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Abstract 
The aim of this study was to examine the effects of voluntary wheel-running (WR) on body weight 
(BW), waist circumference, mesenteric fat mass (MFM), adipocyte size, circulating cytokines/hor- 
mones, blood pressure (BP) and exercise endurance capacity in 11-month-old normal rats. Three- 
week WR with about 0.2 km of daily running distance caused a gradual loss in BW despite an in-
creased intake of food/water. MFM decreased as daily running distance increased. Moreover, 
there was a positive correlation between MFM and BW, waist circumference or adipocyte size. On 
the other hand, WR significantly decreased systolic/diastolic BPs, and increased endurance exer-
cise capacity. WR rat sera contained lower concentrations of angiotensin II, aldosterone, vaso-
pressin and endothelin-1 and higher concentration of brain natriuretic peptide compared with 
sedentary rat sera. Thus, WR-induced reduction in resting BPs may be accomplished by atte-
nuated vasoconstriction, enhanced vasodilatation and reduction in blood volume. In addition, 
circulating vascular endothelial growth factor and interleukin-6 were higher in WR rats, suggest-
ing angiogenesis, anti-inflammation and insulin-sensitization. These results support a prevalent 
idea that daily light-exercise is a potential strategy for preventing metabolic syndrome. 

 
Keywords 
Adipokine, Blood Pressure, Endurance Exercise Capacity, Hormone, Metabolic Syndrome,  

 

 

*Corresponding author. 
#The present affiliation: Department of Physiology, Nara Medical University, Nara, Japan. 

http://www.scirp.org/journal/jbm
http://dx.doi.org/10.4236/jbm.2015.38002
http://dx.doi.org/10.4236/jbm.2015.38002
http://www.scirp.org
mailto:ssakata@naramed-u.ac.jp
http://creativecommons.org/licenses/by/4.0/


S. Sakata et al. 
 

 
11 

Voluntary Wheel-Running 

 
 

1. Introduction 
The incidence of obesity has increased markedly worldwide during recent decades. At present, consequently, 
obesity and its associated disorders are serious worldwide problems to threaten the health [1]. Obesity is consi-
dered as a major and prevalent risk factor for metabolic syndrome, which is associated with an increased risk of 
developing atherosclerotic cardiovascular disease, insulin resistance and type 2 diabetes mellitus [2]. In addition 
to abdominal obesity represented as waist circumference, other risk factors for metabolic syndrome are recog-
nized widely to be atherogenic dyslipidemia, elevated blood pressure and elevated fasting blood glucose [3] [4]. 
Furthermore, obesity is associated with a chronic inflammatory response, which is characterized by crosstalk of 
abnormal cytokines produced by both adipocytes and adipocyte tissue macrophages [5] [6]. Therefore, macro-
phage-related inflammation contributes to the pathogenesis of obesity-induced insulin resistance [7]-[9]. 

Middle-aged obese people are well known to have a high risk of developing metabolic syndrome. Epidemio-
logical studies showed that physical activity of moderate intensity, like walking and jogging, could reduce the 
risk of developing type 2 diabetes and coronary heart disease [10] [11]. Every possible mechanism for this risk 
reduction has been explored, using cages equipped with a running wheel, in several rodent studies, where vari-
ous genetic models including gene-modified animals [12]-[19] and high-fat diet-sensitive obesity models [20]- 
[23] start on voluntary wheel running (WR) during juvenile or young period, but not during adult period. Thus, 
the preventive effects of WR exercise on development of metabolic syndrome have not been fully studied in 
adult rats as yet. In the present study, therefore, we used 11-month-old genetically normal rats, which would be 
considered as an experimental animal model of middle-aged obese people, to examine the effects of voluntary 
WR exercise on body weight (BW), waist circumference, mesenteric fat mass (MFM), adipocyte size, circulat-
ing cytokines/hormones, blood pressure (BP) and endurance exercise capacity. We report herein that 3-week 
WR exercise, in which daily running distance is very short (about 0.2 km), decreases BW, waist circumference, 
MEM, adipocyte size and circulating adipocyte-secreted cytokines, leptin and resistin, and increases circulating 
C-reactive protein (CRP), vascular endothelial growth factor (VEGF), interleukine-6 (IL-6) and endurance exer-
cise capacity. In addition, this is the first to report that voluntary WR exercise induces a reduction in resting systol-
ic/diastolic BPs by altering serum concentrations of several hormones that play key roles in regulating BPs. 

