study, MG63 cells were treated with different concentrations of decarboxylated osteocalcin (dcOC) for 1 h and 72 h to observe the changes in glucose uptake, proliferation, and alkaline phosphatase (ALP) activity, as well as possible signaling pathway. Short- or long-term intervention with dcOC in vitro can increase glucose uptake and promote the proliferation and ALP activity of MG63 cells. This effect may occur through the PI3K/Akt, hypoxia-inducible factor 1 alpha, and glucose transporter 1 signaling factors.

INTRODUCTION
Osteocalcin (OC), synthesized by mature osteoblasts, is one of the most abundant noncollagen proteins in bone[1]. In the circulation, the concentration of OC is a measure of bone formation[2]. In osteoblasts, after protein translation in the endoplasmic reticulum, OC is posttranslationally modified by the addition of carboxyl groups at glutamyl (Glu) residues at positions 17, 21, and 24 via γ-Glu carboxylase, thereby facilitating its binding to hydroxyapatite in the bone matrix[1,3]. However, OC containing one or more uncarboxylated Glu residues (most commonly Glu17) is referred to as undercarboxylated OC (ucOC). Carboxylated OC can also be decarboxylated at Glu residues under acidic conditions and is thus converted to decarboxylated OC (dcOC). Together, ucOC and dcOC are referred to as uncarboxylated OC (GluOC) and are closely related to energy metabolism[4]. To date, studies have confirmed that G protein-coupled receptor family C group 6 subtype A (GPRC6A), the receptor for carboxylated OC and GluOC, participates in the physiological response and glucose metabolism induced by GluOC[5-7].
Previous studies indicated that GluOC can improve glucose metabolism, prevent type 2 diabetes, and decrease the severity of obesity in mice with type 2 diabetes[8,9]. GluOC has great potential to become a new drug for the treatment of type 2 diabetes in the future. GluOC was also shown to promote glucose uptake in adipocytes, C2C12 myotubes, and muscles[10-13]. However, both the direct effects of GluOC on glucose uptake in bone tissues and the underlying mechanisms remain unexplored.
A previous study showed that the energy required for osteoblast proliferation and differentiation is produced mainly via glucose metabolism[14], and glucose transporter 1 (GLUT1) is the major glucose transporter[15]. GLUT1-mediated glucose uptake in osteoblasts occurs independently of insulin[14]. Moreover, GLUT1 may participate in osteosarcoma biology[16,17]. Activation of the PI3K/Akt and hypoxia-inducible factor 1 alpha (HIF-1α) signaling pathways is closely related to glucose uptake mediated by GLUT1[18,19]. Idelevich et al[20] found that the glucose uptake rate of mouse chondrocyte precursor cells (ADTC5 cells) overexpressing OC was increased. The siRNA-mediated silencing of HIF-1α abolished the effect of OC in upregulating the protein and mRNA expression of GLUT1, suggesting that HIF-1α mediates the effect of OC on upregulating the expression of GLUT1 in ADTC5 cells[20].
Herein, we treated MG63 cells, a human osteoblast-like osteosarcoma cell line, with dcOC for 1 h and 72 h in vitro in the absence of insulin to confirm whether dcOC affects glucose uptake and to verify whether PI3K/Akt and HIF-1α are involved in this process.

MATERIALS AND METHODS
Materials
MG63, HEK-293, and Jurkat cells were purchased from American Type Culture Collection. Synthetic human dcOC was purchased from Creative BioMart (United States). Antibodies specific for p-AKT (Ser473), AKT, HIF-1α, GLUT1, and Runx2 were purchased from Cell Signaling Technology.

