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Abstract 36 

Background: Advanced glycation end products (AGEs) cause bone fragility due to deterioration in bone quality. 37 

We previously reported that AGE3 induced apoptosis and inhibited differentiation via increased transforming 38 

growth factor (TGF)-β signaling in osteoblastic cells. Additionally, we demonstrated that AGE3 increased 39 

apoptosis and sclerostin expression and decreased receptor activator of nuclear factor-B ligand (RANKL) 40 

expression in osteocyte-like cells. However, it remains unclear whether TGF-β signaling is involved in the effects 41 

of AGEs on apoptosis and the expression of sclerostin and RANKL in osteocytes. 42 

Methods: Effects of AGE3 on apoptosis of mouse osteocyte-like MLO-Y4-A2 cells were examined by DNA 43 

fragmentation ELISA. Expression of TGF-β, sclerostin and RANKL was evaluated using real-time PCR, 44 

Western blotting, and ELISA kits. To block TGF-β signaling, we used SD208, a TGF-β type I receptor kinase 45 

inhibitor. 46 

Results: AGE3 (200 g/mL) significantly increased apoptosis and mRNA expression of Sost, the gene encoding 47 

sclerostin, and decreased Rankl mRNA expression in MLO-Y4-A2 cells. AGE3 significantly increased the 48 

expression of TGF-β. Co-incubation of SD208 with AGE3 significantly rescued AGE3-induced apoptosis in a 49 

dose-dependent manner. Moreover, SD208 restored AGE3-increased mRNA and protein expression of sclerostin. 50 

In contrast, SD208 did not affect AGE3-decreased mRNA and protein expression of RANKL. 51 

Conclusions: These findings suggest that AGE3 increases apoptosis and sclerostin expression through increasing 52 

TGF-β expression in osteocytes, and that AGE3 decreases RANKL expression independently of TGF-β signaling. 53 
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Abbreviations 58 

DM: diabetes mellitus, BMD: bone mineral density, AGEs: Advanced glycation end products, TGF-β: 59 

transforming growth factor-β, RANKL: nuclear factor-B ligand, BSA: bovine serum albumin, α-MEM: α-60 

minimum essential medium 61 
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Introduction 63 

 Osteoporosis and diabetes mellitus (DM) are increasing with population aging and have become 64 

important problems worldwide because both diseases affect quality of life and increase morbidity and mortality 65 

[1-4]. According to World Health Organization osteoporosis categorization, 2.5 standard deviations below young 66 

adult mean bone mineral density (BMD) are defined as osteoporosis[5]. However, not only BMD reduction but 67 

also deterioration of bone quality is considered to be an important component of bone fragility, because 68 

osteoporotic fracture is often occurred in patients with normal BMD. Previous studies have shown that patients 69 

with type 2 DM (T2DM) have a 1.4- to 4.7-fold increased risk of fractures although they have normal or slightly 70 

higher than normal BMD [6-8]. Thus, osteoporosis is recently recognized as one of the diabetic complications. 71 

Although underlying mechanisms of diabetes-related bone fragility remains unclear, it is suggested that the 72 

increased risk of fractures is mainly due to the deterioration of bone quality in patients with T2DM. 73 

 Previous studies showed that higher serum or urine pentosidine levels were significantly associated with 74 

the risk of fractures in patients with T2DM [9, 10]. Advanced glycation end products (AGEs) are produced via 75 

nonenzymatic chemical modification of proteins under conditions of hyperglycemia and oxidative stress. 76 

Particularly in patients with T2DM, formation of AGEs is increased, and AGEs are reported to cause bone 77 

fragility through deterioration of collagen [11], inhibition of osteoblastic differentiation [12, 13], and deterioration 78 

of micro-architecture [14]. There are several types of AGE, and AGE3 was produced by glycolaldehyde. We 79 

previously showed that AGE2 and AGE3 suppressed cell growth, increased apoptosis of osteoblastic cells [12], 80 

and inhibited the differentiation and mineralization of the cells [12, 13]. Because previous studies have shown that 81 

AGE3-TGF-β signaling is involved in diabetic complications [15, 16], we have focused on the effects of AGE3 82 

on bone cells through transforming growth factor (TGF)-β signaling. Indeed, our recent study revealed that AGE3 83 

suppressed mineralization by increasing the expression and secretion of TGF-β in cells of the osteoblast lineage 84 
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[17]. 85 

 Osteocytes are the most abundant cells in bone and are recognized as central regulators of bone 86 

homeostasis. They are an important source of sclerostin, the main inhibitor of osteoblast activity, and of RANKL, 87 

the most important regulator of osteoclastogenesis. However, little is known about the association between bone 88 

fragility and the osteocyte network in T2DM. Recently, we showed for the first time that AGE3 increased 89 

apoptosis and the expression of sclerostin, and decreased the expression of receptor activator of nuclear factor-B 90 

ligand (RANKL) in osteocyte-like MLO-Y4-A2 cells [18]. However, the mechanisms by which AGE3 affects 91 

apoptosis and the expression of sclerostin and RANKL are still unknown. 92 

 AGEs cause diabetic microvascular complications such as nephropathy and neuropathy via activating 93 

