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G

lucose tolerance is determined by both insulin
action and insulin-independent effects; the latter, called glucose effectiveness, represents the
action of glucose itself to facilitate the glucose
uptake and to suppress endogenous glucose production
(EGP) (1). In normal individuals, ⬃50% of the glucose
disposal during an oral glucose tolerance test is due to
glucose effectiveness, not to the dynamic insulin response
(2). As a result, glucose effectiveness is a component equal
to or greater than insulin itself in determining glucose
tolerance (2). Using a conventional minimal model, we
previously reported that young distance runners and
strength-trained men have a 76 and 30% higher glucose
effectiveness (Sg) than that of control subjects, respectively (3,4). In addition, we recently showed that a 6-week
mild exercise training improves both the Sg and insulin
sensitivity (Si) in healthy men (5). These studies suggest
that exercise is one of the unique approaches that may
help to increase Sg.
A recently proposed stable-labeled two-compartment
minimal model enabled us to single out estimates of
glucose uptake from the combined ability of insulin or
glucose per se to stimulate glucose uptake and to suppress
its own production. This model allowed us to obtain new
indexes regarding both the peripheral-specific glucose
effectiveness (Sg2*) and insulin sensitivity (Si2*). Furthermore, the combination of a stable-labeled two-compartment minimal model and deconvolution provides a reliable
profile of EGP (6 – 8). Using this new method, we recently
found not only Si2* but also Sg2* in exercise-trained
middle-aged subjects to be significantly greater than those
in sedentary subjects, and both the basal EGP and EGP
overshoot during frequently sampled intravenous glucose
tolerance tests (FSIGTTs) were also greater in exercisetrained men (9). However, this cross-sectional study has
several limitations, including the possibility that exercisetrained men who can run a marathon within 3.5 h (9) may
be genetically predisposed to have a higher Sg2*. In addition, training intensity and/or duration, which induce such
an increase in the Sg2*, could not be elucidated in detail.
We therefore decided to study effects of exercise training
on Sg2*, Si2*, and EGP in previously sedentary humans,
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For examining the effects of moderate exercise training
on peripheral glucose effectiveness (Sg2*), insulin sensitivity (Si2*), and endogenous glucose production
(EGP), seven men and one woman (24.8 ⴞ 1.8 years)
participated in cycle ergometer training at lactate
threshold intensity for 60 min/day, 5 days/week for 12
weeks. Stable-labeled frequently sampled intravenous
glucose tolerance tests were performed before and 16 h
and 1 week after the last training session. Sg2* (pre
0.71 ⴞ 0.03 ⴛ 10ⴚ2, 16 h 0.85 ⴞ 0.02 ⴛ 10ⴚ2 dl 䡠 kgⴚ1 䡠
minⴚ1) and Si2* (pre 12.6 ⴞ 2.6 ⴛ 10ⴚ4, 16 h 19.7 ⴞ 3.3 ⴛ
10ⴚ4 dl 䡠 kgⴚ1 䡠 minⴚ1 䡠 [U/ml]ⴚ1), analyzed using the
two-compartment minimal model, were significantly elevated 16 h after the last training session. The elevated
Sg2* remained higher despite the cessation of exercise
training for 1 week (1.00 ⴞ 0.03 ⴛ 10ⴚ2 dl 䡠 kgⴚ1 䡠 minⴚ1).
EGP was suppressed within 20 min after glucose bolus,
and the suppression of EGP was followed by their
overshoot. The time course of EGP during the intravenous glucose tolerance test remained similar after the
training period. In conclusion, moderate exercise training at lactate threshold improves not only peripheral
insulin sensitivity but also peripheral glucose effectiveness with no change in the effect of glucose and/or
insulin to suppress EGP in healthy humans. Diabetes 53:
315–320, 2004