Cell culture and treatment
Synthetic human dcOC was freshly resuspended and diluted in phosphate-buffered saline to the desired final concentrations before the experiments. MG63, HEK-293, and Jurkat cells were cultured in low-glucose Dulbecco’s modified Eagle’s medium (L-DMEM; 1000 mg/L glucose, HyClone, United States), high-glucose Dulbecco’s modified Eagle’s medium (H-DMEM; 4500 mg/L glucose, HyClone), and complete RPMI 1640 medium (HyClone), respectively. All media were supplemented with 10% fetal bovine serum (FBS, HyClone, United States) and 1% Pen-Strep, and cultures were maintained at 37 °C in a humidified atmosphere with 5% CO2. When the cells were 70% confluent, the medium was replaced with L-DMEM containing 4% FBS and different concentrations of dcOC (0, 0.3, 3, 10, and 30 ng/mL). When MG63 cells were treated with different concentrations of dcOC solution for 72 h, the culture medium was changed daily. After cells were treated for 1 h or 72 h, glucose uptake and Western blot analyses were performed to determine the optimal concentration of dcOC.
For the PI3K inhibition assay, cells were treated with the PI3K inhibitor LY294002 (10 µmol/L, Cayman Chemical Inc., Michigan, United States) or 0.1% dimethyl sulfoxide as the vehicle control for 20 min and then treated with dcOC for 1 h.

Glucose uptake assay with 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose
A glucose uptake assay was performed according to a previously described method with minor modifications[21]. MG63 cells were plated at a density of 1 × 106 cells per well (for the 1 h dcOC treatment) or 1 × 105 cells per well (for the 72 h dcOC treatment) in 6-well plates and used at subconfluence. After 24 h of incubation, the culture medium was replaced with 2.5 mL of culture medium containing various concentrations of dcOC (0, 0.3, 3, 10, or 30 ng/mL) and incubated for 1 h or 72 h. The medium was then removed, and the cells were washed twice with precooled Krebs Ringer buffer (KRB). Fresh culture medium containing 100 μmol/L 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG, Creative BioMart Inc., New York, NY, United States), a fluorescent glucose analog, was added to the cells and incubated at 37 °C for 30 min in a humidified atmosphere with 5% CO2. 2-NBDG uptake was stopped by removal of the incubation medium, and the cells were washed twice with precooled KRB. The cells were trypsinized and resuspended in 2.0 mL of precooled fresh growth medium. For each measurement, data from 10000 single-cell events were recorded by flow cytometry (FACSCalibur, BD, United States). Second, cells were plated at a density of 1 × 105 cells per well in 6-well plates and used at subconfluence after 24 h of incubation. The culture medium was then removed from each well and replaced with 2.5 mL of culture medium containing dcOC (0, 0.3, 3, 10, or 30 ng/mL) for 72 h of preincubation. The subsequent steps were the same as those listed above. The optimal concentration at dcOC affected glucose uptake was determined by these experiments. The experiment was performed in triplicate, and the experimental data were analyzed using FlowJo software. The geometric mean was used to determine the mean fluorescence intensity (MFI). The average fluorescence intensity of each group was compared with that of the control group to obtain the normalized fluorescence intensity (AU), which indicated the glucose uptake ability of MG63 cells.

SiRNA-mediated silencing of HIF-1α
MG63 cells were grown and transfected with either HIF-1α siRNA (Sangon Biotech, Shanghai, China) or negative control siRNA using the transfection reagent Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. After transfection, the medium was replaced with regular medium, and the cells were treated with dcOC for 72 h. Glucose uptake and Western blot assays were then performed.

PI3K inhibition assay
MG63 cells were treated with the PI3K inhibitor LY294002 (10 µmol/L) for 30 min and then with dcOC for 1 h. Then, glucose uptake and Western blot assays were performed in triplicate. The glucose uptake data were analyzed using FlowJo software. The geometric mean was used to determine the MFI.

