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Summary 

The skeletal muscles of animals and humans with type 2 diabetes have decreased 

oxidative capacity. Aerobic exercise can improve muscle oxidative capacity, but no data 

are available on the amount of exercise required. We investigated the effects of 

voluntary running exercise and running distance on the skeletal muscle properties of 

nonobese rats with type 2 diabetes. Six-week-old male diabetic Goto‒Kakizaki rats 

were divided into nonexercised (GK) and exercised (GK-Ex) groups. The rats in the 

GK-Ex group were permitted voluntary running exercise on wheels for 6 weeks. 

Age-matched male Wistar rats (WR) were used as nondiabetic controls. Fasting blood 

glucose and HbA1c levels were higher in the GK and GK-Ex groups than in the WR 

group and lower in the GK-Ex group than in the GK group. Succinate dehydrogenase 

(SDH) activity and peroxisome proliferator-activated receptor γ coactivator-1α (Pgc-1α) 

mRNA levels in the soleus and plantaris muscles were higher in the WR and GK-Ex 

groups than in the GK group. HbA1c and total cholesterol levels were negatively 

correlated with running distance and SDH activity and Pgc-1α mRNA levels in the 

soleus muscle were positively correlated with running distance. The onset and 
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progression of diabetes in nonobese diabetic rats were effectively inhibited by running 

longer distances. 
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Introduction 

The metabolic properties of skeletal muscle, an organ responsible for a major 

portion of glucose disposal, play an important role in the onset and progression of type 

2 diabetes (Phielix and Mensink 2008). The skeletal muscles of experimental animals 

with type 2 diabetes have decreased oxidative capacity; that is, reduced succinate 

dehydrogenase (SDH) activity and peroxisome proliferator-activated receptor γ 

coactivator-1α (Pgc-1α) mRNA levels (Nagatomo et al. 2009, 2011a). 

Aerobic exercise has been shown to effectively prevent and/or improve insulin 

resistance and impaired glucose metabolism (Ishihara et al. 2012, Jenkins and Jenks 

2017). Aerobic exercise restored the decreased oxidative capacity of skeletal muscles 

and improved hyperglycemia in obese rats with type 2 diabetes (Yasuda et al. 2006). 

PGC-1α is a major regulator of oxidative metabolism in skeletal muscles 

(Puigserver 2005, Wende et al. 2005). High Pgc-1a mRNA levels induced increases in 

mitochondrial content and the percentage of high-oxidative fibers in skeletal muscles 

(Lin et al. 2002, Schuler et al. 2006, Wu et al. 2002). Diabetic rats showed 

growth-related decreases in the percentage of high-oxidative fibers and SDH activity in 

skeletal muscles (Yasuda et al. 2007). Therefore, an exercise-induced increase in 
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Pgc-1α mRNA levels in skeletal muscles is expected to lead to a fiber type shift and 

improve muscle SDH activity. Previous studies (Fu et al. 2019, Kim et al. 2011, Macia 

et al. 2018, Morifuji et al. 2012, Qi et al. 2011) examined the effects of running exercise 

on diabetes; however, these studies used forced running training on a treadmill, and the 

amount of exercise was constant for all exercised rats. Furthermore, treadmill exercise 

is stressful because the rats are forcibly run at a constant speed. In this study, we 

investigated the effects of voluntary running exercise and running distance on the 

properties of skeletal muscle in diabetic rats, because it is uncertain whether voluntary 

running distance is related to the improvement of hyperglycemia and decreased muscle 

oxidative capacity in diabetic rats. We investigated the effects of voluntary running 

exercise and running distance on the properties of the slow soleus and fast plantaris 

muscles in diabetic Goto‒Kakizaki (GK) rats. 

Methods 

Ethical approval 

All experimental and animal care procedures were conducted in accordance with 

the Guide for the Care and Use of Laboratory Animals issued by the Institutional 
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Animal Experiment Committee of Kyoto University (Kyoto, Japan) as well as national 

guidelines and relevant national laws on the protection of animals. 

