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A

therosclerosis is the principal cause of death and
disability in diabetic patients. The proposed factors that contribute to atherosclerosis in the
presence of diabetes include hyperglycemia,
high insulin levels, and insulin resistance. Exercise training
and food restriction are first-line treatments for NIDDM
patients. However, few studies have examined the direct
effects of exercise and food intake on the vasculature
endothelial function of aorta.
Endothelium-derived relaxing factor plays an important
role in the maintenance of vascular tone (1,2), and impairment
of endothelial function is closely related to the development
of atherosclerosis (3). Endothelial function is impaired in
various pathological conditions, including hypertension
(4,5), atherosclerosis (6,7), and diabetes (8,9) in both humans
and animal models. Acetylcholine-induced endotheliumdependent relaxation is decreased in rats with streptozotocin (STZ)-induced diabetes, an impairment reversed by
insulin treatment (10). However, most studies that have
examined endothelium-dependent relaxation have used animal models of IDDM (11-15). The Otsuka Long-Evans
Tokushima Fatty (OLETF) rat (16), a model of NIDDM,
develops hyperglycemia, mild obesity, and insulin resistance
similar to humans with NIDDM. The present study investigated the effects of exercise training and food restriction on
impaired endothelial function in this rat model of NIDDM.
RESEARCH DESIGN AND METHODS
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GIR, glucose infusion rate; KRBB, Krebs-Ringer bicarbonate buffer;
OGTT, oral glucose tolerance testing; OLETF rat, Otsuka Long-Evans
Tokushima Fatty rat; STZ, streptozotocin.
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Animals and experimental design. Male OLETF rats were fed standard rat diet
(Oriental Yeast, Tokyo, Japan) and tap water ad libitum until age 16 weeks, when
they were randomly assigned to one of the following three groups of seven rats
each: sedentary, exercise trained, or food restricted. Body weight and fasting blood
glucose levels did not differ significantly among groups. A nondiabetic rat strain
(Otsuka Long-Evans Tokushima) was used as the age-matched control group. Separate groups of seven rats, each with the same interventions, were used to measure the response to oral glucose tolerance testing (OGTT), and were also used in
a euglycemic insulin clamp study.
Each exercise-trained rat was placed in an individual cage with an exercise
wheel (Nishin, Tokushima, Japan) and allowed to run at its own pace. The number of revolutions of the wheel per day was recorded with a cyclometer attached
to the axis of the wheel to measure the running activity. All but the food-restricted
rats were allowed free access to rat diet. Food intake in the food-restricted group
was limited to 70% of the intake in the sedentary group. Food intake in a 24-h period
and body weight were measured once weekly. These interventions were performed
until age 25 weeks. Then rats were anesthetized with pentobarbital sodium (50
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We investigated whether endothelial function may be
impaired in the Otsuka Long-Evans Tokushima Fatty
(OLETF) rat, a model of spontaneous NIDDM. The
effect of exercise training and food restriction on
endothelial function was also studied. OLETF rats
were divided into three groups at age 16 weeks: sedentary, exercise trained, and food restricted (70% of the
food intake of sedentary rats). Otsuka Long-Evans
Tokushima rats were used as the age-matched nondiabetic controls. Endothelium-dependent relaxation of
the thoracic aorta induced by histamine was significantly attenuated in the sedentary or food-restricted
rats, and exercise training improved endothelial function. Relaxation induced by sodium nitroprusside, a
donor of nitric oxide, did not differ significantly
among groups. Both exercise training and food restriction significantly suppressed plasma levels of glucose
and insulin and serum levels of triacylglycerol and cholesterol and reduced the accumulation of abdominal fat.
Insulin sensitivity, as measured by the hyperinsulinemic-euglycemic clamp technique, was significantly
decreased in sedentary rats but was enhanced in exercise-trained and food-restricted rats. The urinary
excretion of nitrite was significantly decreased in
sedentary and food-restricted rats compared with nondiabetic rats and was significantly increased in exercise-trained rats. These results indicate that exercise
training, but not food restriction, prevents endothelial
dysfunction in NIDDM rats, presumably due to the
exercise-induced increase in the production of nitric
oxide. Diabetes 47:82-86, 1998
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RESULTS

Body weight and food intake. Body weight was significantly greater in the sedentary rats than in the nondiabetic
rats (Table 1). The mean running distance of the exercisetrained group was 4,199 ±519 m/day. With no decrease in
food consumption, physical exercise reduced the body
weight of this group compared with that of sedentary rats.
The food-restricted rats lost body weight, even though their
food intake did not differ significantly from that of nondiabetic rats.