TGF-β signaling. For example, AGEs increased TGF-β expression and activated Smad signals in mesangial and 94 

nerve cells [19, 20]. On the other hand, it has been shown that TGF-β is expressed in osteocytes [21]. Loots et al. 95 

demonstrated that TGF-β increased the expression of Sost, the gene encoding sclerostin, in UMR106.01, a rat 96 

osteosarcoma cell line [22]. However, because the roles of TGF-β in osteocytes are still unclear, we hypothesized 97 

that AGEs may affect osteocytes via TGF-β signaling. Therefore, in this study, we aimed to examine whether 98 

TGF-β signaling is involved in AGE3-induced apoptosis and altered expression of sclerostin and RANKL in 99 

osteocytic MLO-Y4-A2 cells. 100 

  101 
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Materials and methods 102 

Materials 103 

 Cell culture medium and supplements were purchased from GIBCO-BRL (Rockville, MD). SD208, a 104 

TGF-β type I receptor kinase inhibitor, was purchased from TOCRIS (Bristol, United Kingdom). Anti-β-actin 105 

antibody was obtained from Sigma (St. Louis, MO, USA). Anti-sclerostin antibody was purchased from Abcam 106 

(Tokyo, Japan). Anti-RANKL antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 107 

Bovine serum albumin (BSA), glycolaldehyde, and mouse monoclonal antibodies were purchased from Sigma. 108 

All other chemicals were of the highest grade available commercially. 109 

 110 

Cell culture 111 

As previously described [18], we use MLO-Y4-A2, a murine long bone-derived osteocytic cell line, 112 

which was kindly provided by Dr. Y. Kato (Asahi Kasei Medical Corporation, Tokyo, Japan) and Dr. Lynda F. 113 

Bonewald (University of Missouri). Briefly, the cells were cultured on type I collagen-coated plates in α-minimum 114 

essential medium (α-MEM) supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin in 5% 115 

CO2 at 37 °C. The culture medium was changed twice weekly. 116 

 117 

Preparation of AGE3 118 

AGE3 was obtained as described previously [13]. Briefly, AGE3 was prepared by incubating 50 119 

mg/mL BSA with 0.1 M glycolaldehyde at 37 °C for 7 days under sterile conditions in 0.2 M sodium phosphate 120 

buffer (pH 7.4) containing 5 mM diethylenetriamine-pentaacetic acid. As a negative control, nonglycated BSA 121 

was incubated under the same conditions, except for the absence of glycolaldehyde. After the incubation period, 122 

low-molecular weight reactants and aldehydes were removed using a PD-10 column (GE Healthcare Bio-123 
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Sciences AB, Uppsala, Sweden) and dialyzing against phosphate-buffered saline (PBS). 124 

 125 

Quantification of TGF-β1 and RANKL proteins 126 

The concentration of TGF-β1 in whole-cell lysates was determined by using commercially available 127 

diagnostic kits (R&D Systems, Minneapolis, MN). In brief, samples were activated with 1 N HCl for 10 min at 128 

room temperature, followed by neutralization with 1.2 N NaOH in HEPES. Samples were added to the wells of 129 

microtiter plates coated with a monoclonal anti-TGF-β1 antibody. After incubation of the sample for 2 h at room 130 

temperature, a horseradish peroxidase-conjugated polyclonal antibody against TGF-β1 was added and the plates 131 

were incubated for an additional 2 h. The assay was developed with peroxidase substrate for 30 min at room 132 

temperature in the dark. Absorbance was measured at 450 nm, and a reference wavelength of 540 nm was used. 133 

Standard curves for TGF-β1 were prepared using serial dilutions of purified TGF-β1. 134 

 As previously described [18], the concentration of RANKL in whole-cell lysates was determined by 135 

using commercially available diagnostic ELISA kits (Abcam Corp., Tokyo, Japan).  136 

 137 

Quantification of gene expression by real-time PCR 138 

SYBR Green chemistry in conjunction with real-time PCR was used to quantify the amounts of 139 

mRNAs for Tgf-β, Rage, Sost, Rankl, Opg and 36B4, a housekeeping gene, according to an optimized protocol 140 

[13, 23, 24]. Total RNA was isolated using Trizol reagent (Invitrogen, San Diego, CA) and further purified by 141 

two successive phenol-chloroform extractions. First-strand cDNA was synthesized with an oligo-dT primer and 142 

a SuperScript-III cDNA synthesis kit (Invitrogen). Sense and antisense oligonucleotide primers were designed 143 

according to published cDNA sequences using Primer Express (version 2.0.0, Applied Biosystems, Carlsbad, 144 

CA). The cDNA was amplified with an ABI PRISM 7000 sequence detection system (Applied Biosystems Inc.). 145 
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The cDNA-specific SYBR Green Mix was incorporated into the PCR buffer provided in the QuantiTect SYBR 146 

PCR kit to allow for quantitative detection of the PCR product in a 25-µL reaction volume. The temperature 147 

profile of the reaction was 60 °C for 2 min, followed by 95 °C for 15 min and 40 cycles of denaturation at 94 °C 148 

for 15 s and annealing and extension at 60 °C for 1 min. Primer sequences were as follows: Tgf-β, 5ʹ-149 