Experimental animals 

The nonobese experimental animals with type 2 diabetes used in this study were 

GK rats, which have low oxidative capacity in skeletal muscles compared to 

nondiabetic rats (Nagatomo et al. 2009, 2011a). These rats were established by repeated 

inbreeding of normal Wistar rats with glucose tolerance at the upper limit of the normal 

range (Goto et al. 1975, 1976). Six-week-old male GK rats were assigned to either the 

non-exercised (GK, n = 5) or exercised (GK-Ex, n = 10) group based on their body 

weights and fasting blood glucose levels, such that the mean values of these parameters 

in the two groups were similar. Age-matched male Wistar rats were used as nondiabetic 

controls (WR, n = 5). All rats had free access to a standard diet (MF; Oriental East, 

Tokyo, Japan) and water. The rats were housed under controlled conditions at 22°C ± 

2°C with a 12-h light/dark cycle (light from 08:00 to 20:00) and 45%–55% relative 

humidity. The body weight and food intake of each rat were measured once every 2 

weeks. 

Voluntary running exercise 
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Each rat in the GK-Ex group was allowed to run voluntarily on a running wheel 

(diameter, 31.8 cm; width, 10 cm) that was attached to a breeding cage for small 

animals at its own pace 24 h a day for 6 weeks (Ishihara et al. 1998). The number of 

revolutions of each running wheel was recorded daily. 

Fasting blood glucose and HbA1c analyses 

Fasting blood glucose was measured once every 2 weeks after fasting for 15 h using 

blood samples collected from the tail vein of conscious rats with a blood glucose meter 

(GT-1650; Arkray, Kyoto, Japan). At 12 weeks of age, HbA1c levels were analyzed 

using the same blood glucose meter and a DCA Vantage analyzer (Siemens Healthcare 

Diagnostics, Erlangen, Germany). 

Serum biochemical analyses 

After collecting blood samples from the tail vein at 12 weeks of age, the rats were 

deeply anesthetized, and blood samples were obtained from the abdominal aorta. Total 

cholesterol, high density lipoprotein (HDL) and low density lipoprotein (LDL) 

cholesterol, and triglyceride levels were measured using routine laboratory methods. 

Insulin, high molecular weight adiponectin, and leptin levels were measured using an 

enzyme-linked immunosorbent assay kit (Shibayagi Corporation, Gunma, Japan). 
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Muscle histochemical analyses 

After collecting blood samples, the soleus and plantaris muscles were bilaterally 

dissected, cleaned of excess fat and connective tissue, wet-weighed, and subjected to 

histochemical, biochemical, and mRNA analyses. The right soleus and plantaris 

muscles were pinned on a corkboard near their approximate in vivo length and rapidly 

frozen in isopentane, which was previously cooled using a mixture of dry ice and 

acetone, and stored at –80°C until analysis. The muscle was mounted onto a specimen 

chuck with Tissue-Tek OCT compound (Sakura Finetek Japan, Tokyo, Japan). Serial 

transverse sections (16 μm thick) were cut with a cryostat at –25°C, brought to room 

temperature, air dried for 30 min, and preincubated in acidic (pH 4.5) and/or alkaline 

(pH 10.4) conditions for ATPase staining. Soleus muscle fibers were classified as type I 

(positive response at pH 4.5 and negative response at pH 10.4), type IIA (negative 

response at pH 4.5 and positive response at pH 10.4), or type IIC (positive response at 

pH 4.5 and 10.4) (Nagatomo et al. 2011b, 2012a, 2012b). Plantaris muscle fibers were 

classified as type I (positive response at pH 4.5), type IIA (negative response at pH 4.5), 

or type IIB (intermediate response at pH 4.5) (Nagatomo et al. 2011a, 2011b). 



9 

The fiber type percentage and cross-sectional area (CSA) were determined for 

approximately 100 adjacent fibers in the central region of the muscle sections. Fiber 

CSA was measured by tracing the outline of each fiber in the muscle section using a 

computer-assisted image processing system (Neuroimaging System, Kyoto, Japan) 

(Nagatomo et al. 2011b). 

