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Summary 
The skeletal muscle is the main organ responsible for insulin 
action, and glucose disposal and metabolism. Endurance and/or 
resistance training raises the number of mitochondria in diabetic 
muscles. The details of these adaptations, including 
mitochondrial adaptations of the slow and fast muscles in 
diabetes, are unclear. This study aimed to determine whether 
exercise training in streptozotocin (STZ)-induced mice leads to 
differential adaptations in the slow and fast muscles, and 
improving glucose clearance. Eight-week-old mice were randomly 
distributed into normal control (CON), diabetes (DM), and 
diabetes and exercise (DM+Ex) groups. In the DM and  
DM+Ex groups, mice received a freshly prepared  
STZ (100 mg/kg) intraperitoneal injection on two consecutive 
days. Two weeks after the injection, the mice in the groups ran 
on a treadmill for 60 min at 20 m/min for a week and 
subsequently at 25 m/min for 5 weeks (5 days/week). The 
analyses indicated that running training at low speed (25 m/min) 
enhanced mitochondrial enzyme activity and expression of lactate 
and glucose transporters in the plantaris (low-oxidative) muscle 
that improved whole-body glucose metabolism in STZ-induced 
diabetic mice. There were no differences in glucose transporter 
expression levels in the soleus (high-oxidative) muscle. The 
endurance running exercise at 20-25 m/min was sufficient to 
induce mitochondrial adaptation in the low-oxidative muscles, but 
not in the high-oxidative muscles, of diabetic mice. In conclusion, 
the present study indicated that running training at 25 m/min 
improved glucose metabolism by increasing the mitochondrial 
enzyme activity and glucose transporter 4 and monocarboxylate 

transporter 4 protein contents in the low-oxidative muscles in 
STZ-induced diabetic mice. 
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Introduction 
 

The skeletal muscle is the main organ responsible 
for insulin action, and glucose disposal and metabolism. 
The skeletal muscle weight decreases, and mitochondrial 
biogenesis and function in the skeletal muscle are impaired 
in type 1 [1] and type 2 diabetes [2-4]. These negative 
changes in the skeletal muscles are caused by a reduction 
in the expression of genes involved in oxidative capacity, 
nuclear genes encoding mitochondrial proteins, and those 
involved in mitochondrial biogenesis [5,6]. Aerobic 
exercise is known to effectively prevent and/or improve 
insulin resistance and impaired glucose metabolism, as 
demonstrated by a previous study [7]. Area under the 
curve measurements following an intravenous glucose 
tolerance test in rats with type 1 diabetes was found to 
significantly decreased compared with diabetic control 
group by resistance (climbing a ladder with incremental 
loads) or aerobic treadmill exercise training for 6 weeks 
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[8]. Improved insulin resistance is associated with 
increased glucose transporter 4 (GLUT4) content in the 
skeletal muscles [8]. King et al. [9] developed an animal 
model of type I diabetes using streptozotocin (STZ) that 
helped study the impairment of insulin production and 
hyperglycemia. High monocarboxylate transporter 1 
(MCT1) levels correlate with oxidative metabolism, such 
as citrate synthase activity, and high MCT4 levels 
correlate with glycolytic metabolism in the skeletal 
muscles of rodents [10-12]. Previous research suggested 
that endurance exercise training for 30 min/day induced 
an increase in MCT1 levels in the plantaris and soleus 
muscles, and MCT4 in the plantaris muscles in the STZ-
induced diabetic rats than in sedentary diabetic rats [13]. 

A previous study showed that voluntary running 
exercise in rats with type 2 diabetes improved oxidative 
capacity, via increased succinate dehydrogenase activity 
and peroxisome proliferator-activated receptor γ 
coactivator-1α (Pgc-1α) mRNA levels in the soleus and 
plantaris muscles [14]. This previous study [14] showed 
that both the slow (soleus) and fast (plantaris) muscles 
undergo the same adaptation with running exercise; but 
another study has indicated the differences in exercise 
adaptations, such as the level of monocarboxylate 
transporter, between the slow and fast muscles in diabetic 
animals [8,13]. However, the differences in adaptation, 
including glucose metabolism and mitochondrial 
adaptation of the slow and fast muscles, by endurance 
running exercise in STZ-induced diabetic mice, have not 
yet been completely elucidated. The present study aimed 
to determine whether exercise training in STZ-induced 
mice leads to different adaptations in the slow and fast 
muscles and improves glucose clearance. 
 