2. Materials and Methods 
2.1. Protocol Approval 
All animal experiments in this study were performed with the approval of the Animal Care and Use Committee 
of Kio University and in accordance with the principles of the National Institute of Health's Guide for the Care 
and Use of Laboratory Animals. 

2.2. Animals 
Eleven-month-old male Wistar rats weighing 456 ± 62 g of the normal BW range, purchased from Japan SLC 
(Hamamatsu, Japan), were housed in cages set in temperature-controlled (22˚C ± 2˚C) facility with a 12:12-h 
light-dark cycle (0600-1800 light, 1800-0600 dark). During the experimental period, rats were fed a standard 
rodent chow (CE-2; Clea Japan, Tokyo, Japan) and water ad libitum. All rats were weighed each week at the 
same time of day. Rats were randomly divided into the following two groups: 1) control sedentary group with 
movement confined to the cage space and 2) voluntary wheel-running group. 

2.3. Voluntary Wheel Running 
Rats in the voluntary wheel-running group were housed in cages equipped with wheels (116 cm circumference, 
10 cm inside width; Shinano, Tokyo, Japan), that allowed free access to the wheel, for 3 weeks. The number of 
revolutions was recorded daily. 
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2.4. Blood Pressures and Heart Rate 
In the conscious and quiet rats, systolic/diastolic blood pressures and heart rate were measured with a tail cuff 
and a pneumatic pulse transducer (BP-98A, Softron, Tokyo, Japan) [24]. Before the measurements, the animals 
were restrained for more than 10 min using a temperature-controlled (37˚C) warming holder designed for rats. In 
the quiet state of rats, the sampling of data was usually repeated three times at intervals of about 1 min, and the 
average of three recordings was used as the data of individual rats. 

2.5. Endurance Exercise Capacity 
The animals run at a speed of 18 m/min for 5 min on a rodent motor-driven treadmill with a slope of 0˚. About 
ten μl of blood was obtained by sticking a 26-gauge needle in the tip of tail before and just after treadmill exer-
cise. Blood lactate concentrations were measured with a simplified blood lactate test meter (Lactate Pro, Arkray, 
Kyoto, Japan). Endurance exercise capacity of rats was evaluated by increment in blood lactate concentration at 
the end of the treadmill exercise. 

2.6. Blood Collection and ELISAs 
After the rats were anesthetized with intraperitoneal pentobarbital sodium (50 mg/kg; Somnopentyl, Kyoritsu-
Seiyaku Corp., Tokyo, Japan) and a thoracotomy was carried out, more than 10 ml of blood was obtained from 
the left ventricle using a 20-guage needle. Thirty minutes later, blood in the tubes were centrifuged at 3500 rpm 
for 10 min to separate serum, which was then stored at −80˚C until analyzed with ELISA kits. Serum samples, 
thus obtained, were analyzed with commercially available ELISA kits for leptin (R & D Systems, Minneapolis, 
MN), resistin (B-Bridge International, Cupertino, CA), CRP (Life Diagnostics, West Chester, PA), angiotensin 
II (Assay Designs, Ann Arbor, MI), aldosterone (Enzo life Sciences, Plymouth Meeting, PA), vasopressin (Pe-
ninsula Laboratories, San Carlos, CA), endothelin-1 (R & D Systems, Minneapolis, MN), brain natriuretic pep-
tide (BNP-32; Assaypro, St. Charles, MO ) and 8 angiogenesis-related cytokines, i.e., VEGF, IL-6, monocyte 
chemoattractant protein-1 (MCP-1), RANTES, tumor necrosis factor-α (TNF-α), fibroblast growth factor-β 
(FGF-β), leptin and interferon-γ (IFN-γ) (Rat Angiogenesis ELISA Strip Kit, Signosis, Sunnyvale, CA), using a 
microplate photometer (Multiskan FC; Thermo Fisher Scientific, Waltham, MA). 