Muscle biochemical analyses 

The left soleus and plantaris muscles were divided into the proximal and distal 

regions for biochemical and histochemical analyses, respectively. The proximal regions 

of the left soleus and plantaris muscles were frozen rapidly in liquid nitrogen for the 

evaluation of SDH activity (Nagatomo et al. 2011b). The muscle was homogenized in 

five volumes of ice-cold 0.3 M phosphate buffer (pH 7.4) using a glass tissue 

homogenizer. The final concentrations of the reaction mixture components were as 

follows: sodium succinate, 17 mM; sodium cyanide, 1 mM; aluminum chloride, 

0.4 mM; and calcium chloride, 0.4 mM. Reduction of cytochrome c in this reaction 

mixture was analyzed by measuring the increase in extinction at 550 nm with a 

spectrophotometer. SDH activity was calculated from the ferricytochrome c 

concentration and protein content. 
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Muscle mRNA analysis 

The distal regions of the left soleus and plantaris muscles were rapidly frozen in 

liquid nitrogen, and total RNA was extracted from the tissues using the QuickGene 

RNA Tissue Kit SII (Fujifilm, Tokyo, Japan). Reverse transcription was performed 

using the High-Capacity cDNA Archive Kit (Applied Biosystems, CA, USA), and the 

resultant cDNA samples were stored. Pgc-1α expression levels were quantified by 

TaqMan Gene Expression Assays (Applied Biosystems) as described previously 

(Nagatomo et al. 2011b). Each TaqMan probe and primer set was validated by 

quantitative real-time polymerase chain reaction with a series of cDNA template 

dilutions to obtain standard curves of the threshold cycle against the relative 

concentration of S18 (housekeeping gene) as an internal standard. All sample and 

non-template control reactions were performed in a 7500 Fast Sequence Detection 

System (Applied Biosystems). Target mRNA levels were normalized to the levels in the 

WR group. 

Statistical analyses 

Values are expressed as mean ± standard deviation (SD). Analysis of variance 

followed by Scheffé’s post hoc test was used to evaluate differences among the WR, 
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GK, and GK-Ex groups. Correlations were assessed using Pearson’s correlation 

coefficient. Statistical significance was set at p < 0.05. 

Results 

Voluntary running distance 

The voluntary running distances in the GK-Ex group increased every week (Fig. 1). 

The mean running distance during the 6 weeks of voluntary running exercise was 4.7 

km/day ± 1.2 km/day. 

Fig. 1. Voluntary running distance in exercised Goto–Kakizaki rats. Each rat in the 
GK-Ex group was allowed to voluntarily run in a running wheel that was attached to a 

breeding cage for small animals at its own pace for 24 h a day during the 6 weeks of 

voluntary running exercise. Values are expressed as mean ± SD (n = 10). 

Body weight 
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The body weights of the WR, GK, and GK-Ex groups increased every week (Fig. 

2A). There were no differences in body weight among the age-matched three groups, 

irrespective of age. 

Fig. 2. Body weight (A), food intake (B), and fasting blood glucose (C) in the Wistar 
(WR), Goto–Kakizaki (GK), and exercised Goto–Kakizaki (GK-Ex) groups. Blood 

glucose levels were measured after fasting for 15 h using blood samples collected from 

the tail vein of conscious rats. Values are expressed as mean ± SD (n = 5 for WR and 

GK; n = 10 for GK-Ex). ap < 0.05 compared with WR; bp < 0.05 compared with GK. 
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Food intake 

At 6 weeks of age, food intake was lower in the GK-Ex group than in the WR and 

GK groups (p < 0.05, Fig. 2B). At 8 weeks of age, food intake was higher in the GK-Ex 

group than in the WR group (p < 0.05). At 10 and 12 weeks of age, food intake was 

higher in the GK-Ex group than in the WR and GK groups (p < 0.05). 