Western blot analysis
The levels of GPRC6A, p-AKT (Ser473), AKT, HIF-1α, GLUT1, and Runx2 in MG63 cells were determined. For analysis of GPRC6A expression, HEK-293 cells were used as the negative control[22], and Jurkat cells were used as the positive control. Cell samples were homogenized on ice in lysis buffer containing protease and phosphatase inhibitors. A bicinchoninic acid protein assay was used to determine the protein concentration according to the manufacturer’s instructions (Beyotime Institute of Biotechnology, China). All steps were performed as previously described[23]. Immunoblotting was performed using primary antibodies against GPRC6A (Absin Bioscience Inc., China) and horseradish peroxidase-conjugated anti-rabbit and anti-mouse secondary antibodies (Cell Signaling Technology). Immunoreactions were visualized with enhanced chemiluminescence reagents (GE Healthcare, UK, Ltd.). The band intensities were determined using ImageJ analysis software (NIH).

Cell proliferation assay
A Cell Counting Kit-8 (CCK-8, Tongren, China) assay was used to assess the effects of dcOC on MG63 cell proliferation. In brief, cells were plated in 96-well plates (4000 cells per well) in L-DMEM supplemented with 4% serum containing normal (5.5 mmol/L) levels of glucose and treated with various concentrations of dcOC (0, 0.3, 3, 10, and 30 ng/mL) for 24, 48, or 72 h. The absorbance values were read at 450 nm using an automated microplate reader (Power Waves XS, BioTek, United States).

Alkaline phosphatase activity assay
The rate of p-nitrophenyl phosphate (Sigma) hydrolysis was analyzed to measure alkaline phosphatase (ALP) activity. Cells were plated in 24-well plates at a density of 1 × 105 cells per well and incubated overnight. Then, the cells were incubated with solutions containing various concentrations of dcOC for 72 h. The medium was removed, and 500 μL of 0.1% Triton X-100 (Sigma) was added to each well. Cells were frozen at -70 °C, thawed at 37 °C, and centrifuged at 14000 g and 4 °C for 10 min. The supernatant was collected for ALP activity measurement. The absorbance values at 405 nm were read on a microplate reader (Power Waves XS, BioTek, United States). The Bradford method was used to determine the protein concentration.

Statistical analysis
Every experiment was performed at least three times. Data are presented as the mean ± SD. The results were analyzed by one-way analysis of variance (ANOVA) followed by the LSD method for multiple comparisons using the statistical software SPSS 22.0. A P value of < 0.05 was considered statistically significant.

RESULTS
Evidence of GPRC6A receptor expression in MG63 cells
Previous studies have indicated that GPRC6A is expressed in bones and osteoblasts[24] of mice. We examined the expression of GPRC6A in MG63 cells by Western blot. Because previous experiments confirmed that HEK-293 cells lack GPRC6A expression[5], they were selected as the negative control, while Jurkat cells served as the positive control. Western blot analysis confirmed that MG63 cells expressed the GPRC6A receptor (Figure 1), thereby indicating that the roles of dcOC in MG63 cells could be examined.

DcOC increases glucose uptake in MG63 cells
The normalized fluorescence intensity (AU) of MG63 cells was significantly increased compared with that of the paired control cells after short-term (1 h) treatment with dcOC at different concentrations (0.3, 3, and 10 ng/mL groups, P < 0.01; 30 ng/mL group, P < 0.05; Figure 2A and B). In addition, 3 ng/mL was determined to be the optimal concentration for short-term (1 h) stimulation. Treatment with 3 ng/mL dcOC (1 h) increased glucose intake by 79% compared with that in the control group (P < 0.01; Figure 2B). In addition, the normalized fluorescence intensity (AU) of MG63 cells was significantly increased compared with that of paired control cells after long-term (72 h) treatment with dcOC at different concentrations (0.3, 3, and 10 ng/mL groups, P < 0.01; 30 ng/mL group, P < 0.05; Figure 2C and D). Additionally, 10 ng/mL was determined to be the optimal concentration for long-term (72 h) stimulation. Treatment with 10 ng/mL dcOC (72 h) increased glucose intake by 81% compared with that in the control group (P < 0.01; Figure 2D).