2.7. Mesenteric Fat Collection and Adipocyte Size 
Mesenteric white adipose tissues were obtained from the carcasses after blood collection and were weighed us-
ing a digital scale. Digital photographs were taken at several sites of each mesenteric adipose tissue on tissue 
glass slide. Each adipocyte area was determined by counting the computerized pixels with the use of software 
Image J. In each rat, two hundreds of adipocytes were analyzed for adipocyte size. 

2.8. Statistical Analysis 
All data are presented as mean ± SD. Means were compared using a Student’s t-test or ANOVA. Statistical sig-
nificance was accepted at the level of p < 0.05. 

3. Results 
3.1. Effects of WR on Food/Water Intake and BW 
Figure 1 shows time-courses of total WR distance, BW and food/water intake during the WR exercise period 
for 3 weeks. Total WR distance was linearly increased during this exercise period. Average daily WR distance 
of 6 rats was about 0.2 km. This voluntary exercise caused a gradual loss in body weight, despite an increase in 
food/water intake. The obvious decrease in BW was observed in 5 of 6 WR rats (Figure 2). In addition, there 
was a negative correlation between daily running distance and % body weight change, that was defined by an 
equation of (post-WR BW/pre-WR BW) X 100 (r = −0.66, data not shown). 

3.2. Effects of WR on Waist Circumference, MFM, Adipocyte Size, Circulating Adipokines, 
CRP and Serum Biochemical Parameters 

MFM was significantly smaller in the rats subjected to WR exercise for 3 weeks than in the control sedentary  
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Figure 1. Changes in total voluntary wheel-running distance 
(a), body weight (b); daily food intake (solid line) and daily 
water intake (broken line) (c); during 3-week access to volun-
tary running wheels. Data in A and B are expressed as mean ± 
SD. N = 6.                                             

 

 
(a)                         (b) 

Figure 2. Individual changes in body weight after 3-week vo-
luntary wheel running (a) and 3-week keeping in standard ro-
dent cages (b).                                            

 
rats (Figure 3(a)). In the WR group, MFM decreased as daily running distance increased (Figure 3(b)) and cor-
related positively with BW (Figure 3(c)) and waist size (Figure 3(d)), which was an abdominal circumference 
at a distance of 3 cm away from Xiphisternum. Mean mesenteric adipocyte size was smaller, although not sig-
nificantly, in the WR rats than in the control rats (Figure 4(a)). In the WR rats, there was a positive correlation 
between mesenteric adipocyte size and MFM (Figure 4(b)). Moreover, histogram of mesenteric adipocyte size 
in the WR group shifted leftward compared with that of the control group (Figure 4(c)). The WR rats showed a 
significant decrease in serum leptin levels and a marginal decrease in serum resistin levels, which were deter-
mined by a specific ELISA, as compared with the control sedentary rats (Figure 5). On the other hand, serum 
CRP levels were slightly higher in the WR rats than in the control rats (Figure 5). There was no difference in 
hematologic and serum biochemical parameters between the WR and control rats: WR vs. control; blood he-
moglobin, 14.7 ± 0.4 vs. 14.6 ± 1.1 g/dl; hematocrit, 44.4 ± 0.9 vs. 43.8% ± 3.6%; total protein, 6.3 ± 0.2 vs. 6.4 
± 0.1 g/dl; albumin, 4.0 ± 0.1 vs. 4.0 ± 0.1 g/dl; creatinine, 0.32 ± 0.02 vs. 0.33 ± 0.02 mg/dl; triglyceride, 141 ± 50  
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(a)                         (b) 

 
(c)                      (d) 

Figure 3. Mesenteric fat weight after 3-week voluntary wheel 
running (WR) and 3-week keeping in standard rodent cages 
(Cont) (a), and relationship between mesenteric fat weight and 
daily running distance (b) or body weight (c) or waist circum-
ference (d) in “WR” rats. *p < 0.05 compared to “Cont” group. 
N = 5 in “Cont” and n = 6 in “WR”.                        