TGAACCAAGGAGACGGAATACAGG-3  ́ and 5ʹ-GCCATGAGGAGCAGGAAGGG-3ʹ; Rage, 5ʹ-150 

ACAACCAACTCGGACTTCCA-3  ́ and 5ʹ-GTCGTTTTCGCCACAGGATA-3ʹ; Sost, 5ʹ-151 

TCCTCCTGAGAACAACCAGAC-3  ́ and 5ʹ-TGTCAGGAAGCGGGTGTAGTG-3ʹ; Rankl, 5ʹ-152 

TGCTTGTGAC-GAGCTATCAG-3  ́and 5ʹ-GAGGACAGGGAGGATCAAGT-3 ;́ Opg, 5ʹ-153 

AGCTGCTGAAGCTGTGGAA-3  ́ and 5ʹ-TGTTCGAGTGGCCGAGAT-3ʹ; 36B4, 5ʹ-154 

AAGCGCGTCCTGGCATTGTCT-3  ́and 5ʹ-CCGCAGGGGCAGCAGTGGT-3ʹ. 155 

 156 

 157 

Western blotting 158 

 Cells were lysed with radioimmunoprecipitation buffer containing 0.5 mM 159 

phenylmethylsulfonylfluoride, complete protease inhibitor mixture (Roche Applied Science, Tokyo, Japan), 1% 160 

Triton X-100, and 1 mM sodium orthovanadate. Proteins were transferred in 25 mM Tris, 192 mM glycine, and 161 

20% methanol to polyvinylidene difluoride membrane. Blots were blocked with 20 mM Tris HCl (pH 7.5), 137 162 

mM NaCl, 0.1% Tween-20, and 3% dried milk powder. The membranes were immunoblotted with each primary 163 

antibody. The antigen-antibody complexes were visualized by using the appropriate secondary antibodies and an 164 

enhanced chemiluminescence detection system (LAS-4000 IR multi-color imager, FUJIFILM, Tokyo, Japan). 165 

National Institutes of Health (NIH) image software (ImageJ) was used to quantify the area of band. The average 166 

value of band in six randomly selected fields was used to evaluate the protein expressions of Sclerostin and Rankl. 167 
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The results depicted in each figure are representative of at least three independent cell preparations. 168 

 169 

Assessment of apoptotic cell death 170 

Apoptosis was assessed by using Cell Death Detection ELISA Plus kit (Roche Molecular Biochemicals, 171 

IN, USA) according to the manufacturer’s protocol. MLO-Y4-A2 cells were seeded in 96-well plates at a density 172 

of 3000 cells/well and incubated overnight at 37 °C in α-MEM. The next day, the cells were treated with either 173 

BSA (negative control) or AGE3. On day 5 after treatment, the cells were lysed in 200 L lysis buffer. After 174 

centrifugation, 20 L of the supernatant was transferred to a streptavidin-coated microplate and exposed to anti-175 

histone antibody (biotin-labeled) and anti-DNA antibody (peroxidase-conjugated) for 2 h at room temperature. 176 

Each well was washed 3 times with the incubation buffer, and antibody-nucleosome complexes bound to the 177 

microplate were determined spectrophotometrically using 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 178 

(ABTS). The absorbance measured at 405 nm was proportional to the degree of apoptosis. The results were 179 

expressed relative to the control. 180 

 181 

Statistical analysis 182 

Results are expressed as mean ± SEM. Differences between groups were evaluated by one-way 183 

analysis of variance (ANOVA), followed by Fisher’s protected least significant difference test. For all statistical 184 

tests, a value of p < 0.05 was considered to indicate a statistically significant difference.  185 

  186 
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Results 187 

Effects of AGE3 on apoptosis and expression of Sost and Rankl mRNA in MLO-Y4-A2 cells 188 

 To confirm our previous findings [18], we examined the effects of AGE3 on apoptosis and the 189 

expression of Sost and Rankl. As shown in Fig. 1, incubation with 200 g/mL AGE3 significantly increased 190 

apoptosis (p < 0.001) (Fig. 1A) and the expression of Sost mRNA (p < 0.01) (Fig. 1B), and significantly decreased 191 

Rankl mRNA (p < 0.01) (Fig. 1C).  192 

 193 

 194 

Effects of AGE3 on TGF-β as well as Rage expression in MLO-Y4-A2 cells 195 

  We examined next the effects of AGE3 on the expression of TGF-β mRNA and protein. Quantitative 196 

real-time PCR showed that 200 g/mL AGE3 significantly increased the expression of TGF-β mRNA at 12 h 197 

and 24 h after treatment (p < 0.05 and p < 0.01, respectively) (Fig. 2A). Moreover, the TGF-β ELISA assay 198 

showed that 200 g/mL AGE3 significantly increased TGF-β protein levels on days 3 and 5 after treatment (p < 199 

0.001 and p < 0.001, respectively) (Fig. 2B). Real-time PCR also showed that AGE3 significantly increased the 200 

expression of Rage, which is a receptor for AGEs, on MLO-Y4-A2 cells (p < 0.01) (Fig. 2C).  201 

 202 

Involvement of TGF-β signaling in the AGE3-induced apoptosis of MLO-Y4-A2 cells 203 

 We examined whether or not TGF-β signaling is involved in the effect of AGE on apoptosis by using 204 

SD208, a TGF-β type I receptor kinase inhibitor. The DNA fragmentation ELISA showed that 200 g/mL AGE3 205 

significantly increased the apoptosis (p < 0.001), and that the apoptotic effect of AGE3 was significantly decreased 206 

by co-incubation with SD208 (1.0 and 2.5 µM) in a dose-dependent manner (p < 0.001 and p < 0.001, 207 

respectively) (Fig. 3). 208 
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 209 

