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論文題目 	 Effects of exercise on capillary regression and inhibitory expression of 
angiogenic factors in the rat skeletal muscle of type 2 diabetes 
(２型糖尿病のラット骨格筋における毛細血管退行及び血管新生因子の発現抑制に対する運動

の効果) 
 
申 請 者	 近藤浩代 
 
論文要約（1200words~） 

Skeletal muscles are the major sites of insulin action and glucose metabolism. Therefore, reduced 

insulin action and glucose metabolism in the skeletal muscle increases the risk of development and 

progression of type 2 diabetes. Animal models have been developed to study type 2 diabetes, which is a 

well-known risk factor for the progression of atherosclerosis. Data on the skeletal muscle properties, 

especially skeletal muscle capillarity, of patients and animal models with type 2 diabetes are limited, 

although previous studies have observed reduced oxidative capacity of the skeletal muscle in rats with 

type 2 diabetes. This study examined the three-dimensional (3D) capillary architecture, the velocity of 

red blood cells (VRBC), and levels of angiogenic regulators in the skeletal muscle of rats with type 2 

diabetes. In addition, the effects of exercise on microvasculature disorder in the skeletal muscle of rats 

with type 2 diabetes were clarified. 

The capillary network, i.e., capillary number and anastomoses, is essential for delivery of 

nutrients and oxygen to muscle fiber to maintain physiological function in skeletal muscle. 

Depending on physiological or pathological conditions, vascular plasticity can involve growth or 

regression of the capillary network in skeletal muscle. During exercise or electrical stimulation of 

skeletal muscle, oxygen consumption can increase up to 50-fold compared with that in resting 

conditions, and capillary blood flow can increase by 25-fold to compensate for the increased 

oxygen demand. As a result, muscle capillaries grow in response to exercise training or electrical 

stimulation. Conversely, muscle capillaries regress in response to physical deconditioning, or 

diseases such as diabetes. The results of these studies, however, were based on 2D analyses of 

capillarity in skeletal muscle cross sections, such as histochemical or immunohistochemical 



 

 
	 

staining. It is difficult to observe capillary networks in skeletal muscle using these methods, 

especially anastomoses. The capillary architecture in skeletal muscle is unique in that it has 

anastomoses that interconnect individual capillaries. Using 3D analyses, it is possible to observe 

not only capillaries but also interconnecting anastomoses. Therefore, these new methods were 

used to examine the 3D architecture of the capillary network in skeletal muscle in this study. 

In the first study, the 3D architecture of the capillary networks in the slow and fast muscles 

of rats was visualized. To measure the VRBC in both capillaries and anastomoses, new techniques 

were used in situ; the 3D architecture of the capillary network in the soleus muscles of type 2 

diabetic rats was visualized. In addition, pro- and anti-angiogenic gene expression levels in the 

soleus muscles of diabetic rats were examined using TaqMan probe-based real-time PCR. In 

summary, the purpose of this study was to clarify the changes in the 3D capillary architecture in 

skeletal muscle of rats with type 2 diabetes and to demonstrate that exercise reduces skeletal 

muscle circulatory complications associated with type 2 diabetes. 

This study clarified the differences in 3-dimentional (3D) capillary architecture, VRBC, and levels of 

angiogenic regulators between slow (the soleus) and fast (the gastrocnemius) twitch muscles in rats. The 

VRBC was slower, the number higher, the diameter smaller, and tortuosity greater in both capillaries and 

anastomoses of the soleus muscle than those of the gastrocnemius muscle. These results indicated that 

the differences in the activity pattern between the slow and fast twitch muscles influence the 3D 

architecture of the capillary network in skeletal muscle. In addition, this study determined the 3D 

capillary architecture and pro- and anti-angiogenic factor expression levels in skeletal muscle of rats with 

type 2 diabetes. The results suggested that decreased pro-angiogenic and increased anti-angiogenic 

factors play an important role in type 2 diabetes-induced muscle circulatory complications. Finally, this 

study determined the effects of exercise on the changes in the 3D capillary architecture and the associated 

angiogenic factors in skeletal muscle of rats with type 2 diabetes. The results suggested that exercise is an 

effective countermeasure to the detrimental effects on skeletal muscle of type 2 diabetes and that the 

elevation in angiogenesis-related genes is one of the mechanisms associated with these responses. In 

conclusion, the 3D architecture of the capillary network is important for the clarification of regression in 

skeletal muscle. The capillary network has regressed in the skeletal muscle of rats with type 2 diabetes, 



 

 
	 

and exercise can attenuate the capillary regression in the skeletal muscle. These results provide that 

exercise training might be an effective countermeasure to the microvasculature disorder of skeletal 

muscle with type 2 diabetes. 

It is important to prevent complications resulting from diseases associated with lifestyle, 

such as type 2 diabetes. Exercise can maintain and improve various aspects of physical function, 

resulting in the prevention and improvement of type 2 diabetes and its complications. Importantly, 

reducing the risk factors and complications associated with type 2 diabetes leads to 

improvements in health status and contributes to an increased life expectancy (and quality of 

life). 

Previous studies have reported decreased oxidative capacity of skeletal muscles in animal 

models with type 2 diabetes, and this decrease is associated with reduced expression of the gene 

that codes for peroxisome proliferator-activated receptor γ coactivator-1α. In contrast, running 

restores the decreased oxidative capacity in skeletal muscles of animal models with type 2 

diabetes, and improves hypertriglyceridemia and hyperglycemia. Unfortunately, no data are 

available regarding capillarity in the skeletal muscle of animal models with type 2 diabetes. 

Therefore, this study examined the changes in muscle capillarity accompanying type 2 diabetes 

and clarified the effect of exercise. 

In the first study, the characteristics of capillaries in skeletal muscle were examined by 

assessing capillary structure, hemodynamics, and the expression levels of pro- and 

anti-angiogenic factors by using the rat triceps surae muscle. Differences in the relationships 

between VRBC, capillarity, anastomoses diameters, capillary/anastomoses volumes, and 

expression levels of several angiogenic factors were observed between slow and fast skeletal 

muscles, suggesting that these differences reflect the higher oxygen demand in slow muscle 

owing to its relatively high activity. In the second study, the capillary regression of skeletal 

muscle with type 2 diabetes was examined; specifically, the regression of capillary networks in 

diabetic muscle was observed. In addition, the expression levels of pro-angiogenic factors were 

lower and the expression level of thrombospondin-1, an inhibitor of angiogenesis, was higher in 

the diabetic muscle than the normal muscle. In the third study, the effects of exercise on capillary 



 

 
	 

regression in the diabetic muscle were examined. Exercise appears to be a strong countermeasure 

for capillary regression and was found to reduce the levels of angiogenic factors observed in the 

diabetic muscle. 

This study used an animal model of type 2 diabetes and analyzed the capillary network in 

skeletal muscle. Limitations of this study include the lack of evidence in human subjects with 

type 2 diabetes; therefore, the significance of regressed capillarity of diabetic muscle was not 

well clarified. The mechanisms underlying regressed capillarity of the diabetic muscle will be 

examined in a future study. Additional studies must be performed to evaluate the efficacy of 

exercise, i.e., its duration and intensity, for the treatment of patients with type 2 diabetes. Finally, 

limited data are available on capillarity in the skeletal muscle of patients and animals with 

metabolic syndromes under various conditions, such as excessive caloric intake, exercise, and/or 

decreased muscle activity. Further studies on lifestyle interventions that include exercise and 

dietary changes will facilitate a decrease in the incidence of type 2 diabetes and its complications. 




