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Introduction
The beneficial effects of exercise on type 2 diabetics have been well-

documented, including restoration of glycemic control [1-3]. At the 
molecular level, an increase in the translocation of glucose transporter 
4 (GLUT-4) following the activation of phosphatidylinositol 3-kinase 
(PI3-kinase), and protein kinases B (Akt) and C ζ/λ (PKCζ/λ) improves 
glycemic control [4,5]. Thus, chronic exercise prevents or improves 
type 2 diabetes.

Dehydroepiandrosterone (DHEA) and its sulfate derivate 
(DHEA-S) are precursors of sex steroid hormones. DHEA is converted 
to testosterone by 3β-hydroxysteroid dehydrogenase (HSD) and 
17β-HSD, and is converted to 5α-dehydrotestosterone (DHT) by 
5α-reductase in peripheral tissues such as the ovary, testis, brain and 
bone [6]. Recently, we demonstrated that DHEA is metabolized to 
testosterone and DHT in cultured skeletal muscle, suggesting that 
skeletal muscle is capable of locally synthesizing sex steroid hormones 
[7,8]. Blood DHEA and DHEA-S levels in patients with type 2 diabetes 
are reduced [9]. Moreover, DHEA and DHEA-S levels are lower in 
both serum and skeletal muscle in obese and type 2 diabetic model 
rats as compared to controls [10,11]. DHEA and DHT levels in skeletal 
muscle are significantly correlated with blood glucose levels [11], 
and in type 1 diabetic model rats, DHEA administration reduced 
blood glucose levels. Interestingly, this effect was prevented by pre-

administration of a DHT inhibitor [12]. Accordingly, these steroid 
hormones may be part of the mechanism through which exercise leads 
to improve hyperglycemia.

Exercise elevates blood steroid hormone levels [11]. We 
demonstrated that acute and chronic exercise significantly increases 
muscular DHEA and DHT levels, and upregulates enzymes involved in 
steroidogenesis in normal and obese rats [10,11,13,14]. Furthermore, 
DHEA and DHT activate Akt and PKCζ/λ-GLUT-4 pathways in 
skeletal muscle [8]. Exercise-induced alleviation of insulin resistance 
was correlated with increased DHEA and DHT levels and activated 
Akt and PKCζ/λ-GLUT-4 pathways in the skeletal muscle of obese 
rats [11,12]. However, in spite of these correlations, there has been no 
direct evidence addressing whether sex steroid hormones can directly 
modulate hyperglycemia in type 2 diabetics.

To address this, we elected to use an animal model of type 2 
diabetes, the Zucker diabetic fatty rats. These animals lack functional 
leptin receptors, and develop obesity, and type 2 diabetes. Their 
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Abstract
The ability of exercise to improve hyperglycemia by enhancing glucose metabolism in the skeletal muscle of 

type 2 diabetic patients is well established. We reported sex steroid hormones can be locally synthesized in skeletal 
muscle and decrease fasting blood glucose levels in obese rats. Here, we determined whether exercise-induced 
production of sex steroid hormones in skeletal muscle could directly reverse hyperglycemia in the Zucker diabetic 
fatty rat model using osmotic mini pump.

Thirty Zucker diabetic fatty rats were randomly assigned to the following groups: control, exercise, or exercise 
with continuous infusion of 5α-reductase inhibitor. 

The results indicated 6 weeks of exercise significantly reduced serum insulin and fasting glucose levels 
compared to control group. Dehydroepiandrosterone, 5α-dehydrotestosterone, and 5α-reductase levels were all 
significantly higher in skeletal muscle of the exercise group. Moreover, exercise increased glucose transporter-4 
translocation with a concomitant upregulation of phosphorylated phosphoinositide 3-kinase, protein kinase B and 
C-ζ/λ. Furthermore, significant correlations were observed between fasting glucose and muscular DHT levels.
Interestingly, the observed exercise-induced improvements in serum insulin and fasting glucose levels were all
suppressed by administration of 5α-reductase inhibitor.

These results indicated the exercise-induced improvements in glucose metabolism signaling and glucose levels 
may be directly attributed to the increased levels of sex steroid hormones within skeletal muscles. 
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progression into overt diabetes is similar to the development of type 2 
diabetes in humans [15,16]. Therefore, to test our hypothesis, we used 
Zucker diabetic fatty rats allowed to exercise+infusion of a 5α-reductase 
inhibitor to evaluate the effects of exercise-induced increases in sex 
steroid hormones on glucose metabolism and signaling through the 
Akt and PKCζ/λ-GLUT-4 pathways. 