Fasting blood glucose levels 

At 8, 10, and 12 weeks of age, fasting blood glucose levels were higher in the GK 

group than in the WR group (p < 0.05) and lower in the GK-Ex group than in the GK 

group (p < 0.05, Fig. 2C). 

Serum biochemical parameters 

HbA1c (Fig. 3A) and total cholesterol (Fig. 3B) levels were higher in the GK group 

than in the WR and GK-Ex groups (p < 0.05) and higher in the GK-Ex group than in the 

WR group (p < 0.05). HDL (Fig. 3C) and LDL (Fig. 3D) cholesterol levels were higher 

in the GK group than in the WR group (p < 0.05) and higher in the GK group than in the 

GK-Ex group (p < 0.05). Triglyceride (Fig. 3E) and insulin (Fig. 3F) levels were lower 

in the GK and GK-Ex groups than in the WR group (p < 0.05). There were no 

differences in adiponectin (Fig. 3G) and leptin (Fig. 3H) levels among the three groups. 
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Fig. 3. HbA1c (A), total cholesterol (B), high density lipoprotein (HDL) cholesterol (C), 
low density lipoprotein (LDL) cholesterol (D), triglyceride (E), insulin (F), adiponectin 

(G), and leptin (H) levels in the Wistar (WR), Goto–Kakizaki (GK), and exercised 

Goto–Kakizaki (GK-Ex) groups. Values are expressed as mean ± SD (n = 5 for WR and 

GK; n = 10 for GK-Ex). ap < 0.05 compared with WR; bp < 0.05 compared with GK. 

Muscle weight 

The soleus muscle weight was higher in the GK-Ex group than in the WR and GK 

groups (Fig. 4A). The soleus muscle weight per body weight was higher in the GK-Ex 

group than in the GK group (Fig. 4B). The plantaris muscle weight (Fig. 4C) and 

muscle weight per body weight (Fig. 4D) were higher in the GK-Ex group than in the 

WR and GK groups. 
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Fig. 4. Muscle weight (A, B) and relative weight per body weight (C, D) of the soleus 

and plantaris muscles in the Wistar (WR), Goto–Kakizaki (GK), and exercised Goto–

Kakizaki (GK-Ex) groups. Values are expressed as mean ± SD (n = 5 for WR and GK; n 

= 10 for GK-Ex). ap < 0.05 compared with WR; bp < 0.05 compared with GK. 

Muscle histochemical properties 

The soleus muscles in the WR group contained three types of fibers: I, IIA, and IIC 

(Fig. 5A, B), whereas these muscles in the GK group contained only type I fibers (Fig. 

5C, D). In the GK-Ex group, seven rats had only type I fibers (Fig. 5E, F), whereas the 

other three had fiber types: I, IIA, and IIC (Fig. 5G, H). The percentage of type I fibers 

was higher in the GK and GK-Ex groups than in the WR group (p < 0.05, Fig. 6A), 

whereas the percentage of type IIA fibers was lower in the GK-Ex group than in the WR 

group (p < 0.05). The CSA of type I fibers was larger in the GK-Ex group than in the 
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WR and GK groups (p < 0.05, Fig. 6B), whereas the CSA of type IIA fibers was larger 

in the GK-Ex group than in the WR group (p < 0.05). 

Fig. 5. Serial transverse sections of the soleus muscles of rats in the control (WR; A, B), 

Goto–Kakizaki (GK; C, D), and exercised Goto–Kakizaki (GK-Ex; E-H) groups stained 

for ATPase activity after preincubation at pH 10.4 (A, C, E, and G) and pH 4.5 (B, D, F, 

and H). In the GK-Ex group, the soleus muscles in seven rats contained only type I 

fibers (E, F), whereas these muscles in three rats contained three fiber types (G, H). 1, 

type I; 2, type IIA; 3, type IIC. Scale bar = 200 μm. 