Methods 
 
Animals 

Male ICR (Institute of Cancer Research) mice 
(8-week-old; Japan SLC, Inc., Tokyo, Japan) were used. 
Animals were housed individually in standard cages in an 
air-conditioned animal room at 22 °C under a 12:12 h 
light/dark cycle (dark period from 7:00 to 19:00). They 
were fed standard laboratory chow (MF; Oriental Yeast, 
Tokyo, Japan) and water ad libitum. All experiments 
were approved by the Animal Experimental Committee 
of the University of Tokyo (approval number: 2021-12). 
 
Experimental procedures 

We randomly distributed 8-week-old mice into 

normal control (CON, n=7), diabetes (DM, n=7), and 
diabetes and exercise (DM+Ex, n=8) groups. In the DM 
and DM+Ex groups, mice received a freshly prepared 
STZ (100 mg/kg, Sigma, St. Louis, MO, USA) 
intraperitoneal (i.p.) injection to induce diabetes after 
fasting for 6 h on two consecutive days. Mice in the 
control group were administered the same dose of saline. 
Mice in the DM+Ex group were familiarized with 
running exercise at 15 m/min for 10 min on a treadmill 
with shock grids (MK-680, Muromachi Kikai Co., Inc., 
Tokyo, Japan) for 3 days. Two weeks after the injection, 
the mice in the DM+Ex group were made to run on the 
treadmill for 60 min at 20 m/min for a week and 
subsequently at 25 m/min for 5 weeks (5 days/week). The 
expired gas measurement in sedentary conditions and the 
oral glucose tolerance test (OGTT) were performed on 
14 and 15-week-old mice, respectively. The soleus, 
plantaris, and tibialis anterior muscles, heart and 
mesenteric, epididymal and perirenal fats were removed, 
rapidly frozen in liquid nitrogen, and stored at -80 °C 
until further analysis. 
 
Analytical methods 
Blood analysis 

In the 15-week-old mice, non-fasting blood 
lactate concentrations and plasma glucose and insulin 
levels during OGTT were measured. Blood samples were 
collected via the tail veins of mice. Blood lactate 
concentrations were determined using portable analyzers 
(Lactate Pro 2; Arkray, Kyoto, Japan). The blood samples 
collected during the OGTT were then centrifuged (4 °C, 
5000× g, 10 min), and the plasma fraction was rapidly 
frozen in liquid nitrogen and stored at -80 °C until further 
analysis. 

At the end of the experiment (16-week-old), 
blood samples were collected from the inferior vena cava 
of mice anesthetized using isoflurane. Blood samples 
were handled as described above, and the plasma fraction 
after centrifugation was stored at -80 °C. 

Plasma glucose concentrations during the OGTT 
and at the end of the experiment were determined 
enzymatically using commercial kits (Glucose CII Test 
Wako, Cat# 439-90901, Wako, Tokyo, Japan). Plasma 
insulin concentrations during the OGTT were measured 
using an enzyme-linked immunosorbent assay (ELISA) 
kit (Morinaga Ultra Sensitive Mouse/Rat Insulin ELISA 
Kit, MIoBS, Yokohama, Japan). Plasma free fatty acid 
concentrations at the end of the experiment were 
determined enzymatically using commercial kits (Lab 
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AssayTM NFFA, Cat# 633-52001, Wako, Tokyo, Japan). 
 