Endothelium-dependent relaxation. Histamine and nitroprusside caused a similar relaxation of aortic rings in 16-weekold OLETF and nondiabetic rats (Fig. \A and E). At age 25
weeks, histamine-induced vascular relaxation was impaired in
the aortic rings obtained from sedentary rats compared with
those from nondiabetic rats (EC^: 5.9 ± 1.7 vs. 2.6 ± 1.0 umol/1;
P < 0.05) (Fig. 1(7). Histamine-induced relaxation in exercisetrained rats was significantly improved, and did not differ from
that in nondiabetic rats. Food restriction did not improve histamine-induced relaxation (EC^: 9.4 ± 5.7 vs. 5.9 ± 1.7 umol/1).
Similar results were obtained with acetylcholine, although the
differences were less marked (data not shown).
To determine whether the impairment of endothelial function was caused by a decreased response to NO, we examined
the effect of nitroprusside, a donor of NO. There were no significant differences in sodium nitroprusside-induced relaxation among groups (Fig. LD).
Abdominal fat and serum concentrations of lipids. The
amount of mesenteric, epididymal, and retroperitoneal fat was
significantly increased in sedentary rats compared with nondiabetic rats (Table 1). Fat deposition was decreased in exercise-trained and food-restricted rats.
Serum levels of cholesterol, triacylglycerol, and phospholipids were significantly higher in sedentary than in nondiabetic rats (Table 2), but were significantly decreased in exercise-trained and food-restricted rats. There was no significant
difference in serum concentrations of lipids between exercisetrained and food-restricted rats.
Glucose tolerance and in vivo glucose disposal. At age
16 weeks, the OLETF rats had significantly higher plasma levels of glucose than nondiabetic rats (Fig. 2). At age 20 weeks,
the OGTT score was significantly improved in the exercisetrained and food-restricted rats. There was no significant difference in the plasma concentration of glucose between
exercise-trained and food-restricted rats. The fasting level of
insulin tended to be higher in sedentary rats than in nondiabetic rats (200 ± 24 vs. 163 ± 41 pmol/1). The insulin level was
significantly lower in exercise-trained and food-restricted
rats than in the sedentary group, but was not significantly different between exercise-trained and food-restricted rats (80
± 16 vs. 105 ± 23 pmol/1).
The GIR was decreased in sedentary rats compared with
nondiabetic rats (Fig. 3), and was significantly increased in the
exercise-trained and food-restricted rats, although there was
no significant difference between exercise-trained and foodrestricted rats.
The urinary NO2 excretion rate. The normalized urinary
NO2 excretion rate was significantly decreased in sedentary

TABLE 1
Effects of exercise training and food restriction on abdominal fat deposition

Body weight (g)
Food intake (g/day)
Mesenteric fat (g/kg body wt)
Epididymal fat (g/kg body wt)
Retroperitoneal fat (g/kg body wt)
Total abdominal fat (g/kg body wt)

