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Glucose tolerance is determined by complex interaction among several physiological processes, including insulin secretion, 
insulin sensitivity (SI), and the action of glucose itself to enhance glucose uptake and suppress its release by the liver, The 
combined effect of glucose to enhance glucose uptake and suppress endogenous glucose production at basal insulin has been 
defined as glucose effectiveness (SG) and is at least equal to insulin itself in the determination of glucose tolerance. The present 
study was undertaken to examine the effects of endurance training on SG in young rats. Female Sprague-Dawley rats (7 weeks 
old) were randomly assigned to sedentary and trained groups, and rats in the trained group had access to a running wheel for 3 
weeks. Intravenous glucose tolerance tests ([IVGTTs] 500 mg/kg body weight) were performed 30 hours after the rats stopped 
wheel-running. The glucose disappearance constant (KG) and minimal model-derived SI and SG for trained rats were higher 
than for sedentary animals. Increases in SG were positively correlated with the relative heart weight, an index of endurance 
capacity. Our results confirm the previous observation in a cross-sectional study that an improved glucose tolerance in 
endurance-trained athletes was due to an increase in SG and Sb suggesting that physical exercise is a unique physiological 
condition that enhances both SG and SI. 
Copyright © 1998 by W.B. Saunders Company 

G LUCOSE TOLERANCE is determined by complex inter- 
action among several physiological processes, including 

the insulin secretory response to a glucose load, the sensitivity 

of insulin-responsive tissue to the action of secreted insulin, and 
the action of glucose itself to enhance glucose uptake and 

suppress its release by the liver. The combined effect of glucose 
to enhance glucose uptake and suppress endogenous glucose 
production at basal insulin has been defined as glucose effective- 

ness (SG). 1 Although its exact physiological meaning and 
cellular basis remain to be determined, SG is at least equal to 
insulin itself in the determination of glucose tolerance. 1 Physi- 

cal exercise is unique since it is the only known physiological 
condition to enhance SG and insulin sensitivity (SI). A single 
bout of exercise enhances SG and SI in untrained individuals. 2,3 

We have also shown in a cross-sectional study that improved 
glucose tolerance in endurance-trained atheletes was due to an 
increase in SG and S]. 4 Endurance training has the potential to 
enhance SG, although longitudinal studies in middle-aged 
subjects did not detect a statistically significant effect. 5,6 In the 

present study, we evaluated this issue by studying the effects of 

endurance training on SG in young rats. 

MATERIALS AND METHODS 

Animals and Research Design 

Female Sprague-Dawley rats (6 weeks old) were obtained from 
CLEA Japan (Tokyo, Japan). All procedures involving the animals were 
approved by the ethics committee of the University of Tsukuba. The rats 
were housed at 23°C with light from 7 AM to 7 PM and with free access to 
water and powdered chow (CE-2; CLEA Japan) except that the food 
was removed from the cages 6 hours before the intravenous glucose 
tolerance test (IVGTT). Rats aged 7 weeks were weight-matched and 
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separated into sedentary and training groups. Rats in the sedentary 
group were kept in individual wire-bottomed cages (15 X 25 × 17 cm), 
and rats in the training group were kept in individual wire-bottomed 
cages (15 × 25 X 15 cm) with a running wheel (circumference, 1 m; 
KC-8000; Tokushima Medical, Tokushima, Japan) to which the rats had 
free access for 3 weeks as described previously. 7,8 

Thirty hours before the IVGTT (ie, by 7 aM), the animals underwent 
placement of a tail artery blood sampling catheter and tail vein infusion 
catheter (PE10; Clay Adams, Parsippany, NJ). Catheters were placed 
percutaneously during local anesthesia with lidocaine (1% wt/vol) 
while the animals were briefly restrained. After catheter placement, the 
animals were returned to their cages with tail restraints. 9 The catheters 
were maintained by infusion (0.6 mL/h using a digital infusion pump; 
Harvard Apparatus, Boston, MA) of heparinized (2 U/mL) physiologi- 
cal saline. 

IVGTT 

Protocol I: IVGTE. IVGTTs were performed at 1 PM. Food was 
removed from the cages at 7 AM on the morning of the IVGTT (6-hour 
fasted). All animals received a bolus injection of glucose (500 mg/kg 
body weight as a 20% solution in water) into a tail vein. Tail arterial 
samples (100 gL) were taken into syringes containing heparin (0.1 U) 
and NaF (1 mg) at -5 ,  2, 4, 6, 8, 10, 12, 14, 16, 19, 22, 25, 30, 40, and 
60 minutes. Plasma was frozen at -30°C for subsequent analysis. 