Methods
Approval for the study was obtained from the Committee on 

Animal Care at the Ritsumeikan University. Male Zucker diabetic fatty 
(Crlj:ZUC-Leprfa) and Zucker lean (Crlj:ZUC-Lepr+/+) rats (110−140 
g, 5 weeks old) were obtained from Charles River Japan (Kanagawa, 
Japan) and cared for according to The Guiding Principles for the Care 
and Use of Animals based on the Declaration of Helsinki. Rats were 
housed individually under controlled conditions (12:12-h light−dark 
cycle), and were maintained on an ad libitum diet. After 1 week, Zucker 
rats were randomly assigned to one of four groups: lean (n=10), control 
(n=10), exercise (n=10), or exercise with 5α-reductase inhibitor (n=10). 
The animals exercised by voluntary running on a wheel. Animals were 
housed in cages with free access to a running wheel for 6 weeks. Total 
wheel revolutions were recorded daily by a magnetic switch. The 
total exercise performed each day was determined by multiplying the 
number of wheel rotations by the circumference of the wheel [17]. The 
5α-reductase inhibitor (dutasteride; Avodart GG745, GalxoSmithKline, 
NJ, USA) was continuously delivered at 0.15 μl per hour for 42 days via 
an implanted osmotic mini pump (Model 2006; Alzet, Cupertino, CA). 
The inhibitor (2 mg/kg) was dissolved into sesame oil and 200 μl was 
loaded into the pump. Then, the pump was inserted subcutaneously, 
and the skin closed with wound clips [18]. To avoid the effect of acute 
exercise, forty eight hours after the last exercise session [15], blood was 
taken from the tail vein to assess fasting glucose levels, and the soleus 
and gastrocnemius muscles were quickly removed, weighed, rinsed in 
ice-cold saline, and frozen in liquid nitrogen. These muscle samples 
were stored at -80°C until use.

Immunoblot analysis

Muscle specimens were homogenized with 20 mM Tris-HCl pH 
7.8, 300 mM NaCl, 2 mM ethylenediaminetetraacetic acid (EDTA), 
2 mM dithiothreitol (DTT), 2% nonident P-40 (NP-40), 0.2% 
sodium lauryl sulphate (SDS), 0.2% sodium deoxycholate, 0.5 mM 
phenylmethylsulphonyl fluoride (PMSF), 60 µg/ml aprotinin, and 
1 µg/ml leupeptin. The homogenate was gently mixed for 30 min at 
4°C, and then centrifuged at 12,000 × g for 15 min at 4°C. The protein 
concentration of the resulting supernatant was determined. Samples 
(50 µg protein) were denatured at 96°C for 7 min in Laemmli buffer. 
Western blot analyses were performed essentially as previously 
described (Sato et al. [8]). Briefly, samples were separated using 10% 
SDS-polyacrylamide gels and transferred to polyvinylidene difluoride 
membranes (PVDF; Millipore Corp., Billerica, MA). Then, the 
membranes were treated for 24 h at 4°C with blocking buffer (5% skim 
milk in phosphate-buffered saline with 0.1% Tween 20 [PBS-T]). Next, 
the membranes were probed with antibodies against GLUT-4, serine 
(Ser) 473-phosphorylated Akt, total Akt protein, phosphorylated 
PKC ζ/λ (Cell Signaling, Beverly, MA), 17β-HSD, and 3β-HSD (Cell 
Signaling), all diluted 1:1000 with blocking buffer. Anti-5α-reductase 
type 1 (Abnova Corporation, Taipei, Taiwan) was used at a 1:500 
dilution. The membranes were washed three times with PBS-T, then 
incubated for 1 h at room temperature with a horseradish peroxidase 
(HRP)−conjugated secondary antibody, anti-rabbit immunoglobulin 
(Cell Signaling, Beverly, MA), diluted 1:3000 in blocking buffer. Next, 

the membranes were washed three times with PBS-T. Finally, GLUT-4, 
phosphorylated Akt, total Akt, and phosphorylated PKC ζ/λ proteins 
were detected using an enhanced chemiluminescence (ECL) plus 
system (GE Healthcare Biosciences, Piscataway, NJ) and visualized 
using Image Quant LAS 4000(GE Healthcare Biosciences).

Preparation of the cytosolic and plasma membrane protein 
fractions

To assess GLUT-4 translocation, two membrane fractions were 
prepared as previously described [8]. Briefly, to prepare the crude 
membrane, muscles were scraped into buffer A (20 mM Tris pH 7.4, 
1 mM EDTA, 0.25 mM EGTA, 0.25 M sucrose, 1 mM DTT, 50 mM 
NaF, 25 mM sodium pyrophosphate, and 40 mM β-glycerophosphate). 
The resulting homogenates were clarified by centrifugation at 400×g 
for 15 min. The supernatant was centrifuged at 50,000 rpm for 1 h. 
The enriched GLUT-4 membrane fraction was produced by blending 
muscles for 20 s in 5 times with ice-cold Tris buffer containing 1.4 M 
sucrose and 0.25 mM PMSF. The homogenate was centrifuged for 
10 min at 1,500 g at 4°C. The postnuclear supernatant was added to 
1 mM EDTA and prepared for density centrifugation by overlaying 
the postnuclear supernatant with Tris buffer containing 1.2 and 0.8 
M sucrose. The enriched GLUT-4 membrane fraction was harvested 
in the 0.8/1.2M sucrose interphase. 200 μl of the harvested interphase 
sample were resuspended in buffer A. To prepare the cytosolic protein 
fraction, cells were solubilized for 1 h at room temperature in buffer 
B (20 mM Tris pH 7.4, 1 mM EDTA, 70 mM KCl, 3 mM magnesium 
acetate, 2 mM CaCl2). The homogenate was centrifuged, and the 
supernatant was spun for 1 h at 55,000 rpm. The resulting supernatant 
was then used as the cytosolic fraction. GLUT-4 protein levels were 
measured in both the membrane and cytosolic fractions. Translocation 
was determined as the difference in protein levels between the cytosol 
and membrane fractions [8].