17 

Fig. 6. Fiber type percentages (A, C) and cross-sectional areas (CSAs; B, D) in the 

soleus and plantaris muscles of the Wistar (WR), Goto–Kakizaki (GK), and exercised 

Goto–Kakizaki (GK-Ex) groups. Values are expressed as mean ± SD (n = 5 for WR and 

GK; n = 10 for GK-Ex). ap < 0.05 compared with WR; bp < 0.05 compared with GK. 

The plantaris muscles in all three groups contained three types of fibers: I, IIA, and 

IIB (Fig. 7). The percentages of type IIA and type IIB fibers were lower in the GK 

group than in the WR group (p < 0.05, Fig. 6C), whereas these percentages were higher 

in the GK-Ex group than in the GK group (p < 0.05). There were no differences in the 

CSAs among the three groups, irrespective of fiber type (Fig. 6D). 
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Fig. 7. Serial transverse sections of the plantaris muscles in rats of the Wistar (WR; A), 

Goto–Kakizaki (GK; B), and exercised Goto–Kakizaki (GK-Ex; C) groups stained for 

ATPase activity after preincubation at pH 4.5. 1, type I; 2, type IIA; 3, type IIB. Scale 

bar = 200 μm. 

Muscle SDH activity and Pgc-1α mRNA levels 

SDH activity in the soleus (Fig. 8A) and plantaris (Fig. 8B) muscles was lower in 

the GK group than in the WR group (p < 0.05) and higher in the GK-Ex group than in 

the GK group (p < 0.05). 
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Pgc-1α mRNA levels in the soleus (Fig. 8C) and plantaris (Fig. 8D) muscles were 

lower in the GK group than in the WR group (p < 0.05) and higher in the GK-Ex group 

than in the GK group (p < 0.05). 

Fig. 8. Succinate dehydrogenase (SDH) activity (A, B) and peroxisome 
proliferator-activated receptor γ coactivator-1α (Pgc-1α) mRNA levels (C, D) in the 

soleus and plantaris muscles of the Wistar (WR), Goto–Kakizaki (GK), and exercised 

Goto–Kakizaki (GK-Ex) groups. Values are expressed as mean ± SD (n = 5 for WR and 

GK; n = 10 for GK-Ex). ap < 0.05 compared with WR; bp < 0.05 compared with GK. 

Relationship between voluntary running distance and the abovementioned parameters 

In the GK-Ex group, there were negative relationships between voluntary running 

distance and HbA1c (r = –0.81, p < 0.05, Fig. 9A) and total cholesterol (r = –0.83, p < 

0.05, Fig. 9B) levels. There were positive relationships between voluntary running 

distance and both SDH activity (r = 0.98, p < 0.05, Fig. 9C) and Pgc-1α mRNA levels 

(r = 0.70, p < 0.05, Fig. 9D) in the soleus muscle. 
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Fig. 9. Relationships between voluntary running distance and the HbA1c (A) and total 

cholesterol (B) levels, succinate dehydrogenase (SDH) activity (C), and peroxisome 

proliferator-activated receptor γ coactivator-1α (Pgc-1α) mRNA levels (D) in the soleus 

muscles of exercised Goto–Kakizaki rats (n = 10). Running distance was negatively 

related to both HbA1c (r = –0.81, p < 0.05) and total cholesterol (r = –0.83, p < 0.05) 

levels and positively related to both SDH activity (r = 0.98, p < 0.05) and Pgc-1α 

mRNA levels (r = 0.70, p < 0.05). 

Discussion 

Voluntary running exercise and diabetes 

Some previous studies (Macia et al. 2018, Morifuji et al. 2012, Qi et al. 2011) 

observed that running training did not reduce the increased blood glucose levels in 

diabetic GK rats. In contrast, other studies (Fu et al. 2019, Kim et al. 2011) showed that 

the high blood glucose levels in diabetic GK rats were decreased by running training. 

However, all these aforementioned studies (Fu et al. 2019, Kim et al. 2011, Macia et al. 
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2018, Morifuji et al. 2012, Qi et al. 2011) used forced running training on a treadmill at 

a constant speed and time, and therefore, did not consider the effects of different 

running speeds and times. In this study, the growth-related increase in the fasting blood 

glucose levels of diabetic GK rats was inhibited by voluntary running exercise (Fig. 2C). 