Expired gas analysis 

The expired gas in sedentary condition was 
measured once every 5 min for 24 h in 14-week-old mice 
using O2/CO2 metabolism measuring system for small 
animals (O2/CO2 Analyzer MM204R; Muromachi Kikai, 
Tokyo, Japan). VO2 and VCO2 were monitored, and the 
respiratory quotient (RQ) ratio (VCO2/VO2) was 
calculated at a 12:12 h light/dark cycle (dark period from 
7:00 to 19:00). The mice had access to water and food ad 
libitum during the experiments. Glucose and lipid 
oxidation, and energy expenditure were calculated using 
formulas described previously [15-17]. 
 
Oral glucose tolerance test 

The oral glucose tolerance test (OGTT) was 
performed in 15-week-old mice after overnight fasting. 
Blood samples were collected before the OGTT (time 0), 
followed by the oral administration of glucose solution 
(2 g/kg body weight). Blood samples were collected 15, 
30, 60, and 120 min after glucose administration. For 
OGTT analysis, total area under the curve (AUC) was 
calculated using trapezoidal integration. 
 
Glycogen levels in the skeletal muscles 

The glycogen concentrations in the soleus and 
plantaris muscles were determined using the phenol-
sulfuric acid method as described previously [18,19]. 
Briefly, the muscles were heated at 98 °C for 5 min with 
30 % KOH saturated with Na2SO4 until they were 
completely dissolved, followed by addition of 99.5 % 
ethanol. After placing the samples on ice for 30 min, they 
were centrifuged at 5000× g for 15 min at 4 °C, and the 
supernatants were removed. Pellets (glycogen-
precipitates) were dissolved in distilled water, phenol and 
sulfuric acid were added, and the mixture was incubated 
for 20 min. The absorbance at 490 nm was measured. 
 
Western blotting 

The frozen skeletal muscle and heart tissues 
were homogenized in radioimmunoprecipitation assay 
lysis buffer (20-188, Millipore, MA, USA) containing 
a protease inhibitor (1183617001, Complete Mini EDTA-
free, Roche Life Science, Indianapolis, IN, USA) and 
phosphatase inhibitor mixture (04906837001, PhosSTOP 
phosphatase inhibitor cocktail, Roche Life Science). The 
protein concentrations of the samples were determined 
using BCA Protein Assay Kit (23,227, Pierce, Rockford, 

IL, USA). The protein samples (10 μg) were 
electrophoresed on 12 % sodium dodecyl sulfate-
polyacrylamide gels for 40 min at 200 V. The proteins 
were transferred from the gels to polyvinylidene 
difluoride membranes. Further, the membranes were 
blocked with 5 % bovine serum albumin in Tris-buffered 
saline with 0.1 % Tween 20 (TBS-T) for 60 min at room 
temperature. The membranes were incubated overnight 
(4 °C) with the following primary antibodies: anti-
glucose transporter 4 (GLUT4, 07-1404, Merck, Tokyo, 
Japan), anti-peroxisome proliferator-activated receptor γ 
coactivator 1 alpha (PGC-1α, 516557, Merck, Tokyo, 
Japan), and anti-oxidative phosphorylation (OXPHOS, 
ab110413, Abcam, Cambridge, UK). Anti-MCT1 and 
anti-MCT4 antibodies were raised in rabbits against the 
C-terminal region of the respective MCT (Qiagen, Japan), 
as described previously [20-22]. After overnight 
incubation, they were washed in TBS-T, incubated for 
60 min at room temperature with the following secondary 
antibodies: rabbit anti-goat IgG (H&L) (A106PU, 
American Qualex, San Clemente, CA, USA) and mouse 
anti-goat IgG (H&L) (A102PT, American Qualex). 

The proteins were detected using Pierce 
ECL Western blotting Substrate (Thermo Fisher 
Scientific) and visualized using ChemiDoc XRS  
(170-8071, Bio-Rad, Hercules, CA, USA). The blots 
were quantified using the Quantity One software (170-
9600, Bio-Rad, Hercules, CA, USA). Consistent loading 
was verified using Ponceau-S solution (P7170-1L, 
Sigma-Aldrich) as previously described [23]. 
 
