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研究成果の概要（和文）：肥満と糖尿病は骨質を劣化させ、糖尿病性骨粗鬆症を引き起こす。これらは加齢と座
りがちな生活習慣によって悪化する。骨は、骨因子（オステオカイン）を分泌してエネルギー代謝にも影響を及
ぼす活性組織である。本研究の目的は、骨とエネルギー代謝の相互作用を解明し、糖尿病および糖尿病性骨脆弱
化の早期予測・診断のための新規ターゲットとしての骨因子を検討することである。遺伝子およびタンパク質の
発現、画像化技術を用いて糖尿病の進行に伴う骨について研究した。その結果、糖尿病の初期と後期で骨構造が
変化することが示された。このことは、骨因子を用いた早期診断が糖尿病の病期分類に寄与し、疾患進行を抑え
る可能性を示唆している。

研究成果の概要（英文）：Obesity and diabetes impact bones negatively and lead to bone fragility and 
diabetic osteoporosis. This is exacerbated by ageing and aggravated by modern societies sedentary 
lifestyle. Bone is an active tissue and can affect energy metabolism by secreting bone factors 
(osteokines). This research focused on elucidating the interaction between the two systems (bone and
 energy metabolism). The purpose is to investigate bone factors as novel targets for the early 
prediction, and diagnosis of diabetes and diabetic bone fragility. We studied bones at multiple 
stages of diabetes progression using gene and protein expression and imaging techniques. Our results
 demonstrate that bone exhibits distinctive structural difference at the early stage versus late 
stage of the disease which indicates that disease progression can be intercepted if diagnosed early 
using osteokines (bone factors) profiled at the early stage which also acts as a proxy for 
diagnosing diabetes disease progression. 

研究分野： Molecular Biology
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令和

研究成果の学術的意義や社会的意義
Bone fragility is a serious complication of diabetes with substantial morbidity and increased 
fracture risk. Detecting the disease by developing early diagnostic tools reduces the need for 
operative intervention, increases patient's quality of life and alleviates diabetes- associated 
health burdens.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景  

(1) There exists a two-way relationship between the skeleton and energy homeostasis. First, bone 

has been recognized as an endocrine organ that can regulation energy homeostasis by secreting 

osteokines that control appetite, modulate glucose tolerance, insulin sensitivity, leptin levels and 

regulate energy expenditure. Second, energy perturbations (such as obesity and type 2 diabetes 

mellitus (T2DM)) affects the skeleton. For example, diabetic osteoporosis is a serious debilitating 

complication of T2DM and leads to bone fragility that can go undiagnosed for years until it 

manifests as bone fractures.  

(2) The relationship between bone and energy metabolism is complex and there exists a gap in 

the knowledge of how both systems influence each other. Therefore, this project will explain the 

energetic needs of the skeleton and its role in maintaining whole-body energy homeostasis and 

determine the possibility of using osteokines as novel targets for the early prediction, and as future 

seeds for diagnosis and treatment of metabolic disorders such as diabetic osteoporosis using an 

integrated multi-omics level analysis to construct a multi-omics signature of bone fragility in 

T2DM. This analysis will identify potential markers and drug targets for diabetic bone fragility.   

 

２．研究の目的  

(1) This project proposes a central role for osteokines in regulating energy homeostasis and the 

manifestations of obesity and diabetes progression and the purpose of the research is to 

construct an osteokine profile of healthy, prediabetic and diabetic mice.  

(2) To characterize multi-omics patterns in diabetic bones and obtain a comprehensive integrated 

understanding of the mechanism of bone fragility in T2DM.   

(3) To characterize the effect of the skeleton on whole-body energy metabolism in transgenic 

mice where skeletal glucose uptake is inhibited.  

 

３．研究の方法  

(1) The methods to achieve the goals of the project included studying intermediary metabolism 

and bioenergetics of bone cells by creating a genetic mouse model of defective glucose uptake in 

osteocyte bone cells (termed Glut1ocy-/- transgenic mice).  Slc2a1tm1.1Stma mice were bred with 

Dmp1-cre mice (Cre-lox system) and analysis of skeletal architecture and health was done via 

μCT immunohistochemistry.  