Involvement of the PI3K/Akt pathway in the promotional effect of dcOC on glucose uptake after short-term stimulation
As shown in Figure 3A and B, dcOC triggered Akt phosphorylation in a dose-dependent manner, and the most effective stimulatory concentration was 3 ng/mL in the short term (1 h) (P < 0.01). The protein expression of p-Akt (Ser473) in the 3 ng/mL group was increased by 2.99-fold compared to that in the 0 ng/mL group, as assessed relative to the level of Akt, after 1 h of dcOC stimulation (P < 0.01; Figure 3B). However, no significant changes were observed in the expression levels of GPRC6A, HIF-1α, GLUT1, or Runx2 as assessed relative to the level of β-actin (Figure 3B). Moreover, inhibition of PI3K with LY294002 abolished the dcOC-mediated promotion of Akt phosphorylation (Figure 3C and D) and 2-NBDG uptake (Figure 3E and F) without affecting GLUT1 protein expression (Figure 3C and D), indicating that PI3K/Akt signaling is involved in the enhancement of dcOC-induced glucose uptake for a short period (1 h).

Involvement of HIF-1α in the promotional effect of dcOC on glucose uptake after long-term stimulation
Long-term dcOC stimulation not only triggered Akt phosphorylation but also increased the protein levels of HIF-1α, GLUT1, and Runx2 in a dose-dependent manner (Figure 4B), whereas no increase in the expression level of GPRC6A was observed (Figure 4A and B). The most effective stimulatory concentration of dcOC was 10 ng/mL. The Western blot results indicated that the protein expression of p-Akt in the 10 ng/mL group was increased by 1.93-fold compared to that in the 0 ng/mL group, as assessed relative to the level of Akt, after 72 h of dcOC stimulation (P < 0.01, Figure 4B). The protein expression of HIF-1α, GLUT1, and Runx2 in the 10 ng/mL group was increased by 2.32-fold (P < 0.01, Figure 4B), 1.40-fold (P < 0.05, Figure 4B), and 2.06-fold (P < 0.01, Figure 4B), respectively, compared to that in the 0 ng/mL group, as assessed relative to the level of β-actin. Then, HIF-1α siRNA was used to decrease the HIF-1α protein levels in MG63 cells (P < 0.05, vs the control group, Figure 4D). Inhibition of HIF-1α with siRNA abolished dcOC-mediated 2-NBDG uptake (Figure 4E and F) and substantially decreased the GLUT1 protein expression (Figure 4C and D), indicating that HIF-1α signaling is involved in the promotional effect of dcOC on glucose uptake via GLUT1 modulation.

Biological effect of dcOC on MG63 cells
According to the cell proliferation assay results, the average cell counts for each day were plotted as a histogram. In the presence of dcOC, the number of cells was increased at 24, 48, and 72 h (Figure 5A). These results demonstrate that dcOC enhances MG63 cell proliferation in a time- and dose-dependent manner. DcOC had the most marked effect on proliferation at a concentration of 10 ng/mL (P <0.01, Figure 5A). The ALP activity assay results showed that treatment with either 3 ng/mL or 10 ng/mL dcOC affected ALP activity in MG63 cells after 72 h (P < 0.01, Figure 5B).