Measurement of citrate synthase activity 

Soleus muscle (50 mg) was homogenized on ice in 10 volumes of 
250 mM sucrose, 1 mM Tris-HCl pH 7.4, and 130 mM NaCl with a 
Teflon homogenizer. The homogenate was centrifuged at 9,000×g for 
20 min at 0°C, and the pellet was resuspended in homogenate buffer 
and centrifuged at 600×g for 10 min at 0°C. The supernatant was 
centrifuged at 8,000×g for 15 min at 0°C, and the pellet was resuspended 
in 250 mM sucrose. To assess citrate synthase activity, a rate-limiting 
enzyme in the tricarboxylic acid cycle, 50 μl aliquots were incubated 
for 2 min at 30°C in 900 μl of incubation mixture [100 mM Tris-HCl 
pH 8.0, 1 mM 5,5’-dithio-bis(2-nitro benzoic acid), and 10 mM acetyl-
CoA]. The reaction was initiated by adding 50 μl of 10 mM oxaloacetate 
and activity was measured by absorbance at 412 nm for 3 min [19].

Sandwich-Enzyme Immunoassay (EIA)

PI3-kinase activity assay was a competitive EIA in which the signal 
was inversely proportional amount of PI(3,4,5)P3 produced. After the 
PI3-kinase reactions were, complete, reaction products were added 
to the PI(3,4,5)P3-coated microplate, a PI(3,4,5)P3 detector protein 
then added to competitive binding. A peroxidise-linked secondary 
detector and colorimetric detection was used to detect PI(3,4,5)P3 
detector binding to the plate. The colorimeric signal was inversely 
proportional to the amount of PI(3,4,5)P3 produced by PI3-kinase 
(Echelon, Biosciences Inc, Salt Lake City, UT). DHEA and DHT levels 
in skeletal muscle extracts were determined using a sandwich-EIA kit 
according to the manufacturer’s instructions (Assay Designs Inc., Ann 
Arbor, MI). Polyclonal anti-DHEA and -DHT antibodies were used for 



Citation: Sato K, Fujita S, Yamauchi H, Shiroya Y, Kitamura H, et al. (2013) The Exercise-Induced Improvement in Hyperglycemia is Mediated by DHT 
Produced in the Skeletal Muscle of Zucker Diabetic Fatty Rats. J Diabetes Metab 4: 239. doi:10.4172/2155-6156.1000239

Page 3 of 7

Volume 4 • Issue 1 • 1000239
J Diabetes Metab
ISSN:2155-6156 JDM, an open access journal

immobilization, while the secondary horseradish peroxidase−coupled 
antibody was monoclonal. Optical density at 450 nm was determined 
using a microplate reader (BioLumin 960; Molecular Dynamics, Tokyo, 
Japan). All samples were assayed in duplicate.

Statistical analysis 

All values represent the mean ± SE. Statistical evaluation of the 
data was performed using a one-way ANOVA. A post-hoc comparison 
test was used to correct for multiple comparisons (Bonferroni test) 
when analyses revealed significant differences. For the ANOVA, 
p<0.05 was considered to be significant; p<0.01 was considered to be 
significant for the post-hoc test. Relationships between sex steroid 
hormone concentrations and blood glucose levels, and level of GLUT-
4 translocation were determined using Pearson correlation coefficients. 

Results
As compared to the control rats, body mass was significantly 

decreased, and muscle mass significantly increased after 6 weeks of 
exercise (Table 1). The rats that exercised and received the 5α-reductase 
inhibitor also decreased their body mass, but without a corresponding 
increase in muscle mass. Fasting glucose levels were significantly 
lower in the rats that exercised alone; however, rats that exercised with 
administration of the 5α-reductase inhibitor showed no improvement 
in fasting blood glucose levels. Citrate synthase activity in the soleus 
muscle was significantly higher (p<0.01) in both exercise groups as 
compared to controls (Table 1). The average of wheel running distance 
was 2872 ± 721 m per day in exercise group and 2765 ± 563 m per day 
in exercise plus inhibitor group (data not shown) and no significant 
difference between groups. 

Expression of sex steroid hormones and steroidogenic 
enzymes 

DHEA and DHT levels in skeletal muscle were significantly lower in 
the Zucker control group. However, these levels significantly increased 
in the Zucker rats after exercise. Administration of the 5α-reductase 
inhibitor suppressed the exercise-induced increase in DHT levels 
(Figure 1). Moreover, exercise induced an increase in the expression 
of steroidogenic enzymes such as 5α-reductase type 1, 3β-HSD, and 
17β-HSD (Figure 2). Interestingly, 5α-reductase expression was 
suppressed after administration of the 5α-reductase inhibitor, whereas 
expression of 3β-HSD and 17β-HSD was not affected. 