Involvement of TGF-β signaling in the effects of AGE3 on the expression of sclerostin and RANKL in MLO-Y4-210 

A2 cells 211 

 Real-time PCR showed that 200 g/mL AGE3 significantly increased the expression of Sost mRNA 212 

after 24 h treatment (p < 0.01), and that co-incubation with 2.5 µM SD208 significantly decreased the AGE3-213 

increased expression of Sost (p < 0.001) (Fig. 4A). Moreover, Western blotting showed that co-incubation of 214 

SD208 with AGE3 significantly suppressed the AGE3-increased expression of sclerostin protein after treatment 215 

for 48 h (Fig. 4B and 4C). In contrast, real-time PCR showed that not only AGE3 but also SD208 significantly 216 

decreased the expression of Rankl mRNA (p < 0.01 and p < 0.05, respectively), and that co-incubation of SD208 217 

with AGE3 significantly decreased the expression of Rankl mRNA (p < 0.001) (Fig. 5A). Moreover, the ratio of 218 

RANKL and OPG, a marker for osteoclastic recruitment, was significantly decreased by AGE3 as well as SD208 219 

(Fig. 5B). RANKL ELISA showed that AGE3 significantly decreased the expression of RANKL (p < 0.05), and 220 

that co-incubation of SD208 with AGE3 also significantly decreased the expression of RANKL (p < 0.01) (Fig. 221 

5C). Furthermore, Western blotting showed that AGE3 and SD208 significantly suppressed the expression of 222 

RANKL (Fig. 5D and 5E). 223 

  224 
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Discussion 225 

In this study, we showed that AGE3 increased apoptosis and the expression of sclerostin via TGF-β 226 

expression and secretion in MLO-Y4-A2 cells. Moreover, co-incubation with an inhibitor of the TGF-β receptor 227 

reduced the effects of AGE3 on apoptosis and sclerostin expression, suggesting that the effects of AGE3 on 228 

apoptosis and the expression of sclerostin depend on the enhancement of TGF-β expression by AGE3. However, 229 

the inhibition of TGF-β signaling decreased RANKL expression and did not alter the effect of AGE3 on RANKL 230 

expression, suggesting that TGF-β signaling itself increases RANKL expression and that TGF-β signaling is not 231 

involved in the AGE3-induced suppression of RANKL expression. 232 

TGF-β is a multifunctional polypeptide that regulates a variety of cellular functions, including cell 233 

proliferation, differentiation, migration, and apoptosis under both physiological and pathological conditions [25]. 234 

TGF-β is sequestered at high levels in bone matrix and is a critical regulator of osteogenesis [26]. Osteoprogenitor 235 

differentiation is increased by TGF-β, but matrix mineralization of mature osteoblasts is decreased by TGF-β. In 236 

recent years, several studies using in vivo animal models have shown that increased TGF-β signaling in bone 237 

resulted in induced bone fragility [27-30]. Mice with elevated TGF-β signaling showed decreased bone formation 238 

[27, 28], and inhibition of TGF-β signaling rescued the suppressed osteoblast differentiation and bone formation 239 

[29, 30]. Our previous study showed that AGE3 increased the expression and secretion of TGF-β in osteoblastic 240 

cells [17]. In addition, the present study demonstrates that AGE3 increases TGF-β expression in osteocytic cells, 241 

which are the most abundant cells in bone. Taken together, these findings suggest that the detrimental effects of 242 

AGEs on bone may be mediated by overexpression of TGF-β. 243 

 The present study shows that AGE3 promotes apoptosis by increasing TGF-β expression in MLO-Y4-244 

A2 cells. Skeletal unloading was associated with increased osteocyte apoptosis [31], and mechanical loading 245 

repressed the activity of the TGF-β pathway in osteocytes [32]. Although there is no evidence that TGF-β directly 246 
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induces osteocyte apoptosis, previous studies [31, 32] and our present findings suggest that TGF-β signaling plays 247 

important roles in the apoptosis of osteocytes. On the other hand, apoptosis of osteocytes is reported to be closely 248 

associated with bone fragility [33, 34]. Previously, clinical studies using high-resolution peripheral quantitative 249 

computed tomography showed that cortical porosity might compromise bone mechanical properties and increase 250 

fracture risk in T2DM patients who have suffered bone fractures [35]. Thus, AGE-induced apoptosis of osteocytes 251 

may contribute to increased cortical porosity in T2DM, although the association between AGE-induced TGF-β 252 

signaling and cortical porosity is still unknown. 253 

We found that AGE3 increased sclerostin mRNA and protein expression via increased TGF-β signaling. 254 

Several studies have shown that TGF-β stimulates the expression of sclerostin in osteocytes. TGF-β and Activin 255 

A increased Sost expression via Sost bone enhancer ECR5 in the UMR106.01 rat osteosarcoma cell line [22]. 256 

Furthermore, mechanical loading regulated bone formation and sclerostin expression through TGF-β signaling 257 