 

 
(a)                      (b) 

 
(c) 

Figure 4. Mean adipocyte size after 3-week voluntary wheel 
running (WR) and 3-week keeping in standard rodent cages 
(Cont) (a), relationship between mean adipocyte size and me-
senteric fat weight in “WR” rats (b), and histogram of adipo-
cyte size in “Cont” and “WR” rats (c). Histogram is shown as 
net data of 4 rats for “Cont” and 5 rats for “WR”. In (a) n = 5 
in “Cont” and n = 6 in “WR”.                            



S. Sakata et al. 
 

 
15 

 
Figure 5. Serum concentrations of leptin, resistin and C-eac- 
tive protein after 3-week voluntary wheel running (WR) and 
3-week keeping in standard rodent cages (Cont). *p < 0.05 
compared to “Cont” group. N = 5 in “Cont” and n = 6 in 
“WR”. CRP: C-reactive protein.                                

 
vs. 147 ± 46 mg/dl; nonesterified fatty acid, 298 ± 101 vs. 407 ± 94 μEq/l; total cholesterol, 66 ± 8 vs. 77 ± 8 
mg/dl. 

3.3. Effects of WR on HR, BPs and BP-Related Hormones 
The WR for 3 weeks caused little or no change in HR but a significant decrease in systolic, diastolic and mean 
BPs at rest, while the sedentary condition for 3 weeks did not cause any changes in HR and BPs (Figures 6(a)- 
(d)). In the WR group, the decrement in resting systolic BP was augmented as daily running distance increased 
(data not shown). On the other hand, the WR rat serum showed the significantly lower levels of angiotensin II, 
vasopressin and endothelin-1 and the detectable levels of BNP as compared with the undetectable levels of the 
sedentary rat serum (Figure 7(a) and Figure 7(b)). In addition, the WR rat serum contained a lower, but insig-
nificant, mean value of aldosterone concentration (Figure 7(a)). 

3.4. Effects of WR on Endurance Exercise Capacity 
The treadmill exercise for 5 min, performed before 3-week WR or sedentary condition, induced about threefold 
increase in blood lactate concentrations (Figure 8). At the end of 3-week WR period, however, this treadmill 
exercise induced only about twofold increase in blood lactate concentrations, which were about half the 
post-treadmill exercise levels before WR (Figure 8). Furthermore, about twofold increase in blood lactate by the 
treadmill exercise was observed even at the end of 1 week-sedentary condition after 3-week WR (data not 
shown). 

3.5. Effects of WR on Angiogenesis-Related Cytokines 
In the WR and control groups, angiogenesis-related cytokines in the serum were tested with an ELISA kit for 
simultaneously profiling 8 cytokines; VEGF, IL-6, MCP-1, RANTES, TNF-α, FGF-β, leptin and IFN-γ. The 
circulating levels of VEGF and IL-6 were found to increase about twofold in the WR group compared with the 
control group (Figure 9). In the WR group, however, the increased levels of serum MCP-1 and RANTES were 
slight and insignificant (Figure 9). On the other hand, there was no difference in optical density at 450nm 
(around 0.1) of TNF-α, FGF-β and IFN-γ between the WR and control groups (data not shown). 

4. Discussion 
This study was designed to investigate the effects of voluntary WR exercise on the adipose tissue, resting BPs 
and endurance exercise capacity in the middle-aged normal rats, considered as an experimental animal model of 
middle-aged obese people. We, for the first time, provide direct evidence that the 3-week WR exercise can in-
duce the reduction in resting systolic/diastolic BPs by altering the circulating levels of several hormones which 
play pivotal roles in regulating BPs. 
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(a)                         (b) 

 
(c)                        (d) 

Figure 6. Heart rate (a); maximum blood pressure (b); mini-
mum blood pressure (c) and mean blood pressure (d) before/ 
after 3-week voluntary wheel running (WR) and 3-week kee- 
ping in standard rodent cages (Cont). *p < 0.05 compared to 
“Day 0” data. N = 4 in “Cont” and n = 6 in “WR”. HR: heart 
rate; BPmax: maximum blood pressure; BPmin: minimum blood 
pressure; BPmean: mean blood pressure.                      