Mitochondrial enzyme activity analysis 

The whole tibialis anterior muscles were 
homogenized in 100 times (vol/wt) 100 mM potassium 
phosphate buffer to determine mitochondrial citrate synthase 
enzyme activity. To disrupt the mitochondrial membrane, 
the sample homogenates were freeze (liquid nitrogen)-
thawed twice. After centrifugation, the supernatant was 
collected and used for measurement of citrate synthase 
activity. The citrate synthase activity was measured 
spectrophotometrically as previously described [24]. 
 
Statistical analysis 

Data are expressed as mean ± standard deviation 
(SD). Differences between the CON, DM, and  
DM+Ex groups were evaluated using one-way analysis of 
variance (ANOVA), followed by the Tukey-Kramer 
multiple-comparison test. Nonparametric measures were 
analyzed using the Kruskal-Wallis test, followed by the 
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Bonferroni post hoc test. Differences between repeated 
measurements of each trial were evaluated using two-way 
ANOVA (time × group), followed by the Bonferroni post 
hoc test to analyze plasma glucose and insulin 
concentrations in the OGTT. P<0.05 was considered to be 
statistically significant. The relationship between muscle 
glycogen content and energy expenditure was assessed by 
calculating the Pearson’s correlation coefficient. 
Statistical analyses were performed using IBM SPSS 
Statistics version 27 (Armonk, NY, USA). 
 
Results 
 
Food and water consumption and body weight 

Average food and water consumption from 10 to 
16 weeks of age was higher in the DM and DM+Ex groups 

than in CON group (Table 1, P<0.05). The body weight at 
16 weeks of age in the DM+Ex group was lower than that 
in CON and DM groups (Table 1, P<0.05). 
 
Muscle, fat and heart weight 

The soleus muscle weight (mg/g BW) at 
16 weeks of age was higher in the DM+Ex group than in 
DM group (Table 1, P<0.05). The plantaris muscle weight 
(mg/g BW) at 16 weeks of age was lower in the DM group 
than in CON group (Table 1, P<0.05). The intraperitoneal 
fat weight including the mesenteric, epididymal and 
perirenal fats at 16 weeks of age decreased in the DM and 
DM+Ex groups than that in CON group (Table 1, P<0.05). 
The heart weight (mg/g BW) at 16 weeks of age decreased 
in the DM and DM+Ex groups than that in CON group 
(Table 1, P<0.05). 

 
 
Table 1. Food intake, drinking water, body weight, and tissue weights. 
 

 CON (n=7) DM (n=7) DM+Ex (n=8) 

Food intake (g/day) 5.6 ± 0.3 12.4 ± 3.6a 11.1 ± 2.1a 
Water consumption (ml/h) 0.4 ± 0.1 2.8 ± 0.7a 2.8 ± 0.3a 
Body weight (g) 41.1 ± 2.4 38.7 ± 2.9 35.2 ± 3.5a,b 
Soleus muscle (mg/g BW) 0.22 ± 0.02 0.21 ± 0.02 0.24 ± 0.02b 
Plantaris muscle (mg/g BW) 0.50 ± 0.05 0.39 ± 0.06a 0.44 ± 0.05 
Intraperitoneal fat (mg/g BW) 31.91 ± 5.89 5.96 ± 3.34a 5.10 ± 0.85a 
Heart (mg/g BW) 4.54 ± 0.11 3.72 ± 0.40a 4.15 ± 0.27a 

 
Values are presented as means ± SD (n=7-8). a P<0.05 compared with the CON group. b P<0.05 compared with the DM group.  
CON, control; DM, diabetes; DM+Ex, diabetes with exercise. 
 