PI3-kinase activity, Akt and PKC-ζ/λ phosphorylation

PI3-kinase activity was significantly lower in Zucker control group 

(Figure 3A, p<0.01). On the other hand, exercise induced significant 
increase of PI3-kinase activity, but 5α-reductase inhibitor suppressed 
exercise-induced increase of PI3-kinase activity. As similarly, Akt 
phosphorylation was significantly lower (p<0.01) in Zucker control 
animals. Conversely, Akt phosphorylation levels in the exercise group 
were similar to those in the lean rats. This exercise-induced enhancement 
of Akt phosphorylation was suppressed by the 5α-reductase inhibitor 
(Figure 3B). Additionally, PKC-ζ/λ phosphorylation was significantly 
increased (Figure 3C, p<0.01) in the exercise group, but decreased in 
the exercise plus inhibitor group, as compared to the Zucker control 
rats. 

GLUT-4 expression and translocation

GLUT-4 expression was significantly lower (p<0.01) in the Zucker 
control group (Figure 4). GLUT-4 translocation, which was evaluated 
by assessing the difference between the cytosolic and membrane GLUT-
4 protein levels, was significantly enhanced (p<0.01) with exercise but 
suppressed with administration of the 5α-reductase inhibitor.

Relationship between sex steroid hormone and glucose 
metabolism indices

Significant correlations were detected between fasting glucose and 
skeletal muscle DHT levels (r=−0.78, p<0.001; Figure 5). Moreover, 
GLUT-4 translocation was significantly correlated with skeletal muscle 
DHT levels (r=0.73, p<0.001). The correlation analysis was conducted 
with Zucker rats, which excluded healthy lean rats.  

Discussion
This study demonstrated that 6 weeks of exercise significantly 

increased DHEA, DHT, and 5α-reductase type 1 protein levels, as well 
as GLUT-4-regulated signaling, in skeletal muscle of Zucker diabetic 
fatty rats. Significant lower in fasting insulin and blood glucose levels 
with exercise were also observed. Furthermore, fasting blood glucose 
levels and GLUT-4 translocation were significantly correlated with 
the concentrations of DHT in skeletal muscle. Interestingly, we 
demonstrated for the first time that exercise-induced improvements 
in GLUT-4-regulated signaling and hyperglycemia were suppressed by 
chronic inhibition of 5α-reductase. Thus, exercise-induced increases in 
the intramuscular synthesis of DHT were necessary to achieve glycemic 
control through the upregulation of GLUT-4-regulated signaling in 
fatty diabetic hyperglycemic rats. 

Patients with type 2 diabetes and metabolic syndrome generally 
present with lower than average serum DHEA and DHEA-S levels 
[20,21]. The decreased DHEA levels may result from insulin-induced 

Lean (n=10) Control (n=10) EX (n=10) EX+in (n=10)
Body mass (g) 308.68.0*† 491.6 ± 23.3 352.6 ± 10.6*† 436.7 ± 7.2
Fasting glucose(mmol/l) 8.8 ± 1.1*† 17.3 ± 4.1 13.4 ± 2.3*† 14.8 ± 5.1
Fasting insulin (pmol/l) 5.42 ± 1.0*† 12.2 ± 2.2 8.41 ± 1.8*† 13.5 ± 1.5
CS activity (μmol/g/min) 13.7 ± 1.2†‡ 9.09 ± 1.3 21.8 ± 2.0* 19.2 ± 2.2*

Tissue Weight (g/body weight)
 Gastrocnemius muscle 3.24 ± 0.63* 2.65 ± 0.81 4.12 ± 0.52* 3.46 ± 0.66*

 Soleus muscle 0.46 ± 0.03*† 0.26 ± 0.02 0.36 ± 0.05*† 0.23 ± 0.04
 Abdominal fat 4.49 ± 1.13*†‡ 15.28 ± 1.54 14.0 ± 2.21* 14.6 ± 1.43

CS: Citrate Synthase 
EX: Exercise Training
EX+ in: Exercise training + 5α-reductase inhibitor administration 
* p<0.01, vs. Zucker-control 
‡ p<0.01, vs. Zucker-EX
† p<0.01, vs. Zucker-EX + in 

Table 1: Animal characteristics.
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inhibition of adrenal 17,20-lyase activity, a key enzymatic step in adrenal 
androgen synthesis [7]. In our previous studies, muscular DHEA and 
DHT concentrations declined in obese rats and type 1 diabetic rats 
[11,12]. In accord with those data, in the present study we observed 
reduced muscular DHEA and DHT concentrations in Zucker diabetic 
fatty rats. Steroidogenic enzymes that can synthesize testosterone 
and DHT from DHEA, i.e., 3β-HSD, 17β-HSD, and 5α-reductase, 
have been detected in skeletal muscle [7,8]. We observed decreased 
expression of these steroidogenic enzymes in skeletal muscle from type 
2 diabetic rats. Therefore, the reduction in skeletal muscle DHT levels 
may be due to decreased DHEA secretion from the adrenal glands and/
or local downregulation of steroidogenic enzymes. Furthermore, in 
Zucker diabetic fatty rats, the correlation coefficient between muscular 
DHT and fasting glucose levels was 0.61 (data not shown). These 
observations suggested that steroid hormones contributed to changes 
in hyperglycemia.