 

 
(a) 

 
(b) 

Figure 7. Serum concentrations of angiotensin II, aldosterone 
and vasopressin (a) and of endothelin-1 and BNP (b) after 
3-week voluntary wheel running (WR) and 3-week keeping in 
standard rodent cages (Cont). *p < 0.05 compared to “Cont” 
group. N = 5 in “Cont” and n = 6 in “WR”. BNP: brain natri-
uretic peptide; ND: not detected.                             

4.1. Effects of WR on Food/Water Intake and BW 
The middle-aged normal rats used herein showed a very poor WR performance (about 0.2 km of daily running  
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Figure 8. Blood lactate concentrations increased by treadmill 
exercise before/after 3-week voluntary wheel running (WR) 
and 3-week keeping in standard rodent cages (Cont). *p < 0.05 
compared to “Day 0” data. #p < 0.05 compared to pre-tread- 
mill exercise data. N = 5 in “Cont” and “WR”.                   

 

 
Figure 9. OD450 of serum VEGF, IL-6, MCP-1 and RANTES 
in an ELISA after 3-week voluntary wheel running (WR) and 
3-week keeping in standard rodent cages (Cont). Serum con-
centrations of these cytokines aredirectly proportional to 
OD450. *p < 0.05 compared to “Cont” group. N = 5 in “Cont” 
and n = 6 in “WR”. OD450: optical density at 450 nm; VEGF: 
vascular endothelial growth factor; IL-6: interleukine-6; MCP- 
1: monocyte chemoattractant protein-1.                        

 
distance) and an increased weekly food intake during the period of 3-week WR exercise, but nevertheless five of 
six rats showed a substantial reduction in BW after 3-week WR. In the previous studies using 4- - 6-week-old 
genetic model rats [12] [14] [15] [17] or high-fat diet-induced obesity rats [20] [23], on the other hand, these ju-
venile rats showed an extremely high WR activity (3-12 km of daily running distance). To compensate the in-
creased energy expenditure by the WR exercise, they also showed a significantly higher caloric intake compared 
with the control sedentary rats [17] [23]. However, the WR rats gained less weight and consequently their 
growth curve was shifted downward compared with that of the sedentary rats [12] [17] [23]. In high-fat diet- 
induced obesity model rats, moreover, 3-week WR that started at 4 weeks of age was found to sustain reduction 
both in BW gain and in total fad pad mass during an additional 10 weeks of being sedentary, suggesting that 
only 3 weeks of WR is an exercise period sufficient to prevent obesity [22]. Therefore, we applied 3-week WR 
to our middle-aged fat rats. 

4.2. Effects of WR on Waist Circumference, MFM, Adipocyte Size, Circulating Adipokines 
and CRP 

In the previous studies, 4- or 7-week WR exercise that started at 3 - 5 weeks of age caused a decrease in various 
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fat pad mass [20] [23]. In this study, likewise, MFM weighed less in the WR exercised than in the sedentary 
animals. Moreover, MFM of our WR rats, which is correlated positively with BW or waist circumference re-
garded as one of risk factors for metabolic syndrome, was found to decrease as daily running distance increased, 
suggesting that voluntary WR exercise mainly utilized energy released from the augmented lipid metabolism. In 
addition, adipocyte size distribution in the present WR rats shifted leftward compared with that of the sedentary 
rats, as seen in WR exercised OLETF [17] and Osborne-Mendel rats [20]. In agreement with several previous 
studies of voluntary WR exercise [16] [17] [20]-[23], circulating levels of adipocyte-secreted leptin were signif-
icantly lower in our WR than in the sedentary rats, resulting from the decreased MFM of the WR rats. In fact, 
the reduction in leptin secretion and its mRNA expression was reported to be closely associated with smaller 
adipocyte size [25] [26]. 