 

 
 
Fig. 1. (A) Respiratory exchange ratio (RER), (B) glucose oxidation, (C) lipid oxidation, and (D) energy expenditure and glycogen 
concentration in the (E) soleus and (F) plantaris muscles. Correlation between energy expenditure and glycogen content in the (G) 
soleus and (H) plantaris muscles in mice in all groups. Values are presented as means ± SD (n=7-8). * P<0.05 between CON and DM 
or DM+Ex group, and a P<0.05 compared with the time matched CON group. CON, control; DM, diabetes; DM+Ex, diabetes with 
exercise. 
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Respiratory exchange ratio, energy expenditure, and 
glucose and lipid oxidations 

Figure 1A shows that there was no main effect of 
time (light or dark condition) or an interaction between 
time and group on respiratory exchange ratio (RER). There 
was a main effect of group on RER (P<0.001). 
A decreased RER was observed in the DM and DM+Ex 
groups than that in CON group (P<0.001). There were 
main effects of time and group, and an interaction between 
time and group on the glucose oxidation levels (Fig. 1B, 
P<0.05). Glucose oxidation levels in the DM and DM+Ex 
groups were lower than those in the CON group (P<0.05). 
There were main effects of time and group, and  
an interaction between time and group on the lipid 
oxidation levels (Fig. 1C, P<0.001, P<0.001, P<0.05, 
respectively). Lipid oxidation levels in the DM and 
DM+Ex groups were higher than those in the CON group 
(P<0.05). There were main effects of time and group on 
energy expenditure (Fig. 1D, P<0.001). Energy 
expenditure was higher in the DM group than in 
CON group (P<0.001). There was no interaction between 
time and group on energy expenditure. 
 
 

Muscle glycogen levels 
Glycogen levels in the soleus and plantaris muscles 

in the DM group were lower than those in CON group 
(Fig. 1E, F, P<0.05). 
 
Relation between energy expenditure and glycogen 
concentration in the soleus and plantaris muscles 

A significant negative correlation was observed 
between glycogen levels in the soleus muscle and energy 
expenditure, whereas there was no significant correlation 
between them in the plantaris muscle (Fig. 1G, H, r=-0.721, 
P<0.05 and r=-0.381, P=0.119, respectively). 
 
Non-fasting glucose, lactate, triglyceride, and free fatty acid 
(FFA) levels 

Non-fasting plasma glucose levels at 15 weeks of 
age were higher in the DM and DM+Ex groups than those 
in CON group (Fig. 2A, P<0.05). Non-fasting blood lactate 
(sedentary) levels at 15 weeks of age were lower in the 
DM group than in the CON group (Fig. 2B, P<0.05). There 
were no differences in non-fasting plasma triglyceride 
levels between the three groups (Fig. 2C). Non-fasting 
plasma FFA levels were higher in the DM group than in 
CON group (Fig. 2D, P<0.05). 

 

 

 
 
Fig. 2. (A) Glucose, (B) lactate, 
(C) triglyceride and (D) free fatty acid 
levels in the plasma. (E) Citrate 
synthase (CS) activity in the tibialis 
anterior muscle. (F) Fasting plasma 
insulin, (G) insulin levels after the oral 
administration of glucose solution, 
(H) insulin area under the curve, 
(I) fasting plasma glucose, (J) glucose 
levels after the oral administration of 
glucose solution, and (K) glucose area 
under the curve. a P<0.05 compared 
with the CON group. b P<0.05 
compared with the DM group. c P<0.05 
compared with the DM+Ex group. 
Values are presented as means ± SD 
(n=7-8). CON, control; DM, diabetes; 
DM+Ex, diabetes with exercise. 
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Citrate synthase activity 

The citrate synthase activity in the tibialis anterior 
(TA) muscle was higher in the DM+Ex group than that in 
CON and DM groups (Fig. 2E, P<0.05). 
 