[32]. These findings suggest that sclerostin expression induced by AGE3 induction of the TGF-β signaling 258 

pathway might be important for decreased bone formation and increased risk of fractures, which is often seen in 259 

diabetic conditions. Indeed, we previously showed that elevated serum levels of sclerostin were associated with 260 

high risk of vertebral fractures in patients with T2DM [36]. Although further studies are needed, the inhibition of 261 

AGE-induced TGF-β signaling may be a candidate for protecting against T2DM-related bone fragility. 262 

 RANKL is known to play important roles in osteoclast differentiation and bone resorption. Recent 263 

studies have shown that osteocytes express much higher levels of RANKL and have a great capacity to support 264 

osteoclastogenesis [37]. Therefore, the mechanism of RANKL expression and its associated regulatory factors in 265 

osteocytes are important issues to examine. The present study indicates that TGF-β signaling is not involved in 266 

the effects of AGE3 on RANKL expression as well as RANKL to OPG ratio in MLO-Y4-A2 cells. However, it 267 

is interesting to note that TGF-β receptor inhibitor alone significantly decreases the expression of RANKL. These 268 
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findings suggest that endogenous TGF-β may increase or maintain the expression of RANKL in osteocytes. 269 

Previous studies showed that TGF-β decreased RANKL expression in osteoblastic cells, while it increased OPG 270 

expression [38]. In this study, OPG expression didn’t affected by AGE3. To our knowledge, there are no studies 271 

on the direct effects of TGF-β on RANKL expression in osteocytes; therefore, future studies to address this issue 272 

are necessary. 273 

 We examined the effect of AGE3 on expression of RAGE, which is a cell surface receptor that belongs 274 

to the immunoglobulin superfamily and play an important role in the action of AGEs [39]. Also, we have 275 

previously reported that knockdown of Rage by siRNA significantly blunted the effects of AGEs on the 276 

expression of sclerostin and RANKL in MLO-Y4-A2 cells [18]. Furthermore, the present study revealed that 277 

AGE3 slightly but significantly increased the expression of RAGE. These findings suggest that there is a vicious 278 

cycle that AGE3-RAGE signaling induces RAGE upregulation which in turn enhances further influence of 279 

AGE3 and subsequent RAGE overexpression. However, several types of AGEs binding proteins have been 280 

identified in various cells [40]. For example, Toll-like receptors are reported to be involved in AGEs action [41, 281 

42]. Although we focused on the AGE3-TGF- signaling pathway in the present study, previous studies showed 282 

that other proinflammatory cytokines such as tumor necrosis factor- and interleukins in rat mesenchymal stem 283 

cells and human osteoblast cells [43, 44]. Therefore, further examination should be necessary to clarify the 284 

underlying mechanism of AGEs-induced dysfunction of osteocytes in future. 285 

 286 

Conclusions 287 

  The present study indicates that AGE3 increases apoptosis and sclerostin expression by increasing 288 

TGF-β expression and secretion in MLO-Y4-A2 cells, and that TGF-β signaling is not involved in the AGE3-289 

induced suppression of RANKL expression in these cells. AGE3-induced TGF-β signaling may be associated 290 
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with the AGE-induced bone fragility and elevated fracture risk of T2DM patients via an increase in sclerostin 291 

expression and osteocyte apoptosis. To extend the present findings, further in vivo experiments are needed in the 292 

future. 293 

 294 

Acknowledgments 295 

 This study had no funding support. Authors’ roles: MN, IK and TY were responsible for designing and 296 

conducting the study. MN performed the experiments and analyzed the data. AT, MY, KT and TS contributed 297 

equipment/materials. MN and IK wrote the paper. All authors approved the final version. IK takes responsibility 298 

for the integrity of the data analysis. The authors thank Keiko Nagira for technical assistance.  299 



 17 

References 300 

1. Johnell O, Kanis JA, Oden A, Sernbo I, Redlund-Johnell I, Petterson C, De Laet C, Jonsson B (2004) 301 

Mortality after osteoporotic fractures. Osteoporos Int 15:38-42 302 

2. Bliuc D, Nguyen ND, Milch VE, Nguyen TV, Eisman JA, Center JR (2009) Mortality risk associated 303 

with low-trauma osteoporotic fracture and subsequent fracture in men and women. JAMA 301:513-521 304 

3. Garratt AM, Schmidt L, Fitzpatrick R (2002) Patient-assessed health outcome measures for diabetes: a 305 

structured review. Diabetic Med 19:1-11 306 

4. Jain V, Shivkumar S, Gupta O (2014) Health-related quality of life (hr-qol) in patients with type 2 diabetes 307 

mellitus. North Am J Med Sci 6:96-101 308 

5. (1994) Assessment of fracture risk and its application to screening for postmenopausal osteoporosis. 309 

Report of a WHO Study Group. World Health Organization technical report series 843:1-129 310 

6. Schwartz AV, Sellmeyer DE, Ensrud KE, Cauley JA, Tabor HK, Schreiner PJ, Jamal SA, Black DM, 311 

Cummings SR (2001) Older women with diabetes have an increased risk of fracture: a prospective study. 312 

J Clin Endocrinol Metab 86:32-38 313 

7. Vestergaard P (2007) Discrepancies in bone mineral density and fracture risk in patients with type 1 and 314 

type 2 diabetes--a meta-analysis. Osteoporos Int 18:427-444 315 

8. Yamamoto M, Yamaguchi T, Yamauchi M, Kaji H, Sugimoto T (2009) Diabetic patients have an 316 

increased risk of vertebral fractures independent of BMD or diabetic complications. J Bone Miner Res 317 