Six weeks of exercise led to elevated skeletal muscle DHT and 
steroidogenic enzyme levels in a rat model of type 2 diabetes. We 
previously reported that the effect of exercise on skeletal muscle DHT 
secretion was equal to the effect induced by administration of 50 mg/
kg/day of DHEA, and that these outcomes were correlated with fasting 
glucose levels in obese rats [11]. In the current study, continuous 
inhibition of DHT synthesis abrogated the exercise-induced 
upregulation of DHT synthesis in skeletal muscle, as indicated by 
lowered 5α-reductase protein and DHT levels. Consequently, exercise-
induced improvement in glucose metabolism was also attenuated in 
animals receiving the 5α-reductase inhibitor. Thus, an exercise-induced 

normalization of DHT synthesis in skeletal muscle partly contributes 
to the amelioration of hyperglycemia observed in this model of type 2 
diabetes.   

The mechanisms underlying the relationship between skeletal 
muscle levels of DHT and glucose remain to be elucidated. The 
known signaling mechanisms impacting glycemic control include 
GLUT-4−related pathways, e.g., PI3-kinase−associated Akt and PKC 
activation via insulin and IRS-1 [3]. GLUT-4 signaling is impaired in 
type 2 diabetes patient and type 2 model rats [16,22], but can be at 
least partially restored through exercise [1,3]. In the present study, 
6 weeks of exercise improved the activation of PI3-kinase, Akt and 
PKCζ/λ-GLUT-4 pathways in the skeletal muscle of type 2 diabetic 
rats. Interestingly, a significant relationship was observed between 
both GLUT-4 translocation and fasting glucose levels and skeletal 
muscle DHT levels. Moreover, the exercise-induced PI3-kinase, Akt 
and PKCζ/λ signaling and reduced blood glucose levels were abrogated 
by chronic administration of a 5α-reductase inhibitor. Previously, 
we demonstrated that DHT activated glucose metabolism signaling 
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Figure 1: The effect of exercise on DHEA and DHT levels in the 
gastrocnemius muscle. Concentrations of DHEA (A) and DHT (B) in the 
gastrocnemius muscle were normalized based on total protein levels. Data 
represent the mean ± SE; * p<0.01 as compared to the obese control group. 
EX: Exercise Group; EX-in: Exercise + Inhibitor Group.
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expression. (A) Representative immunoblotting results and histograms 
depicting for 5α-reductase type 1 protein expression in the gastrocnemius 
muscle. (B) Representative immunoblotting results and histograms 
depicting for 3β-HSD and 17β-HSD proteins are shown (C). Data represent 
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pathways in skeletal muscle cell cultures and skeletal muscle from 
rats [8,11]. In a study using a rat model of type 1 diabetes, a single 
dose of DHEA resulted in increased DHT levels and greater GLUT4 
translocation in skeletal muscle, which led to reduction of blood glucose 
levels. Interestingly, this effect was inhibited by pre-administration of 
a DHT inhibitor [12]. Together, the data demonstrate that exercise-
induced increases in locally synthesized DHT improved hyperglycemia 
by activating the PI3-kinase, Akt and PKCζ/λ-GLUT-4 pathways in the 
skeletal muscle of fatty diabetic rats. 

Exercise has been shown to improve glycemic control through 
activation of insulin-mediated GLUT-4-related signaling in skeletal 
muscle [2,5]. In the present study, significant decreases in fasting 
blood glucose levels observed with exercise were partially suppressed 
by chronic inhibition of 5α-reductase. Therefore, the effect of exercise 
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translocation in the gastrocnemius muscle. (A) Representative 
immunoblotting results for GLUT-4 protein in cytosolic and membrane 
fractions isolated from the gastrocnemius muscle are depicted in the upper 
panel. The lower panel shows a histogram of GLUT-4 protein levels as 
assessed from the immunoblots by densitometry. (B) The level of GLUT-4 
translocation was calculated by assessing the difference in GLUT-4 protein 
levels between the cytosolic and membrane fractions. Data represent the 
mean ± SE; *p<0.01 as compared to the obese control group. EX: Exercise 
Group; EX-in: Exercise + Inhibitor Group; AU: Arbitrary Unit.

on hyperglycemia may be achieved through a combination of insulin 
and DHT signaling pathways. In addition, the exercise-related decrease 
in fasting insulin levels was completely reversed to control levels by 
the DHT inhibitor. It could be that the attenuated effect of exercise on 
hyperglycemia observed with the DHT inhibitor led to a compensatory 
adaptation to elevate insulin secretion. It has been well documented that 
exercise training induced the improvement of insulin sensitivity, which 
is measured by the hyperinsulinemic-euglycemic clamp technique 
[23,24]. In the present study, exercise training improved fasting blood 
glucose and insulin levels through the activation of Akt and PKCζ/λ-
GLUT-4 signaling pathway in our Zucker fatty obese rats. However, 
it should focus on whether exercise training-induced increase of sex 
steroid hormone contributes improvement of insulin sensitivity with 
using hyperinsulinemic-euglycemic clamp technique for future study. 