OGTT 

OGTT was performed at 15 weeks of age. The 
fasting plasma insulin levels were lower in the DM group 
than in the CON group (Fig. 2F, P<0.05). Plasma insulin 
levels in the CON group were higher at 15, 30, 60, and 
120 min after glucose administration than those in DM and 
DM+Ex groups (Fig. 2G, P<0.05). The insulin AUC was 
lower in the DM and DM+Ex groups than in the CON group 
(Fig. 2H, P<0.05). Fasting plasma glucose levels were 
higher in the DM and DM+Ex groups than in the 
CON group and were lower in the DM+Ex group than in the 
DM group (Fig. 2I, P<0.05). Plasma glucose levels in the 
CON group were lower at 0, 15, 30, and 60 min after 
glucose administration than those in DM and DM+Ex 
groups (Fig. 2J, P<0.05). Additionally, plasma glucose 
levels in the DM group were higher than those in DM+Ex 
and CON groups at 15 and 120 min after glucose 
administration, respectively (Fig. 2J, P<0.05). The glucose 
AUC was higher in the DM and DM+Ex groups than in 
CON group (Fig. 2K, P<0.05). 
 
Protein levels in the heart and soleus and plantaris muscles 

There were no differences between each group on 

the protein loading amount of the heart and soleus and 
plantaris muscles. The protein levels of GLUT4 in the soleus 
muscle were lower in the DM group than those in the 
CON group (Fig. 3A, P<0.05). There were no differences in 
the levels of MCT1, MCT4, and PGC1α in the soleus 
muscle between the three groups (Fig. 3B, C, D). The levels 
of the GLUT4 protein in the plantaris muscle were higher in 
the DM+Ex group than those in the DM group (Fig. 3E, 
P<0.05). There were no significant differences in the levels 
of MCT1 in the plantaris muscle between the three groups 
(Fig. 3F). The levels of MCT4 and PGC1α in the plantaris 
muscle in DM+Ex group were higher than those in the 
CON and DM groups (Fig. 3G and H, P<0.05). The levels 
of the mitochondrial protein complex I in the DM and 
DM+Ex groups were lower than those in the CON group in 
the soleus muscle (Fig. 4A, P<0.05). There were no diffe-
rences in the levels of mitochondrial proteins (complex II-V) 
in the soleus muscle between the three groups (Fig. 4A). The 
levels of complex I, III, and IV of mitochondrial proteins in 
the plantaris muscle in the DM+Ex group were higher than 
those in the CON and DM groups (Fig. 4B, P<0.05). There 
were no significant differences in the levels of complex II 
and V of the mitochondrial proteins in the plantaris muscle 
between the three groups (Fig. 4B). In the heart, there were 
no differences in the levels of GLUT4, MCT1, PGC1α, and 
mitochondrial proteins (oxphos) between the three groups 
(Fig. 5). 

 

 
 
Fig. 3. (A) GLUT4, (B) MCT1, (C) MCT4, and (D) PGC1α protein levels in the soleus and (E-H) plantaris muscles. a P<0.05 compared 
with the CON group. b P<0.05 compared with the DM group. Values are presented as means ± SD (n=7-8). GLUT4, glucose transporter 
4; MCT, monocarboxylate transporter; PGC1α, peroxisome proliferator-activated receptor γ coactivator-1α; CON, control; DM, diabetes; 
DM+Ex, diabetes with exercise. 
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Fig. 4. (A) Mitochondrial protein levels in the soleus and (B) plantaris muscle. a P<0.05 compared with the CON group. Values are 
presented as means ± SD (n=7-8). CON, control; DM, diabetes; DM+Ex, diabetes with exercise. 
 
 

 
Fig. 5. (A) GLUT4, (B) MCT1, (C) PGC1α, and (D) mitochondrial protein levels in the heart. Values are presented as means ± SD  
(n=7-8). GLUT4, glucose transporter 4; MCT1, monocarboxylate transporter 1; PGC1α, peroxisome proliferator-activated receptor γ 
coactivator-1α; CON, control; DM, diabetes; DM+Ex, diabetes with exercise. 
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Discussion 
 

We investigated the effects of exercise training 
on glucose metabolism in the skeletal muscles of  
STZ-induced diabetic mice. The analyses suggested that 
running training at low speed (25 m/min) enhanced 
mitochondrial enzyme activity and the expression of 
lactate and glucose transporters in the plantaris muscle that 
improved whole-body glucose metabolism in STZ-induced 
diabetic mice. 