Furthermore, a negative relationship between the amount of voluntary running distance 

and HbA1c was observed in diabetic GK rats (Fig. 9A), indicating that the onset and 

progression of type 2 diabetes were effectively inhibited when diabetic GK rats ran 

longer distances. 

This study showed that nonobese diabetic GK rats have higher total and HDL 

cholesterol levels (Fig. 3B, C) and lower triglyceride levels than nondiabetic WR rats 

(Fig. 3E). Previous studies showed that metabolic syndrome (Takemura et al., 2017) and 

diabetic Otsuka Long-Evans Tokushima Fatty (OLETF) (Nagatomo et al., 2018) rats 

had higher total cholesterol, HDL cholesterol, and triglyceride levels. OLETF rats, 

which are obese and have hypertension, hyperlipidemia, hyperglycemia, 

hyperinsulinemia, and insulin resistance, were developed as obese diabetic models 

(Kawano et al. 1992). The increased levels of HDL cholesterol in metabolic syndrome 

and diabetic rats may be due to increased total cholesterol levels. The differences in 
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triglyceride levels between diabetic OLETF and GK rats may be due to the respective 

presence and absence of obesity in the rats. 

Voluntary running exercise and muscle fiber type 

In diabetic GK rats, the slow soleus muscles contained only low-oxidative type I 

fibers, whereas in nondiabetic WR rats, these muscles contained three fiber types: 

low-oxidative type I and high-oxidative types IIA and IIC (Fig. 6A). Furthermore, the 

soleus muscles in diabetic GK rats had a higher percentage of low-oxidative type I 

fibers than those in nondiabetic Wistar rats. The fast plantaris muscles in diabetic GK 

rats had an increased percentage of low-oxidative type IIB fibers and a decreased 

percentage of high-oxidative type IIA fibers when compared to the corresponding 

percentages in WR and GK-Ex rats (Fig. 6C). These results correspond to those 

obtained in previous studies using nonobese GK (Gu et al. 2010, Nagatomo et al. 2011a, 

Yasuda et al. 2002, 2007) and obese OLETF (Nagatomo et al. 2018, Yasuda et al. 2001) 

rats. 

Animals and humans with type 2 diabetes show a low percentage of high-oxidative 

fibers and a high percentage of low-oxidative fibers in skeletal muscles; a high 

percentage of low-oxidative fibers, especially type IIB fibers, was observed in the 
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vastus lateralis muscles of patients with type 2 diabetes (Gaster et al. 2001, Märin et al. 

1994, Nyholm et al. 1997, Oberbach et al. 2006). Obese Zucker rats with type 2 

diabetes had a lower percentage of high-oxidative fibers in the soleus muscle than 

nonobese Zucker rats without type 2 diabetes, whereas obese Zucker rats without type 2 

diabetes had a normal fiber type distribution (Adachi et al. 2007). The altered 

percentages in skeletal muscles are directly linked to blood glucose levels, but not to 

insulin levels or body weight, because the growth-related increase in blood glucose 

levels in rats with type 2 diabetes paralleled the increased percentage of low-oxidative 

type I fibers in the soleus muscle (Yasuda et al. 2002). Thus, the altered patterns of fiber 

types in the skeletal muscles of rats with type 2 diabetes are tightly linked to impaired 

glucose metabolism. 

Voluntary running exercise inhibited the type shift from high-oxidative fibers to 

low-oxidative fibers in the plantaris muscle of diabetic GK rats (Fig. 6C). Inhibition of 

the fiber type shift induced by voluntary running exercise is thought to be due to 

enhanced oxidative metabolism in cells and tissues. However, we did not elucidate the 

reason why the diabetes-induced alteration in fiber type distribution was shifted to 
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normal in the fast plantaris muscle, but not in the slow soleus muscle, by voluntary 

running exercise. 