24:702-709 318 

9. Yamamoto M, Yamaguchi T, Yamauchi M, Yano S, Sugimoto T (2008) Serum pentosidine levels are 319 

positively associated with the presence of vertebral fractures in postmenopausal women with type 2 320 

diabetes. J Clin Endocrinol Metab 93:1013-1019 321 



 18 

10. Schwartz AV, Garnero P, Hillier TA, Sellmeyer DE, Strotmeyer ES, Feingold KR, Resnick HE, Tylavsky 322 

FA, Black DM, Cummings SR, Harris TB, Bauer DC (2009) Pentosidine and increased fracture risk in 323 

older adults with type 2 diabetes. J Clin Endocrinol Metab 94:2380-2386 324 

11. Saito M, Fujii K, Mori Y, Marumo K (2006) Role of collagen enzymatic and glycation induced cross-325 

links as a determinant of bone quality in spontaneously diabetic WBN/Kob rats. Osteoporos Int 17:1514-326 

1523 327 

12. Okazaki K, Yamaguchi T, Tanaka K, Notsu M, Ogawa N, Yano S, Sugimoto T (2012) Advanced 328 

glycation end products (AGEs), but not high glucose, inhibit the osteoblastic differentiation of mouse 329 

stromal ST2 cells through the suppression of osterix expression, and inhibit cell growth and increasing 330 

cell apoptosis. Calcif Tissue Int 91:286-296 331 

13. Ogawa N, Yamaguchi T, Yano S, Yamauchi M, Yamamoto M, Sugimoto T (2007) The combination of 332 

high glucose and advanced glycation end-products (AGEs) inhibits the mineralization of osteoblastic 333 

MC3T3-E1 cells through glucose-induced increase in the receptor for AGEs. Horm Metab Res 39:871-334 

875 335 

14. Tang SY, Vashishth D (2011) The relative contributions of non-enzymatic glycation and cortical porosity 336 

on the fracture toughness of aging bone. J Biomechanics 44:330-336 337 

15. Yamagishi S, Amano S, Inagaki Y, Okamoto T, Koga K, Sasaki N, Yamamoto H, Takeuchi M, Makita 338 

Z (2002) Advanced glycation end products-induced apoptosis and overexpression of vascular endothelial 339 

growth factor in bovine retinal pericytes. Biochem Biophys Res Commun 290:973-978 340 

16. Yamagishi S, Inagaki Y, Okamoto T, Amano S, Koga K, Takeuchi M, Makita Z (2002) Advanced 341 

glycation end product-induced apoptosis and overexpression of vascular endothelial growth factor and 342 

monocyte chemoattractant protein-1 in human-cultured mesangial cells. J Biol Chem 277:20309-20315 343 



 19 

17. Notsu M, Yamaguchi T, Okazaki K, Tanaka K, Ogawa N, Kanazawa I, Sugimoto T (2014) Advanced 344 

glycation end product 3 (AGE3) suppresses the mineralization of mouse stromal ST2 cells and human 345 

mesenchymal stem cells by increasing TGF-beta expression and secretion. Endocrinology 155:2402-346 

2410 347 

18. Tanaka K, Yamaguchi T, Kanazawa I, Sugimoto T (2015) Effects of high glucose and advanced glycation 348 

end products on the expressions of sclerostin and RANKL as well as apoptosis in osteocyte-like MLO-349 

Y4-A2 cells. Biochem Biophys Res Commun 461:193-199 350 

19. Chung AC, Zhang H, Kong YZ, Tan JJ, Huang XR, Kopp JB, Lan HY (2010) Advanced glycation end-351 

products induce tubular CTGF via TGF-beta-independent Smad3 signaling. JASN 21:249-260 352 

20. Shimizu F, Sano Y, Haruki H, Kanda T (2011) Advanced glycation end-products induce basement 353 

membrane hypertrophy in endoneurial microvessels and disrupt the blood-nerve barrier by stimulating 354 

the release of TGF-beta and vascular endothelial growth factor (VEGF) by pericytes. Diabetologia 355 

54:1517-1526 356 

21. Pelton RW, Saxena B, Jones M, Moses HL, Gold LI (1991) Immunohistochemical localization of TGF 357 

beta 1, TGF beta 2, and TGF beta 3 in the mouse embryo: expression patterns suggest multiple roles 358 

during embryonic development. J Cell Biol 115:1091-1105 359 

22. Loots GG, Keller H, Leupin O, Murugesh D, Collette NM, Genetos DC (2012) TGF-beta regulates 360 

sclerostin expression via the ECR5 enhancer. Bone 50:663-669 361 

23. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative 362 

PCR and the 2(-Delta Delta C(T)) Method. Methods 25:402-408 363 

24. Kanazawa I, Yamaguchi T, Yano S, Yamauchi M, Sugimoto T (2010) Fasudil hydrochloride induces 364 

osteoblastic differentiation of stromal cell lines, C3H10T1/2 and ST2, via bone morphogenetic protein-2 365 