The diabetic mice showed a significant increase 
in blood glucose levels, along with an increase in the 
consumption of food and drinking water. Consistent with 
previous studies [1,25,26], the body, muscle and fat 
weights decreased in the diabetic mice compared with the 
non-diabetic mice. The body weights of the STZ 
(150 mg/kg)-induced diabetic mice decreased compared 
with those of non-diabetic mice, although the food intake 
of the STZ groups was markedly higher than that of non-
diabetic group [25]. The lower glucose uptake of muscle 
and adipose tissues induced by the insulin defect likely 
resulted in the loss of whole body, muscle and fat weights 
in spite of higher food intake. Exercise training inhibited 
weight loss in the plantaris muscle and increased the 
soleus muscle weight in diabetic mice. The ratio of 
CO2 production and O2 consumption (RER) and glucose 
oxidation decreased, and lipid oxidation increased in 
diabetic mice, including the DM+Ex mice, than that in 
the control mice. Energy expenditure increased in the 
diabetic mice, except in DM+Ex mice, than that in the 
control mice. Consistent with results of the present study, 
a lower RER was previously observed in a rodent model 
of type 2 diabetes and obesity [27]. Decreased RER in the 
diabetic mice suggests lipids, rather than glucose, as the 
main energy substance. These results are consistent with 
the increased FFA levels observed in diabetic mice. 
A previous study showed that lower RER was induced by 
high-intensity interval training [28] or moderate-intensity 
physical activity combined with caloric restriction in 
humans [29]. Additionally, we observed a significantly 
negative correlation between energy expenditure and 
glycogen content in the soleus muscle. This finding is 
consistent with a previous study that investigated the 
effects of glucose supplementation with casein peptide on 
the post-exercise recovery period [30]. These results 
suggest that whole-body energy expenditure is associated 
with the soleus muscle glycogen content. Increased 
energy expenditure activates 5’-AMP-activated protein 
kinase (AMPK) that acts as an intracellular energy 

sensor. Activated AMPK with 5-aminoimidazole-4-
carboxamide-1-β-D-ribonucleoside suppresses glycogen 
synthase activity [31]. Thus, exercise-suppressed 
excessive energy expenditure in DM mice may be 
partially linked to increased glycogen synthesis in the 
soleus muscle. Glycogen content in diabetic mice with 
exercise was 22 % and 44 % higher in the soleus and 
plantaris muscle, respectively, than that in diabetic mice 
without exercise. In the plantaris muscle, we observed 
more effective improvement of glycogen content than 
that in the soleus muscle, which could be related with 
increased GLUT4 expression triggered by exercise in the 
plantaris muscle in diabetic mice. In diabetic mice, 
exercise resulted in increased GLUT4 levels in the 
plantaris muscle, but not in the soleus muscle. The 
exercise on a treadmill at 25 m/min for 40-60 min did not 
increase GLUT4 protein level in the skeletal muscles, 
including both fast and slow muscles, in normal mice 
[20,32]. This indicates that the adaptation of the 
GLUT4 level in the muscle by exercise might be likely to 
occur in diabetic mice than in normal mice. 

A previous study reported that citrate synthase 
activity, a biomarker of mitochondrial oxidative capacity, 
is strongly associated with mitochondrial content in the 
skeletal muscles [33]. The results of the present study, 
such as increased levels of PGC1α and mitochondrial 
proteins, and maximal citrate synthase activity, suggest that 
endurance training enhances mitochondrial content in the 
fast (plantaris and TA) muscles, but not in the slow (soleus 
and heart) muscles. In chronic stimulation-induced 
contractile activity, mitochondrial adaptations, including 
enhanced enzymatic activity, occur more easily in the low-
oxidative muscles, such as the plantaris and TA muscles, 
than in high-oxidative muscles, such as the soleus and 
heart muscles [34]. Moreover, previous studies have 
reported that endurance running training using a treadmill 
at 20-25 m/min enhances mitochondrial adaptation only in 
the fast-twitch fiber dominant muscles in normal mice 
[35,36]. The present study showed that endurance running 
exercise at 20-25 m/min is sufficient to cause 
mitochondrial adaptation in the low-oxidative muscles, but 
not in high-oxidative muscles in diabetic mice. 