Another adipokineresistin was reported to be a hormone that potentially links obesity to type 2 diabetes and 
contributes to insulin resistance in vivo [27]. In humans, however, there is considerable controversy as to the 
pathophysiological role of resistin [28]. In rodent, on the other hand, one of us previously reported that resistin, 
highly expressed in type 2 diabetic rat hearts, may cause cardiac hypertrophy and mechanical dysfunction [29]. 
Thus, the lower levels of serum resistin, which were found for the first time in our WR exercised rats, may con-
tribute toward reducing the risk of developing insulin resistance and cardiac hypertrophy in obese rats. 

Since CRP was reported to be a powerful inflammatory biomarker to predict the development of type 2 di-
abetes mellitus [30], peripheral arterial disease [31] and cardiovascular disease events [32], serum CRP concen-
tration was measured in both WR exercised and sedentary animals in this study. Contrary to our expectations, 
however, the slightly higher levels of CRP were found in our WR rats. This higher CRP levels may be ascriba-
ble to the hepatic CRP production stimulated by IL-6 [33] [34], of which the higher serum levels were also 
found in our WR rats. 

4.3. Effects of WR on BPs and BP-Related Hormones 
In the present study, the 3-week WR caused a significant reduction in resting systolic/diastolic BPs of middle- 
aged normal rats in agreement with the previous reports in which resting systolic BP was lowered by the 4 - 10 
week-WR in spontaneously hypertensive rats (SHRs) [12] [13] [15] and TG(mREN2)27 rats [14]. In both nor-
motensive and hypertensive individuals, likewise, moderate-intensity exercise equivalent to half maximum 
oxygen consumption was reported to lower resting BPs [11] [35]-[37]. The most important finding of this study 
is that the voluntary WR for 3 weeks altered the circulating levels of five BP-related hormones (decrease in An-
giotensin II, aldosterone, vasopressin and endothelin-1, and increase in BNP), which play pivotal roles in con-
trolling BPs, and, consequently, induced a reduction in systolic/diastolic BPs. 

The renin-angiotensin system is well-known to play a major role in the control of resting BPs. Angiotensin II 
increases BP both by constricting peripheral vessels and by directly stimulating adrenal production of aldoste-
rone. We found that 3-week WR rats show a significantly lower level of serum angiotensin II compared to se-
dentary rats, and have a significantly decreased systolic/diastolic BP at rest. Similarly, 10 week-WR could pre-
vent an increase in plasma angiotensin II and attenuate the elevation of systolic BP in young SHRs [15]. Our 
WR rats showed a decrease in mesenteric fat mass and adipocyte size, as compared with the control sedentary 
rats. In adipose tissue of rats, angiotensinogen messenger RNA was identified and angiotensinogen was pro-
duced [38] [39]. Further, systolic BP was modulated by fasting and refeeding parallel to adipocyte angiotensi-
nogen expression [39]. Moreover, in mice with targeted overexpression of angiotensinogen in adipose tissue [40] 
and with a deficiency of endogenous angiotensinogen in adipocytes [41], adipocyte-derived angiotensinogen 
was demonstrated to contribute to systemic angiotensinogen concentrations and BP control. Based on these re-
sults, it is conceivable that adipocyte-derived angiotensinogen plays an important role in controlling resting BPs 
not only in normal, but also in exercise physiology.Endothelin-1 and vasopressin are also well-known as potent 
vasoconstrictors that contribute to hypertension. In addition to angiotensin II, our WR rat sera showed lower 
concentrations of endothelin-1 and vasopressin, as compared with the sedentary rat sera. Thus, WR exercise- 
induced reduction in resting BPs appears to be ascribable in part to attenuated vasoconstriction by these hor-
mones. 