Voluntary running, muscle SDH activity, and Pgc-1α mRNA levels 

Diabetic GK rats showed decreased muscle SDH activity (Fig. 8A, B) and Pgc-1α 

mRNA levels (Fig. 8C, D) when compared with nondiabetic WR rats. PGC-1α is a 

member of a family of transcription coactivators that plays central roles in the 

regulation of oxidative metabolism in cells and tissues (Liang and Ward 2006; 

Southgate et al. 2007). In skeletal muscles, PGC-1α accelerates mitochondrial synthesis 

and promotes muscle fiber remodeling (Mortensen et al. 2006; Wu et al. 1999). 

Transgenic mice with increased PGC-1α expression in skeletal muscles showed an 

increased number of mitochondria and a fiber type shift, i.e., more oxidative and less 

glycolytic fibers (Miura et al. 2003, 2006). The decrease in oxidative activity is due to 

low Pgc-1α mRNA levels, which may be induced by hyperglycemia. Diabetic GK rats 

exhibited hyperglycemia (Figs. 2 and 3A), but not hypertriglyceridemia (Fig. 3E) or 

hyperinsulinemia (Fig. 3F). Obese diabetic OLETF rats also showed lower muscle 

oxidative capacity than nondiabetic Long-Evans Tokushima Otsuka (LETO) rats 

(Yasuda et al. 2001), but OLETF rats also exhibited hyperglycemia, 
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hypertriglyceridemia, and hyperinsulinemia. Both diabetic GK and OLETF rats exhibit 

hyperglycemia. Therefore, the decreased oxidative capacity in the skeletal muscles of 

diabetic rats is thought to be due to hyperglycemia, but not hypertriglyceridemia or 

hyperinsulinemia. We concluded that the diabetes-induced decrease in SDH activity 

was inhibited by voluntary running exercise, which effectively maintained and 

improved oxidative metabolism in skeletal muscles. 

Relationships between voluntary running distance and the abovementioned parameters 

We observed that the running distances of individual rats were negatively related to 

HbA1c (Fig. 9A) and total cholesterol (Fig. 9B) levels and positively related to SDH 

activity (Fig. 9C) and Pgc-1α mRNA levels (Fig. 9D) in the soleus muscle, indicating 

that type 2 diabetes is effectively inhibited when diabetic GK rats ran longer distances. 

Voluntary running exercise, which is different from forced exercise, such as treadmill 

running, is effective as an exercise program because of the low stress. 

A previous study (Yasuda et al. 2006) observed a negative relationship between 

voluntary running distance and the percentage of low-oxidative type I fibers in the 

soleus muscle of 10 OLETF rats. Furthermore, five OLETF rats with voluntary running 

distances <7000 m/day had no high-oxidative type IIA fibers in the soleus muscle, 
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whereas five OLETF rats with running distances >7000 m/day showed a positive 

relationship between voluntary running distance and the percentage of type IIA fibers in 

the soleus muscle. In this study, seven diabetic GK rats had no high-oxidative type II 

fibers (Fig. 5E, F) after voluntary running exercise, whereas three had high-oxidative 

type IIA and type IIC fibers as well as low-oxidative type I fibers in the soleus muscle 

(Fig. 5G, H) after voluntary running exercise. However, there was no relationship 

between voluntary running distance and the fiber type percentages in the soleus and 

plantaris muscles in diabetic GK rats. 

Conclusions 

Growth-related increases in fasting blood glucose and HbA1c levels and decreases 

in the percentage of low-oxidative fibers and SDH activity in the skeletal muscles of 

diabetic rats were inhibited by voluntary running exercise. The observed inhibition of 

the decreased muscle oxidative capacity induced by voluntary running exercise was 

thought to be due to increased Pgc-1α mRNA levels, which are influenced by blood 

glucose levels. 
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HbA1c levels were negatively related to running distance, and SDH activity and 

Pgc-1α mRNA levels in the soleus muscle were positively related to running distance in 

the diabetic rats, indicating that the onset and progression of type 2 diabetes are 

effectively inhibited in nonobese diabetic rats that ran longer distances. 
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