PERIPHERAL Sg AFTER MODERATE TRAINING

using the stable-labeled two-compartment minimal model.
The present study showed for the first time that moderate
exercise training improves not only Si2* but also Sg2* with
no change in the suppressive effect of glucose and/or
insulin on EGP in healthy humans.
RESEARCH DESIGN AND METHODS
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dq1/dt ⫽ ⫺[kp ⫹ Rd,0/Q1(t) ⫹ k21]q1(t) ⫹ k12q2(t) q1 (0) ⫽ d
dq2/dt ⫽ k21q1(t) ⫺ [k02 ⫹ x(t) ⫹ k12]q2(t) q2 (0) ⫽ 0
dx/dt ⫽ ⫺p2{ x(t) ⫺ sk[I(t) ⫺ Ib]} x(0) ⫽ 0
g(t) ⫽ q1(t)/V1
where q1 and q2 denote labeled glucose masses (mg/kg) in the first (accessible
pool) and second (slowly equilibrating pool) compartment, respectively; x(t)
is insulin action (min⫺1), and Ib and I(t) are plasma insulin at the basal level
and during the FSIGTT (U/ml), respectively; Q1(t) is the glucose mass in the
accessible pool (mg/kg), g(t) is the plasma labeled glucose concentration
(mg/dl), and d is glucose dose (mg/kg); V1 is the volume of the first
compartment (dl/kg) and k21 (min⫺1), k12 (min⫺1), and k02 (min⫺1) are
parameters describing the glucose kinetics; and p2 (min⫺1) and sk (ml 䡠 U⫺1
䡠 min⫺1) are parameters describing insulin action. The model structure
assumes that insulin-independent glucose disposal takes place in the accessible pool and is the sum of two components, one constant and the other
proportional to the glucose mass. Rd,0 (mg 䡠 kg⫺1 䡠 min⫺1) is the constant
component of glucose disposal, whereas kp (min⫺1) is the proportionality
constant between glucose disposal from the accessible compartment and
glucose mass in the same compartment. kP and Rd,0 were assumed as follows
according to a very recent improved version of two-compartment model (15):
kP ⫽ 1.14 k21k02/(k02 ⫹ k12)
Rd,0/Q1(t) ⫽ 1.86 k21k02Gb/(k02 ⫹ k12)/G(t)
where Gb is basal glucose concentration (mg/dl). Si2* and Sg2* were defined as
follows (6,8,15):
Si2* ⫽ V1skk21k12/(k02 ⫹ k12)2
Sg2* ⫽ V1[kp⫹ k21k02/(k02 ⫹ k12)]
Given parameters of the two-compartment model and time course of Q1(t)
[⫽ G(t)V1] and insulin, tracee equation described by two-compartment
minimal model was solved in each subject to obtain glucose mass in the
second compartment (Q2(t), mg/kg). The glucose disappearance rate [Rd(t)]
from the accessible pool predicted by the model is determined using the
tracer-tracee indistinguishability principle, and time-varying PCR was calculated as Rd(t)/G(t):
Rd(t) ⫽ [kp ⫹ Rd,0/V1G(t) ⫹ k21]Q1(t)
⫺ k12Q2(t), Q2 (0) ⫽ Gb V1 k21/(k02⫹ k12)
The precision of parameter estimates (k21, k12, k02, p2, sk, V1) were 22% (range,
7– 66%) for k21, 14% (range, 4 –31%) for k12, 9% (range, 3–30%) for k02, 13%
(range, 6 –22%) for p2, 11% (range, 3– 42%) for sk, and 7% (range, 3–20%) for V1,
and these values were comparable to the previously published results (15).
The data were analyzed using the SAAMII software package (SAAM Institute,
Seattle, WA).
EGP was estimated by nonparametric deconvolution as previously described (6,14). Computer program for nonparametric deconvolution to estimate EGP was written in Pascal (Borland International, Scotts Valley, CA) on
a Macintosh IIcx (Apple Computer, Cupertino, CA). In particular, source
programs (ludcmp and lubksb) supplied by Press et al. (16) have been adapted
to the particular situation of the nonparametric deconvolution.
The insulin area above the basal level between 0 and 20 min after the
administration of glucose was calculated according to a previously described
method (3). The glucose disappearance constant (KG) was calculated as the
slope of the least squares regression line related to the natural logarithm of the
glucose concentration to the time that samples were drawn between 10 and 19
min after glucose load.
Statistics. All values are shown as the means ⫾ SE. The analyses were
performed using the Wilcoxon’s signed-rank test. For detecting the effect of 12
weeks of training on body composition and physical fitness level, the data
were compared before and after training. For detecting the impact of the 12
weeks of training on metabolic variables, the data were compared before
training and 16 h after the last training session (primary end point). Additional
comparisons (pre-exercise training versus 1 week: secondary end point) were
also made only when a difference between the data before training and 16 h
after the last training session was significant. P ⬍ 0.05 was considered to be
statistically significant.
DIABETES, VOL. 53, FEBRUARY 2004
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Seven men and one woman (19 –33 years) who all were in good health and had
not undergone any regular exercise for at least 2 years were examined. All
individuals were free from diabetes, and none were taking any medications.
All subjects were asked not to change their normal dietary habits and not to
engage in any strenuous physical activity. Before the study was begun, the