On the other hand, aldosterone and vasopressin promote the body’s retention of water and increase the blood 
volume, resulting in hypertension. Moreover, BNP with natriuretic effect is well-known to induce not only a re-
duction in blood volume, but also vasodilatation, and, consequently, to lower systemic BPs. Our WR rats 
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showed a decrease in circulating aldosterone and vasopressin levels and an increase in circulating BNP levels. 
Thus, it appears obvious that resting BPs lowered by the WR exercise are attributable in part to both vasodilata-
tion and reduction in blood volume, which would be induced by the changed concentrations of these circulating 
hormones. In fact, the reduction in blood volume was reported to be closely linked to the antihypertensive effect 
of moderate-intensity exercise training using a bicycle ergometer in essential hypertensive subjects [37]. In ju-
venile SHRs, furthermore, moderate-intensity exercise training on a motor-driven treadmill decreased cardiac 
output and, consequently, attenuated development of hypertension [42] [43]. 

Moreover, vasodilation is induced not only by hormone, but also by endothelial nitric oxide (NO) formation. 
Short-term running on a treadmill was found to stimulate the formation of endothelial NO, resulting in reduced 
BP [44] [45]. In addition, endothelial NO synthase (eNOS) mRNA and protein expression were elevated in rats 
with exercise training on the treadmill [46]. Likewise, voluntary WR was reported to increase NO formation and 
to decrease plasma angiotensin II concentration, and consequently, attenuated the elevation of systolic BP in 
SHRs [15]. In addition, positive immunostaining for phospho-specific eNOS in cross sections of white gastroc-
nemius muscle was increased in OLETF rats with voluntary WR [18]. Thus, a WR-induced reduction in resting 
BP appears to be ascribable in part to peripheral vascular resistance decreased by enhanced endothelium-de- 
pendent vasodilation, which is mediated via the NO signaling pathway. 

In addition, there seem three other possible mechanisms for the WR-induced reduction in resting BPs. First, 
BW loss caused by the present WR might have lowered resting BPs through diminished sympathetic nervous 
activity (SNA), because BW gain-induced sympathetic nervous activation was found to be tightly linked to BW 
gain-induced BP elevation [47]. In fact, the reduction both in resting BPs and in plasma norepinephrine concen-
trations that reflect SNA were observed in patients with essential hypertension, who were subjected to mod-
erate-intensity aerobic exercise therapy for 10 or 20 weeks [35] [37]. Second, lowered serum leptin levels in our 
WR rats might have caused the fall in BPs at rest by decreased SNA. In Sprague-Dawley rats, acute intravenous 
infusion of leptin increased SNA to adrenal gland [48], and, furthermore, chronic leptin infusion caused a sus-
tained increase in mean arterial pressure [49]. Therefore, leptin may play a crucial role not only in energy ex-
penditure but also in cardiovascular regulation via sympathetic nervous system. Finally, the WR exercise may 
improve the abnormal expression of hypertension-related genes in the nucleus tractussolitarius (NTS), which is 
considered a central site that integrates the descending and ascending inputs in regulating baroreceptor function 
during exercise [50] [51]. Recently, one of us has reported that altered gene expression of the inflammatory mo-
lecules, but not of histamine receptor, may be related to the antihypertensive effects in exercise-trained SHRs 
[52]. Thus, WR exercise-induced reduction in resting BPs may be accomplished via multiple mechanisms, i.e., a 
combination of 1) hormone- and/or NO-induced vasodilatation, 2) attenuated vasoconstriction by hormones, 3) 
hormone-induced reduction in blood volume, and 4) diminished SNA by BW loss, lower leptin levels and/or 
improvement on abnormal gene expression of hypertension-related molecules in the NTS. 

4.4. Effects of WR on Endurance Exercise Capacity 
In the present study, we found that endurance exercise capacity of the middle-aged rats, assessed by the increase 
in blood lactate concentration, can be substantially augmented even by the poor WR exercise for 3 weeks, and 
the endurance exercise capacity, thus augmented, can be preserved in sedentary condition at least for a week af-
ter 3-week WR. It is well known that exercise-training can induce lots of adaptations in skeletal muscle. These 
include not only increases in the mitochondrial content, mitochondrial enzyme activity and the GLUT-4 isoform 
of the glucose transporter [53] [54] but also a fast-to-slower fiber type transformation of myosin heavy chain 
isoforms [55] [56]. In addition to such histochemical and metabolic adaptations, adaptive increase in skeletal 
muscle vascular transport capacity [57] appears to contribute to the increased maximal oxygen consumption, 
resulting in the enhanced endurance performance. In fact, voluntary WR exercise elicits increases in both citrate 
synthase activity and GLUT-4 protein expression in rat skeletal muscles [58]-[60], and consequently increases 
the maximal oxygen consumption [12] [14] [42] [43]. 