A previous study showed that the lower levels of 
MCT1 and MCT4 in the diabetic rats induced by high fat 
diet and STZ were observed in the extensor digitorum 
longus and soleus muscles compared with non-diabetic 
rats [37]. Another study identified significant reduction in 
the levels of MCT1 and MCT4 only in the plantaris 
muscles, but not in the soleus muscle and heart, in  
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STZ-induced diabetic rats than those in non-diabetic rats 
[13]. In the present study, there were no significant 
changes in the levels of MCTs in the skeletal muscles and 
heart in STZ-induced diabetic mice. The differences in 
the results of MCTs between the previous and present 
studies may reflect the metabolic differences between 
animal species under diabetic conditions, and thus, 
further studies are needed to clarify them. The running 
exercise training at 30 m/min increased MCT1 levels in 
the soleus and plantaris muscles, and increased 
MCT4 levels in the plantaris muscles in diabetic rats than 
those in sedentary diabetic rats [13]. The present study 
showed that endurance exercise did not induce changes in 
MCT1 expression in the soleus and plantaris muscles in 
diabetic mice. These results suggest that endurance 
running exercise at 25 m/min is insufficient to alter 
MCT1 expression. In the present study, decreased lactate 
concentrations in sedentary conditions appeared to be 
unrelated to levels of MCT1 in diabetic mice, although 
they tended to be related to decreased muscle glycogen 
concentrations. Consistent with results of a previous 
study [13], the present study showed that endurance 
exercise induced an increase in levels of MCT4 in the 
plantaris muscle, but not in the soleus muscle, in diabetic 
mice. In patients with type 1 diabetes, lactate 
accumulation in the vastus lateralis muscle, a fast muscle, 
with high intensity exercise was higher than that in 
patients without diabetes [38]. This suggests that type 1 
diabetes may be associated with increases lactate 
production or decreased lactate clearance compared to 
individuals without diabetes. In the present study, it is 
possible that endurance running exercise at 25 m/min 
induced higher lactate concentration in the skeletal muscle 
and plasma in diabetic mice than that in non-diabetic mice. 
MCT4 is more abundant in the fast muscles (i.e. plantaris 
muscle) than in the slow muscles (i.e. soleus muscle) and 
mediates the efflux of lactate from skeletal muscle [39]. 
The high lactate concentration observed after endurance 

exercise may be attributed to the high MCT4 levels in the 
plantaris muscle in diabetic mice. 

In the diabetic mice induced by STZ, oxidative 
enzyme potential diminished and fiber size reduced in the 
fast-twitch fibers, although slow-twitch fibers were least 
affected compared to normal mice [40]. This study 
revealed that the adaptations, such as GLUT4 and 
MCT4 level, and protein levels related with 
mitochondrial contents, by exercise occur more readily in 
the fast muscles than in the slow muscles. Endurance 
running exercise at 20-25 m/min is effective in improving 
hyperglycemia, increasing GLUT4 and MCT4 levels and 
the proteins related to mitochondrial contents in the fast 
muscle, but not in the slow muscle. 
 
Conclusions 
 

In summary, the study findings suggested that 
running training at 25 m/min improved glucose 
metabolism by increasing the number of mitochondria 
and GLUT4 and MCT4 expressions in the low-oxidative 
muscles in STZ-induced diabetic mice. The results of this 
study including mitochondrial adaptation, such as 
increased levels of PGC1α and mitochondrial proteins, 
and maximal citrate synthase activity, suggest that 
endurance training improves mitochondrial content in the 
low-oxidative muscles, but not in the high-oxidative 
muscles in diabetes. These results suggest glucose 
clearance in diabetes improved by endurance training via 
to especially low-oxidative muscle adaptation. 
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