Here, we observed that exercise increased skeletal muscle levels of 
sex steroid hormones and accelerated steroid metabolism. Rats allowed 
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running as they wished for 6 weeks increased citrate synthase activity 
in skeletal muscle. Additionally, exercise elevated the expression of the 
steroidogenic enzymes 17β-HSD, 3β-HSD and 5α-reductase in skeletal 
muscle. Thus, aerobic exercise may improve impaired skeletal muscle 
steroidogenesis. Although the effect of exercise has not been fully 
elucidated in humans, this study suggests that increased skeletal muscle 
sex steroid hormone levels may be involved in the improvement of 
patients with insulin resistance and hyperglycemia. The administration 
of 5α-reductase inhibitor with testosterone supplementation for healthy 
human did not affect alterations of diabetic risk factors such as fasting 
glucose and hemoglobin A1c (HbA1c) levels in the previous study [25]. 
Therefore, 5α-reductase inhibitor administration for normal health 
individuals might not influence diabetic risk factors. However, 5alpha-
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Figure 5: Correlations exist between skeletal muscle DHT levels 
and fasting glucose/GLUT-4 translocation in Zucker obese fatty 
rats. (A) Correlations were observed between skeletal muscle DHT and 
fasting glucose levels, (B) and between skeletal muscle DHT and GLUT-
4 translocation in Zucker obese fatty rats, which excluded lean rats. AU: 
Arbitrary Unit; p<0.01 considered to be significant. 

reductase inhibitor administration decreased DHT synthesis from 
testosterone systemically including testis, brain, bone as well as muscle. 
In the present study, 5α-reductase inhibitor blocked systemically, so 
it should focus on the effect of 5alpha-reductase inhibition for these 
tissues. 

In conclusion, exercise increased sex steroid hormone levels in 
skeletal muscle and improved hyperglycemia through the activation of 
GLUT-4−regulated signaling. A DHT inhibitor blocked these effects, 
suggesting that the exercise-related improvements in hyperglycemia 
insulin resistance were mediated, at least in part, by hormones. These 
results might suggest new therapeutic targets for the restoration of 
impaired insulin signaling in skeletal muscle for patients with insulin 
resistance and hyperglycemia.

Acknowledgements

This work was supported by grants-in-aid for Scientific Research from the 
Ministry of Education, Culture, Sports, Science and Technology of Japan (21300254, 
22650166). This work was also funded by The Yamaha Motor Foundation for 
Sports (M. Iemitsu and K. Sato) and a Sasakawa Scientific Research Grant from 
The Japan Science Society (21-611). 

References

1. Jedrzejuk D, Medras M, Milewicz A, Demissie M (2003) Dehydroepiandrosterone 
replacement in healthy men with age-related decline of DHEA-S: effects on fat 
distribution, insulin sensitivity and lipid metabolism. Aging Male 6: 151-156.

2. Jessen N, Pold R, Buhl ES, Jensen LS, Schmitz O, et al. (2003) Effects of 
AICAR and exercise on insulin-stimulated glucose uptake, signaling, and 
GLUT-4 content in rat muscles. J Appl Physiol 94: 1373-1379.

3. Zierath JR (2002) Invited review: Exercise training-induced changes in insulin 
signaling in skeletal muscle. J Appl Physiol 93: 773-781.

4. Cartee GD, Young DA, Sleeper MD, Zierath J, Wallberg-Henriksson H, et al. 
(1989) Prolonged increase in insulin-stimulated glucose transport in muscle 
after exercise. Am J Physiol 19: E494-E499. 

5. Kim Y, Inoue T, Nakajima R, Nakae K, Tamura T, et al. (1995) Effects of 
endurance training on gene expression of insulin signal transduction pathway. 
Biochem Biophys Res Commun 210: 766-773.

6. Labrie F, Luu-The V, Bélanger A, Lin SX, Simard J, et al. (2005) Is 
dehydroepiandrosterone a hormone? J Endocrinol 187: 169-196.

7. Aizawa K, Iemitsu M, Maeda S, Jesmin S, Otsuki T, et al. (2007) Expression of 
steroidogenic enzymes and synthesis of sex steroid hormones from DHEA in 
skeletal muscle of rats. Am J Physiol 292: E577-E584. 

8. Sato K, Iemitsu M, Aizawa K, Ajisaka R (2008) Testosterone and DHEA 
activate the glucose metabolism-related signaling pathway in skeletal muscle. 
Am J Physiol Endocrinol Metab 294: E961-E968. 

9. Yamaguchi Y, Tanaka S, Yamakawa T, Kimura M, Ukawa K, et al. (1998) 
Reduced serum dehydroepiandrosterone levels in diabetic patients with 
hyperinsulinaemia. Clin Endocrinol (Oxf) 49: 377-383. 

10. Aizawa K, Iemitsu M, Maeda S, Mesaki N, Ushida T, et al. (2011) Endurance 
exercise training enhances local sex steroidogenesis in skeletal muscle. Med 
Sci Sports Exerc 43: 2072-2080.

11. Sato K, Iemitsu M, Aizawa K, Mesaki N, Fujita S (2011) Increased muscular 
dehydroepiandrosterone levels are associated with improved hyperglycemia in 
obese rats. Am J Physiol Endocrinol Metab 301: E274-E280.