Nondiabetic group

Sedentary group

Exercise-trained group

Food-restricted group

516 ± 27
22.7 ± 1.0
17.8 ± 0.8
22.8 ± 2.9
21.1 ±2.4
61.8 ±4.6

643 ± 41*
31.0 ± 1.4*
23.7 ± 2.4*
30.1 ±4.1*
61.2 ± 8.2*
115.0 ± 10.0*

519 ± 47f
34.3 ±4.1*
12.8 ± 3.9*t
16.9 ± 3.8t
28.9 ± 9.6|
58.6 ± 17.0t

518 ± 53|
22

13.6 ± 3.5t
22.3 ± 0.4f
40.7 ± l l . l t
76.7 ± 17.9t

Data are means ± SD. *P < 0.05 vs. nondiabetic rats; tP < 0.05 vs. sedentary rats.
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nig/kg) and killed by exsanguination after an overnight fast. Blood samples were
collected from the abdominal aorta for determination of serum levels of lipids and
immunoreactive insulin. The mesenteric, epididymal, and retroperitoneal fat
pads were surgically removed and weighed separately.
Assessment of vascular function. At ages 16 and 25 weeks, the thoracic aorta
was dissected following exsanguination, and the adherent perivascular tissue was
carefully removed. The ring segment of the aorta was mounted isometrically at
a resting tension of 1.0 g in a 5-ml organ bath (Micro Easy Magnus; Medical Kishimoto, Kyoto, Japan) containing Krebs-Ringer bicarbonate buffer (KRBB) (maintained at 36°C and bubbled with 95% O2-5% CO2 throughout the experiment). The
solution consisted of (in mmol/1): NaCl, 118.4; KC1, 4.9; CaCL,, 2.5; MgSO4, 1.2;
NaHCO3, 25.0; KH2PO4,1.2; and glucose, 11.1.
Vascular responses were measured after an 80-min period of equilibration at
a resting tension of 1.0 g with an isometric transducer. The KRBB in the organ bath
was changed every 20 min. The vessels were submaximally precontracted with
phenylephrine (1 umol/1) and were relaxed with cumulative doses of acetylcholine, histamine, and sodium nitroprusside. Relaxation responses to acetylcholine, histamine, and sodium nitroprusside are expressed as the percentage of
the precontracted tension induced by 1 umol/1 of phenylephrine. The sensitivity
to agonists is expressed as the dosage required to produce 50% of the maximal
response (EC50). Thoracic aortas were examined histopathologically.
OGTT and euglycemic insulin clamp studies. At ages 16 and 20 weeks, rats
underwent an OGTT after an overnight fast. Glucose, 2 g/kg body wt, was administered orally. Blood was drawn from a tail vein at 0,30,60, and 120 min for measurement of the plasma level of glucose. Insulin-mediated whole-body glucose
uptake was determined in 25-week-old anesthetized rats using a euglycemic
insulin clamp (17). After an overnight fast, rats were anesthetized by the intraperitoneal injection of pentobarbital sodium, and catheters were inserted in the jugular and femoral veins. Rats received a 1-h infusion of insulin (60 pmol • kg"1 • min"1).
A glucose solution (100 g/1) was initiated at t - 0. The rate of infusion was
adjusted to maintain the plasma concentration of glucose at approximately 6.1
mmol/1. The whole-body glucose uptake represents the mean glucose infusion rate
(GIR) during the last 20 min.
Urinary NO2 analysis. To determine the NO2 excretion rate, 24-h urine samples
were collected in bottles containing an antibiotic solution (1 mg/ml of penicillin
G, 1 mg/ml of streptomycin, and 0.25 mg/ml of amphotericin B) from 23-week-old
rats. NO3 in urine was converted into NO2 with NO3 reductase and measured with
the Griess reagent (Cyman Chemical, Ann Arbor, MI). The NO2 measured in this
manner reflected the combination of NO2 and NO3 in the original sample. NO2 values were normalized by body weight.
Statistical analysis. Data in the text are expressed as means ± SD, and data in
figures are expressed as means ± SE. Data were analyzed by analysis of variance
plus Bonferroni multiple comparison tests. A level of P < 0.05 was accepted as statistically significant.
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indicate that exercise training prevents endothelial dysfunction
by increasing the production of NO.
Bohlen and Lash (18) reported that endothelium-dependent
relaxation induced by acetylcholine was not impaired in
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Zucker fatty rats, an NIDDM rat model associated with obe'•O
6
sity. However, this result must be interpreted cautiously,
because the stage of diabetes may have influenced the
results. In the present study, endothelium-dependent relaxation was not impaired in 16-week-old OLETF rats but was
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impaired in 25-week-old rats.
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IDDM models (e.g., STZ-induced diabetes) exhibit more
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severe hyperglycemia-related metabolic abnormalities, hyperfiltration, and weight loss due to the lack of insulin. The 2525 weeks C o
week-old
diabetic OLETF rats used in the present study had
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hyperinsulinemic hyperglycemia due to obesity associated
with hyperphagia, but did not show polyuria or loss of body
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weight. Therefore, the present results suggest that endothelial
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dysfunction may occur even in the early stages of NIDDM.
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ment of NIDDM. Sedentary rats in the present study had
hyperglycemia, hypertriglyceridemia, hypercholesterolemia,
120
100
insulin resistance, and obesity. Exercise training and food
10 9 8 7 6
7
6
5
4
restriction improved those conditions, but only exercise
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training increased the endothelium-dependent vasodilata-log (mol/1)
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tion induced by histamine.
FIG. 1. Histamine (A) and nitroprusside (£) induced relaxation in thoThe differences in endothelial relaxation induced by histracic aortic rings from sedentary (n = 7, O), and nondiabetic (n = 7,
# ) rats at age 16 weeks (top). Histamine (C) and nitroprusside (D) amine between the exercise-trained and food-restricted rats
induced relaxation in thoracic aortic rings from sedentary (n = 7, O), could not be explained by the serum levels of glucose,
exercise-trained (n = 7, D), food-restricted (n = 7, A), and nondiabetic insulin, or lipids. Previous studies have shown that the fore(n = 7, • ) rats at age 25 weeks (bottom). Data are means ± SE. *P < arm vasodilator response to acetylcholine is not correlated
0.05 vs. nondiabetic rats; 1\P < 0.05 vs. exercise-trained rats.
with levels of LDL cholesterol, fasting glucose, or GHb, but
is inversely correlated with the serum concentration of
insulin (8,9). In the present study, the GIR was slightly higher
and food-restricted rats compared with nondiabetic rats. in the exercise-trained than in the food-restricted rats, which
The urinary NO2 excretion rate was significantly greater in could, in part, explain the difference in endothelial function
exercise-trained rats than in sedentary or food-restricted between these groups. However, the difference in the GIR was
not significant. Similarly, the abdominal fat content, which is
rats (Fig. 4).
closely related to insulin resistance (19), was slightly lower
DISCUSSION
in exercise-trained than in food-restricted rats, but the difThe endothelium-dependent vasodilatation induced by hista- ference was not significant. Thus these two factors were not
mine was decreased in OLETF rats. This endothelial dys- responsible for the difference in endothelial function
function was improved by exercise training but not by food between groups.
Although the endothelium-dependent relaxation induced by
restriction, although food restriction, like exercise, improved
hyperglycemia, lessened abdominal fat content, and increased histamine was impaired and the urinary excretion of NO2
sensitivity to insulin, suggesting that mild hyperglycemia and was decreased in sedentary rats, these values were signifiinsulin resistance are not related to the beneficial effect of exer- cantly increased in exercise-trained rats. Thus the production
cise on endothelial dysfunction in OLETF rats. Urinary NO2 of NO may explain the difference between these groups. NO2
excretion did not differ between food-restricted and sedentary and NO3 are the stable degradation products of NO in biorats, but was increased in exercise-trained rats. These results logical solutions and are accurate indicators of NO produc-
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Total cholesterol (mmol/1)
HDL cholesterol (mmol/1)
Triglycerides (mmol/1)
Phospholipids (mmol/1)
Free fatty acids (mmol/1)