(2) Using a multi-omics integrative approach to evaluate the mechanisms leading to the 

development of diabetic osteoporosis. Temporally investigation at multiple molecular levels 

(transcriptome and proteome) were correlated to disease progression status in a diet-induced 

obesity model by measure levels of osteokine in serum of healthy, prediabetic, and diabetic 

C57BL/6J wild type (WT). 

(3) Identify transcriptional and proteomic changes in T2DM bones and compare it to age-matched 

controls and integrate the analysis using computational and bioinformatics tools.  

 

 



４． 研究成果  

 

(1) Glucose uptake inhibition in osteocyte bone cells reduced bone volume and mass: We 

generated mice with glucose uptake inhibition in bone 

using the Cre-loxp system using the Dmp1-cre and the 

Slc2a1tm1.1Stma loxp mice. Figure 1 shows the genotyping 

results using DNA electrophoresis, yellow rectangles are 

mice that are transgenic and have the glut1 transporter 

deleted specifically in osteocytes. Figure 2 shows that 

transgenic mice with glut1 deletion (right) in osteocytes 

have reduced trabecular bone volume in the distal femur 

compared to control mice (left).  

 

 

(2) Metabolic and skeletal phenotyping of a moderately high fat high energy diet in mice: A 

moderately high fat high energy diet (HFD) leads to a phenotype of increased body mass fasted 

blood glucose levels and a decrease in glucose tolerance after 4 weeks of feeding which is 

exacerbated as the diet continues to 16 weeks of feeding (data not shown). Microcomputed 

tomography images (µCT) of the third lumbar vertebrae (Figure 3) show 3D trabecular extracts 

with an increase in bone density and decreased 

trabecular separation after 4 weeks of HF compared 

to normal diet (ND), however, this effect cancels out 

after 16 weeks of HFD where bone density decreases 

and trabecular separation increases, signifying a 

spectrum of skeletal phenotypes as disease progresses 

from the early to later disease stages.   

 

(3) Omics-wide analysis of bone cells in hyperglycemic conditions: 

In order to understand the mechanism leading 

to differential skeletal phenotypes at different 

diseases stages we conducted a multi-omics 

analysis of bone cells (osteocytes) cultured 

under chronic hyper glycemic conditions. To 

our surprise, hyperglycemia did not elicit and 

changes at gene transcription levels (Fig 4, A), 

however proteome analysis revealed 

differentially expressed proteins between 

normal and hyperglycemic osteocytes (Fig 4, 

B). Therefore, we expanded our analysis and 

found that hyperglycemia induces extensive 

Figure 3: MicroCt images of the murine 

thoracolumbar vertebral column. L3 

vertebrae is analyzed at 3 times points, 

baseline, 8 weeks and 16 weeks of a normal 

Figure 1: Genotyping results of 

offspring of Dmp1-Cre X glut1 

loxp mice. Yellow boxes refer to 

Glut1ocy-/- transgenic mice. 

Figure 2: Glut1ocy-/- exhibit reduced 

trabecular bone volume in the distal 

femur compared to control.  



alternative splicing changes in osteocytes which can explain the mechanism by which 

hyperglycemia diversifies the skeletal proteome (Fig 4, C). Additionally, we analyzed RNA 

binding protein (RBP) motif enrichments and homed in on several factors that can be driving 

proteome diversification (Data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Hyperglycemic osteocytes exhibit significantly different 

proteomes in response to hyperglycemia in the absence of significant 

changes to their global gene expression. (A) Volcano plot comparing -log10 

P value of expressed genes (B) Volcano plot of hyperglycemic osteocytes 

showing differentially expressed proteins between normal and 

hyperglycemic osteocytes. (C) Parent pie chart showing significant 

alternative splicing events (2%) of the total events. Volcano plots of SE, 

MXE, events showing inclusion level (ΔѰ) difference of gene transcripts. 
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