12. Sato K, Iemitsu M, Aizawa K, Ajisaka R (2009) DHEA improves impaired 
activation of Akt and PKC zeta/lambda-GLUT4 pathway in skeletal muscle and 
improves hyperglycaemia in streptozotocin-induced diabetes rats. Acta Physiol 
(Oxf) 197: 217-225.

13. Aizawa K, Iemitsu M, Otsuki T, Maeda S, Miyauchi T, et al. (2008) Sex 
differences in steroidogenesis in skeletal muscle following a single bout of 
exercise in rats. J Appl Physiol 104: 67-74.

14. Aizawa K, Iemitsu M, Maeda S, Otsuki T, Sato K, et al. (2010) Acute exercise 
activates local bioactive androgen metabolism in skeletal muscle. Steroids 75: 
219-223.

http://www.ncbi.nlm.nih.gov/pubmed/14628495
http://www.ncbi.nlm.nih.gov/pubmed/14628495
http://www.ncbi.nlm.nih.gov/pubmed/14628495
http://www.ncbi.nlm.nih.gov/pubmed/12496137
http://www.ncbi.nlm.nih.gov/pubmed/12496137
http://www.ncbi.nlm.nih.gov/pubmed/12496137
http://www.ncbi.nlm.nih.gov/pubmed/12133891
http://www.ncbi.nlm.nih.gov/pubmed/12133891
http://ajpendo.physiology.org/content/256/4/E494.abstract
http://ajpendo.physiology.org/content/256/4/E494.abstract
http://ajpendo.physiology.org/content/256/4/E494.abstract
http://www.ncbi.nlm.nih.gov/pubmed/7763251
http://www.ncbi.nlm.nih.gov/pubmed/7763251
http://www.ncbi.nlm.nih.gov/pubmed/7763251
http://www.ncbi.nlm.nih.gov/pubmed/16293766
http://www.ncbi.nlm.nih.gov/pubmed/16293766
http://0-ajpendo.physiology.org.library.pcc.edu/content/292/2/E577.short?cited-by=yes&legid=ajpendo;292/2/E577
http://0-ajpendo.physiology.org.library.pcc.edu/content/292/2/E577.short?cited-by=yes&legid=ajpendo;292/2/E577
http://0-ajpendo.physiology.org.library.pcc.edu/content/292/2/E577.short?cited-by=yes&legid=ajpendo;292/2/E577
http://www.ncbi.nlm.nih.gov/pubmed/18349113
http://www.ncbi.nlm.nih.gov/pubmed/18349113
http://www.ncbi.nlm.nih.gov/pubmed/18349113
http://www.ncbi.nlm.nih.gov/pubmed/9861330
http://www.ncbi.nlm.nih.gov/pubmed/9861330
http://www.ncbi.nlm.nih.gov/pubmed/9861330
http://www.ncbi.nlm.nih.gov/pubmed/21502890
http://www.ncbi.nlm.nih.gov/pubmed/21502890
http://www.ncbi.nlm.nih.gov/pubmed/21502890
http://www.ncbi.nlm.nih.gov/pubmed/21285401
http://www.ncbi.nlm.nih.gov/pubmed/21285401
http://www.ncbi.nlm.nih.gov/pubmed/21285401
http://www.ncbi.nlm.nih.gov/pubmed/19523145
http://www.ncbi.nlm.nih.gov/pubmed/19523145
http://www.ncbi.nlm.nih.gov/pubmed/19523145
http://www.ncbi.nlm.nih.gov/pubmed/19523145
http://www.ncbi.nlm.nih.gov/pubmed/17975125
http://www.ncbi.nlm.nih.gov/pubmed/17975125
http://www.ncbi.nlm.nih.gov/pubmed/17975125
http://www.ncbi.nlm.nih.gov/pubmed/20045012
http://www.ncbi.nlm.nih.gov/pubmed/20045012
http://www.ncbi.nlm.nih.gov/pubmed/20045012


Citation: Sato K, Fujita S, Yamauchi H, Shiroya Y, Kitamura H, et al. (2013) The Exercise-Induced Improvement in Hyperglycemia is Mediated by DHT 
Produced in the Skeletal Muscle of Zucker Diabetic Fatty Rats. J Diabetes Metab 4: 239. doi:10.4172/2155-6156.1000239

Page 7 of 7

Volume 4 • Issue 1 • 1000239
J Diabetes Metab
ISSN:2155-6156 JDM, an open access journal

15. Etgen GJ, Oldham BA (2000) Profiling of Zucker diabetic fatty rats in their 
progression to the overt diabetic state. Metabolism 49: 684-688.

16. Tokuyama Y, Sturis J, DePaoli AM, Takeda J, Stoffel M, et al. (1995) Evolution 
of beta-cell dysfunction in the male Zucker diabetic fatty rat. Diabetes 44: 1447-
1457.

17. Park JH, Iemitsu M, Maeda S, Kitajima A, Nosaka T, et al. (2008) Voluntary 
running exercise attenuates the progression of endothelial dysfunction and 
arterial calcification in ovariectomized rats. Acta Physiol (Oxf) 193: 47-55.