DISCUSSION
An increasing number of studies have shown that GluOC is closely related to energy metabolism[25,26]. In vitro experiments showed that different doses of GluOC could increase glucose uptake in various cells with or without insulin[11,12]. Glucose uptake is mediated by transmembrane GLUT proteins in cells[27]. Among these transporters, GLUT1 is closely related to the energy metabolism of tumor cells. The increase in glucose uptake by tumor cells is closely related to their proliferation[28]. Previous studies have shown that the expression of GLUT1 affects the prognosis of patients with osteosarcoma[29,30]. In addition, Fan et al[31] reported that interfering with GLUT1 expression may inhibit the proliferation of MG63 cells in vitro. Our study explored the relationship between dcOC, a type of GluOC, and glucose uptake in osteoblastic sarcoma cells in vitro and the possible association of this effect with GLUT1. Although MG63 cells synthesize GluOC, the level of GluOC synthesized by MG63 cells without retinoic acid intervention and lα,25-dihydroxycholecalciferol [lα,25(OH)2D], as shown in previous studies[32], was negligible compared with the level of exogenous dcOC in our study. In addition, the concentration of dcOC used in our study was confirmed to increase glucose uptake in the previous study[11].
As the receptor for GluOC, GPRC6A plays an important role in the regulation of glucose metabolism by GluOC in histiocytes[6,10]. The expression of GPRC6A in human osteoblasts was confirmed by scholars as early as 1998[33]. In the present study, we confirmed the expression of GPRC6A in MG63 cells (Figure 1), which provided a basis to study the effect of dcOC on the metabolic response. In our study, both short- and long-term dcOC intervention altered the glucose uptake by MG63 cells but did not change the protein level of GPRC6A. We speculate that dcOC may affect the signaling pathway downstream of GPRC6A by altering the protein conformation of GPRC6A, thereby affecting the glucose uptake of MG63 cells. However, further investigation is needed to confirm this hypothesis.
Hill et al[11] showed that short-term intervention with carboxylated osteocalcin in adipocytes could increase the glucose uptake and transport in a cell-based system (in an insulin-independent manner). GLUT1 is the main glucose transporter in osteoblasts[15]. Activation of the PI3K/Akt signaling pathway has been confirmed to be necessary for GLUT1 translocation, cell glucose uptake, and maintenance of cell surface GLUT1 Levels[18]. Application of a PI3K inhibitor can effectively inhibit the expression of GLUT1 on the cell membrane, thereby affecting the uptake of glucose in cells[34]. A previous study showed that ucOC could increase the phosphorylation of Akt in adipocytes in an insulin-independent manner[12]. In our study, short-term incubation (1 h) of MG63 cells with dcOC promoted glucose uptake under physiological glucose conditions in an insulin-independent manner (Figure 2A and B). In addition, the phosphorylation of AKT was increased significantly in MG63 cells incubated with dcOC for a short time, although the GLUT1 expression was not affected (Figure 3A and B), suggesting that short-term dcOC treatment increases the glucose uptake rate, probably by regulating GLUT1 activity and transport via PI3K/Akt rather than by increasing the protein expression of GLUT1. Then, we used the PI3K inhibitor LY294002 to reduce the phosphorylation of Akt and found that the effect of dcOC on increasing glucose uptake was abolished (Figure 3C-F). This result confirmed that the PI3K/Akt signaling pathway participates in dcOC, promoting glucose uptake in MG63 cells. In addition to GLUT1, GLUT3 and GLUT4 have also been reported to be expressed in osteoblasts[15]. The increase in Akt phosphorylation is related to increases in GLUT3 and GLUT4 translocation and protein expression levels[35,36]. DcOC may increase glucose uptake by increasing the GLUT3 or GLUT4 translocation or protein expression in MG63 cells after short-term intervention, but further research is needed to confirm this hypothesis. Moreover, the expression of GPRC6A was not altered by short-term treatment with dcOC, suggesting that short-term dcOC intervention induces glucose uptake in MG63 cells by altering the activity or configuration of the receptor GPRC6A rather than its expression.