Nondiabetic group

Sedentary group

Exercise-trained group

Food-restricted group

1.40 ± 0.08
0.91 ± 0.05
0.35 ± 0.07
1.68 ± 0.08
0.73 ± 0.13

2.00 ±0.11*
1.18 ±0.02*
1.45 ± 0.32*
2.45 ± 0.21*
0.80 ±0.15

1.23 ± 0.151
0.88 ± 0.08t
0.44 ± 0.22f
1.65 ± 0.21t
0.73 ± 0.03

1.40 ±0.10t
0.93 ± 0.06f
0.36±0.11t
1.87 ±0.11|
0.50 ± O.lOt

Data are means ± SD. *P < 0.05 vs. nondiabetic rats; tP < 0.05 vs. sedentary rats.
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TABLE2
Effects of exercise training and food restriction on serum levels of lipids
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FIG. 3. Effects of exercise training and food restriction on insulin-stimulated glucose disposal in vivo. GIR is shown in nondiabetic, sedentary,
exercise-trained, and food-restricted rats. Data are means ± SE (n =
7 in each group). *P < 0.05.
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responsible for the decrease in acetylcholine-induced relaxation. Bucala et al. (25) demonstrated that, in rats with STZmm
induced diabetes, advanced glycosylation products quench
NO via a rapid chemical reaction. In a recent study, howFIG. 2. Changes in the plasma levels of glucose in response to an oral
ever,
Lawrence and Brain (26) reported that the local proglucose load in nondiabetic (n = 7, • ) , sedentary (/i = 7, O), exerciseduction of NO was decreased in the cutaneous microvascutrained (n = 6, D), and food-restricted (« = 6, A) rats. After an
overnight fast, glucose at 2 g/kg body wt was administered orally.
lature of rats with STZ-induced diabetes.
Blood samples were obtained from a tail vein without anesthesia.
A recent study showed that repeated increases in blood
Data are means ± SE. *P < 0.05 vs. nondiabetic rats; tP < 0.05 vs. sedenflow
or a chronic elevation of bloodflowsignificantly affects
tary rats.
the function of the vascular endothelium (27,28). In the present study, the urinary excretion of NO2 was increased in exertion in vivo (20). Taylor et al. (21) reported that abnormalities cised-trained rats, suggesting that exercise improved the
in endothelium-dependent relaxation in diabetic rats were function of the endothelium in aortic rings by increasing the
due, at least in part, to the decreased production and release production of NO.
of NO. Moreover, NO-dependent cyclic guanosine monophosphate is impaired in the glomenili and arteries from rats REFERENCES
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FIG. 4. Effects of exercise training and food restriction on urinary
excretion of NO2 in nondiabetic, sedentary, exercise-trained, and foodrestricted rats. Data are means ± SE (n = 7 in each group). *P < 0.05.
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