18. Searls YM, Loganathan R, Smirnova IV, Stehno-Bittel L (2010) Intracellular 
Ca2+ regulating proteins in vascular smooth muscle cells are altered with type 
1 diabetes due to the direct effects of hyperglycemia. Cardiovasc Diabetol 9: 8.

19. Iemitsu M, Miyauchi T, Maeda S, Tanabe T, Takanashi M, et al. (2002) Aging-
induced decrease in the PPAR-alpha level in hearts is improved by exercise 
training. Am J Physiol Heart Circ Physiol 283: H1750-1760.

20. Berdanier CD, Parente JA Jr, McIntosh MK (1993) Is dehydroepiandrosterone 
an antiobesity agent? FASEB J 7: 414-419.

21. Muller M, Grobbee DE, den Tonkelaar I, Lamberts SW, van der Schouw YT 
(2005) Endogenous sex hormones and metabolic syndrome in aging men. J 
Clin Endocrinol Metab 90: 2618-2623.

22. Henriksen EJ, Teachey MK, Lindborg KA, Diehl CJ, Beneze AN (2008) The 
high-fat-fed lean Zucker rat: a spontaneous isocaloric model of fat-induced 
insulin resistance associated with muscle GSK-3 overactivity. Am J Physiol 
Regul Integr Comp Physiol 294: R1813-1821.

23. Sakamoto S, Minami K, Niwa Y, Ohnaka M, Nakaya Y, et al. (1998) Effect of 
exercise training and food restriction on endothelium-dependent relaxation in 
the Otsuka Long-Evans Tokushima Fatty rat, a model of spontaneous NIDDM. 
Diabetes 47: 82-86.

24. Su CF, Chang YY, Pai HH, Liu IM, Lo CY, et al. (2005) Mediation of beta-
endorphin in exercise-induced improvement in insulin resistance in obese 
Zucker rats. Diabetes Metab Res Rev 21: 175-182.

25. Bhasin S, Travison TG, Storer TW, Lakshman K, Kaushik M, et al. (2012) 
Effect of testosterone supplementation with and without a dual 5α-reductase 
inhibitor on fat-free mass in men with suppressed testosterone production: a 
randomized controlled trial. JAMA 307: 931-939.

http://www.ncbi.nlm.nih.gov/pubmed/10831184
http://www.ncbi.nlm.nih.gov/pubmed/10831184
http://www.ncbi.nlm.nih.gov/pubmed/7589853
http://www.ncbi.nlm.nih.gov/pubmed/7589853
http://www.ncbi.nlm.nih.gov/pubmed/7589853
http://www.ncbi.nlm.nih.gov/pubmed/18005246
http://www.ncbi.nlm.nih.gov/pubmed/18005246
http://www.ncbi.nlm.nih.gov/pubmed/18005246
http://www.ncbi.nlm.nih.gov/pubmed/20122173
http://www.ncbi.nlm.nih.gov/pubmed/20122173
http://www.ncbi.nlm.nih.gov/pubmed/20122173
http://www.ncbi.nlm.nih.gov/pubmed/12384451
http://www.ncbi.nlm.nih.gov/pubmed/12384451
http://www.ncbi.nlm.nih.gov/pubmed/12384451
http://www.ncbi.nlm.nih.gov/pubmed/8462783
http://www.ncbi.nlm.nih.gov/pubmed/8462783
http://www.ncbi.nlm.nih.gov/pubmed/15687322
http://www.ncbi.nlm.nih.gov/pubmed/15687322
http://www.ncbi.nlm.nih.gov/pubmed/15687322
http://www.ncbi.nlm.nih.gov/pubmed/18385470
http://www.ncbi.nlm.nih.gov/pubmed/18385470
http://www.ncbi.nlm.nih.gov/pubmed/18385470
http://www.ncbi.nlm.nih.gov/pubmed/18385470
http://www.ncbi.nlm.nih.gov/pubmed/9421378
http://www.ncbi.nlm.nih.gov/pubmed/9421378
http://www.ncbi.nlm.nih.gov/pubmed/9421378
http://www.ncbi.nlm.nih.gov/pubmed/9421378
http://www.ncbi.nlm.nih.gov/pubmed/15386812
http://www.ncbi.nlm.nih.gov/pubmed/15386812
http://www.ncbi.nlm.nih.gov/pubmed/15386812
http://www.ncbi.nlm.nih.gov/pubmed/22396515
http://www.ncbi.nlm.nih.gov/pubmed/22396515
http://www.ncbi.nlm.nih.gov/pubmed/22396515
http://www.ncbi.nlm.nih.gov/pubmed/22396515

	Title
	Corresponding author
	Abstract
	Keywords
	Abbreviations
	Introduction
	Methods
	Immunoblot analysis 
	Preparation of the cytosolic and plasma membrane protein fractions 
	Measurement of citrate synthase activity  
	Sandwich-Enzyme Immunoassay (EIA) 
	Statistical analysis  

	Results
	Expression of sex steroid hormones and steroidogenic enzymes  
	PI3-kinase activity, Akt and PKC-ζ/λ phosphorylation 
	GLUT-4 expression and translocation 
	Relationship between sex steroid hormone and glucose metabolism indices 

	Discussion 
	Acknowledgements
	Table 1
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	References