Next, we validated the effect of glucose uptake on MG63 cells with long-term dcOC intervention (72 h). Similar to the short-term stimulation, the long-term stimulation of MG63 cells with dcOC also promoted glucose uptake under physiological glucose conditions in an insulin-independent manner (Figure 2C and D), accompanied by a significantly increased p-AKT level (Figure 4A and B). However, long-term stimulation significantly increased the protein expression levels of HIF-1α and GLUT1 in MG63 cells treated with different concentrations of dcOC, suggesting that dcOC can increase the glucose uptake rate, probably by regulating GLUT1 protein expression after incubation for an extended duration (Figure 4A and B). Then, we silenced HIF-1α via siRNA and found that the effect of dcOC on increasing glucose uptake was abolished, with decreased expression of HIF-1α and GLUT1 (Figure 4C-F). HIF-1 is a transcription factor that mediates the adaptive response, which enhances the energy metabolism of cancer cells. HIF-1 is composed of two subunits, HIF-1α and HIF-1β, among which HIF-1α determines the activity of HIF-1. HIF-1α is closely related to GLUT1 in tumor cells. For example, HIF-1α can upregulate the protein expression of GLUT1[37], and silencing or inhibiting HIF-1α in tumor cells can decrease the expression of GLUT1[38,39]. Previous studies have shown that HIF-1α plays an important role in the growth of osteosarcoma[40,41]. The results of our study suggested that dcOC promotes the glucose uptake in MG63 cells after incubation for an extended duration by upregulating the protein expression of GLUT1. Using HIF-1α siRNA, we demonstrated that GLUT1 expression induced by dcOC is dependent on HIF-1α in MG63 cells. Therefore, these results support a new perspective on the modulation of GLUT1 expression by HIF-1α in response to dcOC in MG63 cells.
Runx2 is an essential transcription factor for osteoblast differentiation, matrix production, and mineralization during bone formation[42]. It controls the expression of bone formation-related genes such as OCN, ALP, BMP2, and BMP4[43]. In this study, short-term intervention with dcOC in MG63 cells did not change the protein expression of Runx2 (Figure 3A and B), while long-term dcOC intervention significantly increased the protein expression of Runx2 (Figure 4A and B). The optimal concentration was consistent with that required to increase GLUT1 expression (10 ng/mL) (Figure 4A and B). Runx2 expression has been reported to be significantly increased in human osteosarcoma tissues and osteosarcoma cell lines[44]. Runx2 is closely related to osteosarcoma metastasis, and downregulation of Runx2 was found to inhibit osteosarcoma metastasis and invasion[45]. Here, we speculated that long-term intervention with dcOC influenced osteoblastic osteosarcoma cell metastasis and invasion by increasing glucose uptake, which was achieved by increasing the expression of GLUT1.
In our study, dcOC promoted the proliferation of MG63 cells (Figure 5A). Bone formation and osteoblast proliferation are energy-expensive processes, and the energy for osteoblast proliferation is generated mainly via glucose metabolism[14]. Because GLUT1 is the key glucose transporter regulating glucose uptake[46], we speculated that the ability of dcOC to increase MG63 cell proliferation is closely related to its ability to improve glucose metabolism.
ALP is a major enzyme expressed during the early maturation of osteoblasts. UcOC has been reported to increase ALP activity in bone marrow mesenchymal stem cells (BMSCs)[47]. In our study, the ALP activity in MG63 cells was increased after dcOC treatment for 72 h (Figure 5B), consistent with the results of a previous study. Moreover, previous studies have shown that increased serum ALP concentrations are indicative of a worse prognosis in osteosarcoma, correlating with shorter survival times and disease-free intervals[48-50]. The results of our study indicated that dcOC might affect the prognosis of osteosarcoma patients by increasing the ALP activity in osteoblast-like osteosarcoma cells. However, the specific mechanism by which dcOC increases ALP activity is not clear and needs to be further investigated.
GluOC has been suggested to be closely related to energy metabolism and can increase glucose uptake in various cells[10-13]. In animal experiments, GluOC has been proven to reduce blood glucose levels and visceral fat in mice with type 2 diabetes[8,9]. GluOC is considered a potential agent for the treatment of type 2 diabetes and insulin resistance. The present study clearly showed that dcOC, a type of GluOC, promoted glucose uptake in MG63 cells in vitro. dcOC may affect the invasion and migration of MG63 cells and the prognosis of osteosarcoma patients by affecting the ALP activity and Runx2 expression in osteoblastic sarcoma cells. Thus, while considering dcOC as a potential treatment for type 2 diabetes, it is also necessary to be aware of its possible adverse effects on osteoblastic osteosarcoma.