Protocol 11." IVGTT with suppressed dynamic insulin response. The 
basal sample was drawn at -30  minutes. To suppress the endogenous 
insulin response to a glucose load, somatostatin was infused systemi- 
cally through a tail vein (3 lag/kg/min) 1° beginning at -25 minutes and 
continuing throughout the experiment, which lasted until 80 minutes. 
After a bolus injection of glucose (500 mg/kg body weight) into a tail 
vein, tail arterial samples were taken at -5 ,  2, 5, 10, 15, 20, 30, 40, 60, 
and 80 minutes. 

Assays 

Plasma glucose levels were measured in duplicate spectrophotometri- 
cally with glucose oxidase (Glucose B-test; WaLt Pure Chemical 
Industries, Osaka, Japan). The immunoreactive insulin content in 5 gL 
of plasma was determined in duplicate using the ELISA Insulin kit 
(Seikagaku, Tokyo, Japan) with rat insulin as a standard. 

Data Analysis 

SI and SG were estimated by the minimal model approach. 11-14 The 
minimal model program was written in Pascal (Borland International, 
Scotts Valley, CA) on a Macintosh computer (Apple Computer, 
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Cupertino, CA). Briefly, the Marquardt-Lebenberg method was used for 
nonlinear least-square estimation of the parameters, and values at 0 to 4 
minutes were zero-weighted. The step size for the integration was 0.2 
minutes. 

Ks was calculated as the slope of the least-square regression line 
relating the natural logarithm of the glucose concentration to time 
between 5 and 15 minutes. The endogenous plasma insulin response 
was expressed as the area of the plasma insulin curve during the first 10 
minutes above basal as described previously.IS 

Statistics 

The data are presented as the mean _+ SE. To evaluate differences 
between two means, the data were analyzed by Student's t test. 
Differences were considered statistically significant at P less than .05. 

RESULTS 

Running-Wheel Activity, Food Intake, Body Weight, 
and Tissue Weight 

Running-wheel activity increased rapidly in the first 10 days 
to a plateau and food intake increased after a transient decrease 
in the training group (Fig 1). The training group gained less 
weight than the sedentary group. The weight of abdominal 
adipose tissue and gastrocnemius muscle was significantly less 
and the heart weight was significantly greater in the training 
group than in the sedentary group (Table 1). 

/VGTT 

Plasma glucose and insulin concentrations during the IVGTT 
are shown in Fig 2a and b. There was no statistically significant 
difference in basal glucose (120 _+ 2 v 124 _+ 3 mg/dL, seden- 
tary v training) and basal insulin (86 + 10 v 90 + 8 pmol/L). 
After the intravenous glucose load, plasma glucose increased 
equally in both groups. Like in other species, including 
humans, 3,4 plasma glucose decreased to less than basal before 
returning to the basal level. The glucose disappearance constant 
(KG) as an estimate of glucose tolerance was significantly 
higher in trained than in sedentary rats. After glucose adminis- 
tration, trained rats tended to have lower plasma insulin than the 
sedentary group, but the difference was not statistically signifi- 
cant. The integrated area of plasma insulin during the first 10 
minutes was similar between the groups. SI, SG, and glucose 
effectiveness at zero insulin (GEZI) were higher in trained rats 
than in sedentary animals, but the difference in the basal insulin 
effect (BIE) was not statistically significant (Table 2). 

IVGTI" With Suppressed Dynamic Insulin Response 

Somatostatin infusion reduced basal insulin (from 79.4 _+ 10.6 
to 7.2 + 4.5 pmol/L in the sedentary group and from 97.3 _+ 36.1 
to 16.8 -+ 9.6 pmol/L in the training group), and the dynamic 
insulin response was suppressed by 70% in both groups. 
Compared with the IVGTT in protocol I, KG values were 
significantly reduced in the IVGTT with suppressed dynamic 
insulin response in both groups. KG values were significantly 
higher in trained versus sedentary rats (Table 2). 