 20 

expression. Endocr J 57:415-421 366 

25. Massague J, Blain SW, Lo RS (2000) TGFbeta signaling in growth control, cancer, and heritable 367 

disorders. Cell 103:295-309 368 

26. Janssens K, ten Dijke P, Janssens S, Van Hul W (2005) Transforming growth factor-beta1 to the bone. 369 

Endocr Rev 26:743-774 370 

27. Balooch G, Balooch M, Nalla RK, Schilling S, Filvaroff EH, Marshall GW, Marshall SJ, Ritchie RO, 371 

Derynck R, Alliston T (2005) TGF-beta regulates the mechanical properties and composition of bone 372 

matrix. Proc Nat Acad Sci U S A 102:18813-18818 373 

28. Chang JL, Brauer DS, Johnson J, Chen CG, Akil O, Balooch G, Humphrey MB, Chin EN, Porter AE, 374 

Butcher K, Ritchie RO, Schneider RA, Lalwani A, Derynck R, Marshall GW, Marshall SJ, Lustig L, 375 

Alliston T (2010) Tissue-specific calibration of extracellular matrix material properties by transforming 376 

growth factor-beta and Runx2 in bone is required for hearing. EMBO reports 11:765-771 377 

29. Mohammad KS, Chen CG, Balooch G, Stebbins E, McKenna CR, Davis H, Niewolna M, Peng XH, 378 

Nguyen DH, Ionova-Martin SS, Bracey JW, Hogue WR, Wong DH, Ritchie RO, Suva LJ, Derynck R, 379 

Guise TA, Alliston T (2009) Pharmacologic inhibition of the TGF-beta type I receptor kinase has 380 

anabolic and anti-catabolic effects on bone. PloS one 4:e5275 381 

30. Edwards JR, Nyman JS, Lwin ST, Moore MM, Esparza J, O'Quinn EC, Hart AJ, Biswas S, Patil CA, 382 

Lonning S, Mahadevan-Jansen A, Mundy GR (2010) Inhibition of TGF-beta signaling by 1D11 383 

antibody treatment increases bone mass and quality in vivo. J Bone Miner Res 25:2419-2426 384 

31. Aguirre JI, Plotkin LI, Stewart SA, Weinstein RS, Parfitt AM, Manolagas SC, Bellido T (2006) Osteocyte 385 

apoptosis is induced by weightlessness in mice and precedes osteoclast recruitment and bone loss. J Bone 386 

Miner Res 21:605-615 387 



 21 

32. Nguyen J, Tang SY, Nguyen D, Alliston T (2013) Load regulates bone formation and Sclerostin 388 

expression through a TGFbeta-dependent mechanism. PloS one 8:e53813 389 

33. Jilka RL, Noble B, Weinstein RS (2013) Osteocyte apoptosis. Bone 54:264-271 390 

34. Komori T (2014) Mouse models for the evaluation of osteocyte functions. J Bone Metab 21:55-60 391 

35. Burghardt AJ, Issever AS, Schwartz AV, Davis KA, Masharani U, Majumdar S, Link TM (2010) High-392 

resolution peripheral quantitative computed tomographic imaging of cortical and trabecular bone 393 

microarchitecture in patients with type 2 diabetes mellitus. J Clin Endocrinol Metab 95:5045-5055 394 

36. Yamamoto M, Yamauchi M, Sugimoto T (2013) Elevated sclerostin levels are associated with vertebral 395 

fractures in patients with type 2 diabetes mellitus. J Clin Endocrinol Metab 98:4030-4037 396 

37. Nakashima T, Hayashi M, Fukunaga T, Kurata K, Oh-Hora M, Feng JQ, Bonewald LF, Kodama T, Wutz 397 

A, Wagner EF, Penninger JM, Takayanagi H (2011) Evidence for osteocyte regulation of bone 398 

homeostasis through RANKL expression. Nat Med 17:1231-1234 399 

38. Takai H, Kanematsu M, Yano K, Tsuda E, Higashio K, Ikeda K, Watanabe K, Yamada Y (1998) 400 

Transforming growth factor-beta stimulates the production of osteoprotegerin/osteoclastogenesis 401 

inhibitory factor by bone marrow stromal cells. J Biol Chem 273:27091-27096 402 

39. Soro-Paavonen A, Watson AM, Li J, Paavonen K, Koitka A, Calkin AC, Barit D, Coughlan MT, Drew 403 

BG, Lancaster GI, Thomas M, Forbes JM, Nawroth PP, Bierhaus A, Cooper ME, Jandeleit-Dahm KA 404 

(2008) Receptor for advanced glycation end products (RAGE) deficiency attenuates the development of 405 

atherosclerosis in diabetes. Diabetes 57:2461-2469 406 

40. Sourris KC, Forbes JM (2009) Interactions between advanced glycation end-products (AGE) and their 407 

receptors in the development and progression of diabetic nephropathy - are these receptors valid 408 

therapeutic targets. Curr Drug Targets 10:42-50 409 



 22 

41. Li D, Lei C, Zhang S, Liu M, Wu B (2015) Blockade of high mobility group box-1 signaling via the 410 

receptor for advanced glycation end-products ameliorates inflammatory damage after acute intracerebral 411 

hemorrhage. Neuroscience Lett 609:109-119 412 

42. Nadatani Y, Watanabe T, Tanigawa T, Ohkawa F, Takeda S, Higashimori A, Sogawa M, Yamagami H, 413 

Shiba M, Watanabe K, Tominaga K, Fujiwara Y, Takeuchi K, Arakawa T (2013) High-mobility group 414 