CONCLUSION
DcOC can promote glucose uptake in MG63 cells in vitro. DcOC may affect the invasion and migration of MG63 cells and the prognosis of osteosarcoma patients by affecting ALP activity and Runx2 expression.

ARTICLE HIGHLIGHTS
Research background
Uncarboxylated osteocalcin (GluOC) has been reported to improve glucose metabolism, prevent type 2 diabetes, and decrease the severity of obesity in mice with type 2 diabetes. GluOC can increase glucose uptake in a variety of cells. GluOC has great potential to become a new drug for the treatment of type 2 diabetes in the future.

Research motivation
Glucose metabolism is the main source of energy for osteoblast proliferation and differentiation. However, both the direct effects of GluOC on glucose uptake in bone tissues and the underlying mechanisms remain unexplored.

Research objectives
To investigate the effects of decarboxylated osteocalcin (dcOC), a kind of GluOC, on glucose uptake in human osteoblast-like osteosarcoma cells and the possible signaling pathways involved.

Research methods
MG63 cells (human osteoblast-like osteosarcoma cells) were treated with dcOC (0, 0.3, 3, 10, or 30 ng/mL) for 1 and 72 h, and glucose uptake was measured by flow cytometry. The effect of dcOC on cell proliferation was measured with a CCK-8 assay, and alkaline phosphatase (ALP) enzyme activity was measured. PI3K was inhibited with LY294002, and hypoxia-inducible factor 1 alpha (HIF-1α) was silenced with siRNA. Then, the G protein-coupled receptor family C group 6 subtype A, total Akt, phosphorylated Akt, HIF-1α, and glucose transporter 1 (GLUT1) levels were measured by Western blot to elucidate the possible pathways by which dcOC modulates glucose uptake.

Research results
The glucose uptake of MG63 cells was significantly increased compared with that of the paired control cells after short-term (1 h) treatment and long-term (72 h) treatment with dcOC at different concentrations. LY294002 abolished the dcOC-mediated (1 h) promotion of Akt phosphorylation and glucose uptake without affecting GLUT1 protein expression. Long-term dcOC stimulation triggered Akt phosphorylation and increased the protein levels of HIF-1α, GLUT1, and Runx2 in a dose-dependent manner. Inhibition of HIF-1α abolished the dcOC-mediated glucose uptake and substantially decreased GLUT1 protein expression. DcOC intervention promoted cell proliferation in a time- and dose-dependent manner. Treatment with dcOC affected the ALP activity in MG63 cells.

Research conclusions
DcOC can promote glucose uptake in MG63 cells in vitro. DcOC may affect the invasion and migration of MG63 cells and the prognosis of osteosarcoma patients by affecting ALP activity and Runx2 expression.