DISCUSSION 

Glucose disappearance rates vary considerably among differ- 
ent animal species. It takes about 90 to 120 minutes for dogs and 
humans 3,4,ttJ5 but only 60 minutes for rats to reestablish the 
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Fig 1. Changes in running-wheel activity and food intake. Values 
are the mean -+ SEM. Wheel running began at age 7 weeks (day I of 
the experimental period). 

basal glucose level. It is therefore reasonable to assume that an 
IVGTT can be performed within 60 minutes in rats. Ks  values 
in dogs, monkeys, and rabbits are about 3.5, 6.0 to 8.0, and 
1 .5%-min  -1, respectively. 16-2° In the normal human, KG is 
about 2 . 0 % . r a i n - i ,  21 and it can be as high as 3.60 _+ 

0 . 6 4 % - m i n  1 in endurance-trained athletes 4 and lower than 
1 . 0 % - m i n  -1 in glucose-intolerant subjects and diabetic pa- 

Table 1. Tissue Weight (g) in Sedentary and Trained Rats 

Parameter Sedentary Trained 

Initial body weight 170 ± 4 170 _+ 3 

Final body weight 230 ± 3 218 ± 4* 

Abdominal adipose tissue 3.33 -+ 0.29 1.53 _+ O.19t 

Soleus muscle 0.20 ± 0.01 0.21 -+ 0.01 
Gastrocnemius muscle 2.57 -+ 0.05 2.28 _+ 0.05t 

Heart 0.72 ± 0.01 0.76 ± 0.01" 

* P <  .05, t P <  .01: vsedentary. 



!92  TOKUYAMA AND SUZUKI 

150 

35O 

250 

r~ 
20O 

100 i 

0 3 0  

a 400 

O 
i 

60 

400 
C 

350 

250 

200 

-30 

i i, 

0 30 60 

i 

9O 

1600 

1400 

1200 

~ 1000 

800 
u~ 

-~ 600 

400 

200 

f I I 

0 30 60 

Time (min) 

1600 

1400 

1200 

~ 1000 

8O0 

.ffi 

d 

600 

----0--- Sedentary 

- Trained v 

4°° I 
2oo  j 

01 ~ ,  i i 
-30 0 30 60 90 

T i m e  ( m i n )  

Fig 2. 31me course of  plasma 
glucose and insulin concentra- 
tions during the IVGTI" (a and b) 
and the IVGTT with suppressed 
dynamic insulin (c and d). Values 
are the mean -+ SEM. 

tients. 15,22 The KG value of 7.0% • min -1 for sedentary rats in 
the present study is comparable to the previously reported 
value 23 and higher than for most other species already men- 
tioned. Endurance training further improved glucose disappear- 
ance in the rats, confirming previous reports. 24 

Trained rats had a higher $I and $6 than sedentary animals, 
consistent with our previous study on endurance-trained ath- 
letes .4 Application of the minimal model approach to experimen- 
tal animals was initially limited to dogs, with which the minimal 
model was originally developed, 11 but it has recently been 

Table 2. IVG l - r  Parameters in Sedentary and Trained Rats 

Parameter Sedentary Trained 

Protocol I: IVGTT n = 10 n = 10 

KG (% • min  -1) 7.00 .+ 0.45 9.24 -- 0.78* 

Sl (104 . rain -1 • pmol /L  -1) 1.21 _+ 0.16 2.05 .+ 0.37* 

SG (min -1) 0.091 _+ 0.011 0.147 _+ 0.017" 

GEZI (rain -1) 0.081 _+ 0.011 0.129 -+ 0.013" 

BIE (rain -1) 0.010 + 0.001 0.018 .+ 0.005 

Insulin area (pmol /L • rain) 6,362 -+ 1,136 5,854 _+ 607 

Protocol I1: IVGTT wi th  suppressed 

dynamic  insul in response n = 7 n = 7 

KG (% • min  1) 2.64 +_ 0.27 3.84 .+ 0.39*$ 

Insulin area (pmol /L  • rain) 1,838 .+ 536 1,836 ,+ 1655 

* P <  .05, t P <  .01: vsedentary.  

$ P <  .01 v protocol  I. 