4.5. Effects of WR on Angiogenesis-Related Cytokines 
The present WR exercise caused no change in the circulating levels of two inflammatory chemokines, i.e., 
MCP-1 that contributes to macrophage infiltration into adipose tissue and insulin resistance [61] [62], and 
RANTES that plays an active role in accumulation of T cells in adipose tissue [63] [64]. In contrast to little or 
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no response of these chemokines, the WR exercise produced about twofold elevation in the circulating levels of 
VEGF and IL-6. The angiogenic growth factor VEGF, whose mRNA expression is up-regulated in the active 
muscles, is considered central in the angiogenic process in response to exercise [65] [66]. In fact, voluntary WR 
for 4 weeks [67] and treadmill exercise for 24 days [68] increased the mRNA and protein expression of VEGF, 
resulting in the development and formation of new capillaries in skeletal muscle. On the other hand, IL-6 is 
known to be expressed in both adipocytes and macrophages in adipose tissue [8], and is recently regarded, like 
VEGF, as one of myokines that is produced in and released from contracting skeletal muscles [34] [69]. The in-
creased circulating IL-6, found in our WR rats, seems to be due mainly to the release of IL-6 from working ske-
letal muscles into the circulation and in part due to the IL-6 release from adipocyte tissue, because the adipocyte 
tissue mass reduced by the WR exercise is likely to produce a lesser amount of IL-6. Exercise-induced IL-6, 
which has both anti-inflammatory and insulin-sensitizing effects, may be involved in mediating the health bene-
ficial effects of exercise and play key roles in protecting against diseases associated with low-level inflammation, 
insulin resistance and hyperlipidemia [34] [69]. 

5. Conclusion 
In the middle-aged normal rats, the 3-week WR exercise with about 0.2 km of daily running distance decreased 
BW, the waist circumference, MFM, adipocyte size and circulating adipokines, i.e., leptin and resistin, and in-
duced the reduction in resting systolic/diastolic BPs by altering circulating BP-related hormones. Such a reduc-
tion in resting BPs may be accomplished via multiple mechanisms, i.e., a combination of 1) hormone- and/or 
NO-induced vasodilatation, 2) attenuated vasoconstriction by hormones, 3) hormone-induced reduction in blood 
volume, and 4) diminished SNA by BW loss, lower leptin levels and/or improvement on abnormal gene expres-
sion of hypertension-related molecules in the NTS. Moreover, the endurance exercise capacity was enhanced 
even by this poor WR exercise. In addition, circulating VEGF and IL-6 were higher in the WR rats, suggesting 
angiogenesis, anti-inflammation and insulin-sensitization. These results support a prevalent idea that daily light- 
exercise, like walking and jogging, is a potential strategy for preventing metabolic syndrome. 
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Abbreviation 
BNP, brain natriuretic peptide; BP, blood pressure; BPmax, maximum blood pressure; BPmean, mean blood pres-
sure; BPmin, minimum blood pressure; BW, body weight; CRP, C-reactive protein; eNOS, endothelial NO syn-
thase; FGF-β, fibroblast growth factor-β; IFN-γ, interferon-γ; IL-6, interleukine-6; MCP-1, monocyte chemoat-
tractant protein-1; MFM, mesenteric fat mass; NO, nitric oxide; NTS, nucleus tractussolitaries; SHR, sponta-
neously hypertensive rat; SNA, sympathetic nervous activity; TNF-α, tumor necrosis factor-α; VEGF, vascular 
endothelial growth factor; WR, wheel running. 
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