Research perspectives
DcOC can promote glucose uptake in human osteoblast-like osteosarcoma cells. It is necessary to be aware of its possible adverse effects on osteoblastic osteosarcoma while considering dcOC as a potential treatment for type 2 diabetes.
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Figure Legends
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Figure 1 Western blot analysis demonstrating the protein expression of G protein-coupled receptor family C group 6 subtype A in MG63 cells. HEK-293 cells were selected as the negative control cells, and Jurkat cells were used as the positive control cells. GPRC6A: G protein-coupled receptor family C group 6 subtype A.
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Figure 2 Flow cytometric analyses of 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose uptake by MG63 cells after decarboxylated osteocalcin stimulation. A: The distribution of fluorescence intensities which represented 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG) uptake after decarboxylated osteocalcin (dcOC) stimulation for 1 h; B: The normalized fluorescence intensities corresponding to 2-NBDG uptake after dcOC stimulation for 1 h; C: Distribution of fluorescence intensities which represented 2-NBDG uptake after dcOC stimulation for 72 h; D: The normalized fluorescence intensity corresponding to 2-NBDG uptake after dcOC stimulation for 72 h. The red lines in the histograms in A and C indicate the control group (0 ng/mL), while the other lines indicate the groups treated with dcOC at different concentrations.  The data are representative of three independent experiments performed in triplicate. aP < 0.05, bP < 0.01 vs the control group.
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Figure 3 Promotional effect of decarboxylated osteocalcin on glucose uptake after short-term stimulation (1 h) in MG63 cells. A: Protein bands; B: Relative protein levels of GPRC6A (G protein-coupled receptor family C group 6 subtype A), p-Akt (Ser473)/Akt, hypoxia-inducible factor 1 alpha, glucose transporter 1 (GLUT1), and Runx2 after decarboxylated osteocalcin (dcOC) stimulation for 1 h at different concentrations. C: Protein bands; D: Relative protein levels of p-Akt (Ser473)/Akt and GLUT1. E: The distribution of fluorescence intensities which represented 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG) uptake; F: The normalized fluorescence intensity corresponding to 2-NBDG uptake. The MG63 cells in C-F were treated with dcOC (3 ng/mL) for 1 h and (or) LY294002 (10 µmol/L) for 30 min. The data are representative of three independent experiments performed in triplicate. B: aP < 0.05, bP < 0.01 vs untreated cells; D and F: aP < 0.05, bP < 0.01 vs the control group; cP < 0.05, dP < 0.01 vs the dcOC-only group. dcOC: Decarboxylated osteocalcin; HIF-1α: Hypoxia-inducible factor 1 alpha; GLUT1: Glucose transporter 1; GPRC6A: G protein-coupled receptor family C group 6 subtype A.

[image: ]
[bookmark: _GoBack]Figure 4 Promotional effect of decarboxylated osteocalcin on glucose uptake after long-term stimulation (72 h) in MG63 cells. A: Protein bands; B: Relative protein levels of GPRC6A (G protein-coupled receptor family C group 6 subtype A), p-Akt (Ser473)/Akt, hypoxia-inducible factor 1 alpha (HIF-1α), glucose transporter 1 (GLUT1), and Runx2 after decarboxylated osteocalcin (dcOC) stimulation for 72 h at different concentrations; C: Protein bands; D: Relative protein levels of HIF-1α and GLUT1; E: The distribution of fluorescence intensities which represented 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG) uptake; F: The normalized fluorescence intensity corresponding to 2-NBDG uptake. The MG63 cells in C-F were treated with dcOC (10 ng/mL) 72 h and (or) were transfected with HIF-1α siRNA. The data are representative of three independent experiments performed in triplicate. B: aP < 0.05, bP < 0.01 vs untreated cells; D and F: aP < 0.05, bP < 0.01 vs the control group; cP < 0.05, dP < 0.01 vs the dcOC-only group. dcOC: Decarboxylated osteocalcin; HIF-1α: Hypoxia-inducible factor 1 alpha; GLUT1: Glucose transporter 1; GPRC6A: G protein-coupled receptor family C group 6 subtype A.
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Figure 5 Effects of decarboxylated osteocalcin on the proliferation and alkaline phosphatase activity in MG63 cells. A: Histogram showing the effects of decarboxylated osteocalcin (dcOC) on MG63 cell proliferation. The absorbance value was measured at 24, 48, and 72 h; B: Alkaline phosphatase activity in MG63 cells after 72 h of incubation with different concentrations of dcOC. Significant differences (P < 0.01) were found between the dcOC treatment groups (3 ng/mL and 10 ng/mL) and the control group (0 ng/mL). The data are representative of three independent experiments performed in triplicate. aP < 0.05, bP < 0.01 vs the control group (0 ng/mL). dcOC: Decarboxylated osteocalcin; ALP: Alkaline phosphatase.
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