applied to monkeys 2° and pigs. 25 The original protocol of 
minimal model analysis requires 33 samples for blood glucose 
and insulin measures during the IVGTT. u Recent development 
of a reduced-sample protocol for the IVGTT 26-28 and microas- 
say of plasma insulin (5 pL) allowed us to perform an IVGTT 
with rats. For humans, but not for dogs, tolbutamide or insulin 
injection is required to improve the accuracy of parameter 
estimation by minimal model analysis. 29,3° It has not been 
determined whether the same treatment improves the accuracy 
of minimal model analysis in a rat 1VGTT. Due to technical 
difficulties such as a rapid change in plasma glucose in rats and 
an unavailability of rat insulin, etc., we chose to perform the 
IVGTT without tolbutamide or insulin injection, sampling as 
frequently as possible with the current sampling technique. A 
larger dose of glucose (500 mg/kg) was chosen to induce 
adequate insulin secretion. Our animal study confirmed previ- 
ous findings in humans, such as an enhanced SI and SG in 
endurance-trained athletes 4 and a negative correlation of S[ to 
adiposity. 21 Although it remains to be proven that the values for 
SG and SI are valid, it is still reasonable to assume that the 
physiological basis of the minimal model, ie, "remote insulin" 
stimulates peripheral glucose disposal and inhibits net hepatic 
glucose output and glucose per se enhances net glucose disposal 
independently of the insulin response, can be generally applied 
to the rat, the dog, and the human. In the present study, IVGTTs 
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with somatostatin infusion were also performed to directly 
estimate SG. Since the dynamic insulin response was not 
completely suppressed, SG could not be estimated from this 
experiment. Glucose tolerance in trained rats was still better 
than in sedentary rats when the dynamic insulin response to a 
glucose load was greatly but not completely suppressed. Taken 
together, these results suggest that endurance training by 3 
weeks of wheel running enhances glucose effectiveness in rats. 

Endurance-trained athletes had higher SI and SG than seden- 
tary subjects when tested 16 hours and 1 week after the last 
training session. The effect of a single bout of exercise on 
non-insulin-mediated glucose uptake (NIMGU) can last for 
more than several hours after exercise ends, 31-34 but is reversed 
within 18 hours in rats fed carbohydrate) L35 Since the IVGTT 
was performed 30 hours (24 hours of feeding and 6 hours of 
fasting) after tail artery cannulation, it is likely that the 
enhanced SI and SG observed in trained rats were due to a 
long-term effect of endurance training rather than to the residual 
effect of the last bout of exercise greater than 30 hours before 
the IVGTT. In either case, the present longitudinal study shows 
that rats trained with a running wheel have higher SI and SG in 
the habitual state. SG consists of two components: GEZI and 
BIE. GEZI, which is more closely related to NIMGU than SG 
itself, is the major component of SG (88% --- 2% of SG in the 
sedentary group and 89% + 2% of SG in the trained group) in 
rats. GEZI was higher in the trained group than in the sedentary 
group. 

Consistent with a previous human study, 21 SI was negatively 
correlated with abdominal adipose tissue weight (R 2 = .423, 
P < ,01), suggesting the possibility that enhanced SI in trained 
rats is related to reduced adiposity. On the other hand, SG is not 
correlated with adiposity or skeletal muscle mass, but is 
positively correlated with the relative heart weight (R  2 = .319, 
P < .05), suggesting that better-trained animals acquired higher 
SG. GEZI was also positively correlated with relative heart size 
(R  2 = .322, P < .05). However, in a population-based study, SG 
was not significantly associated with maximal oxygen consump- 
tion in 186 males (mean + SD, 44 + 9 mL/min/kg) and 194 
females (38 _+ 8 mL/min/kg). 21 In our previous cross-sectional 
study comparing sedentary subjects and endurance-trained 
athletes, the difference in maximal oxygen consumption was 
37% (40.9 _+ 1.4 v 56.2 + 1.2 mL/min/kg) and endurance- 
trained athletes had higher SG. a To our knowledge, two longitu- 
dinal studies have been conducted with middle-aged subjects to 
assess the effect of physical training on SG. Kahn et al 5 
compared S~ in healthy older men (68.6 years) before and after 
6 months of endurance training and found no effect of exercise 
training on SG (0.014 _+ 0.001 v 0.015 + 0.002 rain-X). Al- 
though their exercise training produced an endurance training 
effect, the increase in maximal oxygen consumption was only 
18%. Similarly, Houmard et al 6 found no significant increase in 
SG (0.020 + 0.002 v 0.023 + 0.002 rain -1) after 14 weeks of 
training that increased maximal oxygen consumption by 20%. 
Therefore, it seems that only intensive endurance training 
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Fig 3. Relation between maximal oxygen consumption and SG in 
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increases SG (Fig 3). Clarification of whether SG is related to 
physical fitness, particularly the endurance-trained state, de- 
serves further attention. 

SG is at least equal to insulin itself in the determination of 
glucose tolerance in humans. I Its quantitative importance 
inevitably led to recent efforts to identify factors that determine 
SG. It has been suggested that the mechanism by which glucose 
acts to increase cellular metabolism independently of a change 
in insulin involves mass action through GLUTs already located 
on the cell surface, transporter recruitment, 36 and enzyme 
activation. 37-39 It remains to be determined endurance training 
enhances SG, and further physiological study combined with 
biochemical analysis of tissues is clearly wan-anted. 
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