box 1 inhibits gastric ulcer healing through Toll-like receptor 4 and receptor for advanced glycation end 415 

products. PloS one 8:e80130 416 

43. Franke S, Ruster C, Pester J, Hofmann G, Oelzner P, Wolf G (2011) Advanced glycation end products 417 

affect growth and function of osteoblasts. Clin Exp Rheumatol 29:650-660 418 

44. Yang K, Wang XQ, He YS, Lu L, Chen QJ, Liu J, Shen WF (2010) Advanced glycation end products 419 

induce chemokine/cytokine production via activation of p38 pathway and inhibit proliferation and 420 

migration of bone marrow mesenchymal stem cells. Cardiovasc Diabetol 9:66 421 

 422 

 423 

  424 



 23 

Figure legends 425 

Fig. 1. Effects of AGE3 on Sost and Rankl mRNA expression and apoptosis of MLO-Y4-A2 cells 426 

Bovine serum albumin (BSA, control: 200 μg/mL) or AGE3 (200 μg/mL) was added after the cells reached 427 

confluence. (A) Effect of AGE3 on the apoptotic cell death of MLO-Y4-A2 cells. The cells were treated with 200 428 

μg/mL of either control BSA or AGE3 for 5 days. Apoptotic cell death was analyzed by ELISA for DNA 429 

fragments. ***p < 0.001 compared to control BSA. (B) (C) Total RNA was collected on day 1, and the mRNA 430 

expression of Sost and Rankl was examined by quantitative real-time PCR. Results are expressed as the mean 431 

fold increase over control values ± SEM (n = 6). **p < 0.01 compared to control BSA. 432 

 433 

Fig. 2. Effects of AGE3 on Tgf-β and Rage mRNA and protein expression in MLO-Y4-A2 cells 434 

Bovine serum albumin (BSA, control: 200 μg/mL) or AGE3 (200 μg/mL) was added after the cells reached 435 

confluence. (A) Effect of AGE3 on Tgf-β mRNA expression in MLO-Y4-A2 cells. Total RNA was collected at 436 

6, 12 and 24 h, and the expression of mRNA was examined by real-time PCR. Results are expressed as the mean 437 

fold increase over control values ± SEM (n = 10). *p < 0.05 and **p < 0.01 compared to control at the same time 438 

point. (B) Effects of AGE3 on TGF-β protein expression in MLO-Y4-A2 cells. Whole cell lysates were collected 439 

on days 1, 3, and 5. Quantification of TGF-β protein was performed by an ELISA kit. Results are expressed as 440 

the mean ± SEM (n = 6). ***p < 0.001 compared to control on the same day. (C) Effect of AGE3 on Rage mRNA 441 

expression in MLO-Y4-A2 cells for 1 day. 442 

 443 

Fig. 3. Effects of a TGF-β receptor kinase inhibitor on AGE3-induced apoptotic cell death of MLO-Y4-A2 444 

cells 445 

After the cells reached confluence, the cells were treated with 200 μg/mL of either control BSA or AGE3 in the 446 
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presence or absence of SD208 for 5 days. Apoptotic cell death was analyzed in an ELISA for DNA fragments. 447 

*p < 0.05 and ***p < 0.001 448 

 449 

Fig. 4. Effects of a TGF-β receptor kinase inhibitor on AGE3-induced Sost mRNA and sclerostin protein 450 

expression in MLO-Y4-A2 cells 451 

Control BSA (200 μg/mL) or AGE3 (200 μg/mL) with or without SD208 (2.5 mM), a TGF-β type I receptor 452 

kinase inhibitor, were added after the cells reached confluence. (A) Total RNA was collected on day 1, and Sost 453 

mRNA expression was examined by quantitative real-time PCR. Results are expressed as the mean fold increase 454 

over control values ± SEM (n = 6). **p < 0.01, and ***p < 0.001. (B and C) Western blot analysis for sclerostin 455 

and β-actin was performed on total protein extracts on day 2. The representative picture is shown in B and 456 

quantification and statistical analysis are shown in C. 457 

 458 

Fig. 5. Effects of a TGF-β receptor kinase inhibitor on Rankl mRNA and RANKL protein expression in 459 

the presence and absence of AGE3 in MLO-Y4-A2 cells 460 

Control BSA (200 μg/mL) or AGE3 (200 μg/mL) with or without SD208 (2.5 mM), a TGF-β type I receptor 461 

kinase inhibitor, were added to confluent cells. (A) Total RNA was collected on day 1, and Rankl mRNA 462 

expression was examined by real-time PCR. Results are expressed as the mean fold increase over control values 463 

± SEM (n = 6). *p < 0.05, **p < 0.01, and ***p < 0.001 compared to control. (B) The ratio of Rankl to Opg 464 

mRNA expression was examined by real-time PCR. (C) Whole cell lysates were collected on day 2. 465 

Quantification of RANKL was performed by an ELISA kit. Results are expressed as the mean ± SEM (n = 6). 466 

*p < 0.05, and **p < 0.01 compared to control. (D and E) Western blot analysis for RANKL and β-actin was 467 

performed on total protein extracts on day 2. The representative picture is shown in D and quantification and 468 
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statistical analysis are shown in E. 469 