nature, purpose, and risks of the study were explained to all subjects and
informed written consent was obtained. The protocol was approved by the
local ethical committee of the Jichi Medical School and was conducted in
accordance with the Helsinki Declaration.
Body composition and physical fitness. Each subject’s percentage of fat
was measured by hydrostatic weighing before training and 2 days after the last
training session and was estimated on the basis of the hydrostatic density with
a correction for the residual lung volume (10). For measuring physical fitness,
the graded exercise test on a mechanically braked ergometer (Electric Bicycle
Ergometer; Lode’s Instrumenten, Groningen, Netherlands) was performed
before training and 2 days after the last training session. The work rate was
initially set at 10 W and thereafter was increased every 4 s by 1 W. The test was
continued until subjective exhaustion was achieved. VO2 was measured from
the mixed expired gas collected in neoprene bags. The volume of the expired
gas was quantified with a twin-drum type respirometer (Fukuda Irika CR-20,
Tokyo, Japan), and both the O2 and CO2 fractions were analyzed by a mass
spectrometer (ARCO-1000; ARCO System, Chiba, Japan). Blood samples from
an earlobe were obtained every 30 s to measure the blood lactate levels. The
blood lactate concentration was plotted against the exercise workload for
each subject, and the workload at the first breaking of lactate was used to
calculate the exercise training intensity of each subject. The lactate threshold
was determined for each subject on the basis of a visual inspection according
to the estimations of three experts, who were blinded to the purpose of our
study, and the average was used to establish the exercise intensity for training.
Exercise training program. Cycle ergometer training at the lactate threshold level (49.1 ⫾ 2.8% VO2max for the first 6 weeks and 49.1 ⫾ 2.2% VO2max for
the last 6 weeks) was carried out for 60 min/day, five times/week for 12 weeks
at our laboratory. Six weeks after starting the training program, each subject
underwent a graded exercise test to readjust the training workload. The
revised workloads were then used for the next 6 weeks (103.4 ⫾ 5.1 W for the
first 6 weeks and 111.0 ⫾ 5.3 W for the last 6 weeks).
Oral glucose tolerance test and FSIGTT. Before starting the exercise
training, all subjects were orally given 75 g of glucose after overnight fasting
to confirm that they had a normal glucose tolerance according to the Japan
Diabetes Society Criteria (11). FSIGTTs were performed before (pre) and both
16 h and 1 week after the last training session. In the morning between 0700
and 0900 after overnight fasting, the subjects were allowed to rest while lying
down for at least 30 min before blood sampling commenced. Blood samples
were obtained from an antecubital vein in one arm, which was kept in a
radiant warmer at 70°C to provide an arterialized blood source. The baseline
samples for glucose, insulin, and free fatty acid were obtained, and then
glucose isotopically labeled with [6, 6-2H2]glucose (Aldrich, Milwaukee, WI)
was administered in the contralateral antecubital vein (300 mg/kg body wt)
within 1 min (9). Regular insulin (Humalin; Shionogi, Osaka, Japan) was
infused (20 mU/kg) into an antecubital vein from 20 to 25 min after the glucose
bolus. Blood samples for glucose and insulin were frequently obtained up to
180 min. On the day before undergoing the FSIGTT, all subjects were provided
with an evening meal consisting of ⱖ140 g carbohydrate, ⱖ30 g fat, and ⱖ33
g protein. FSIGTTs for one female subject were performed at the same phase
of her menstrual cycles before and after exercise training.
Biochemical and stable isotope tracer analysis. The plasma glucose levels
were measured spectrophotometrically in triplicate using glucose oxidase
(Glucose B-test; Wako Pure Chemical, Osaka, Japan). The immunoreactive
insulin levels were measured in duplicate using a Phadeseph insulin radioimmunoassay kit (Shionogi, Osaka, Japan). The serum free fatty acid levels were
assayed using the standard method (12). Deuterated glucose was analyzed as
a penta-acetate derivative using the method by Wolfe (13) as previously
described (14). The measurement error associated with the labeled glucose
measurement was assumed to be independent, white, and Gaussian, with zero
mean and coefficient of variation of 3.0%.
Calculations. The indexes of glucose effectiveness (Sg2*) and insulin sensitivity (Si2*) specific for peripheral glucose uptake, and plasma clearance rate
(PCR) were estimated by a two-compartment minimal model (6,8,15). The

model is described in its uniquely identifiable parameterization by the
following equation:

Y. NISHIDA AND ASSOCIATES

TABLE 1
Characteristics of the subjects
Before
training
Age (years)
Height (cm)
Weight (kg)
BMI (kg/m2)
Fat (%)
Fat mass (kg)
LBM (kg)
VO2max (ml 䡠 kg⫺1 䡠 min⫺1)
LT-VO2 (ml 䡠 kg⫺1 䡠 min⫺1)
VO2max (ml 䡠 kg LBM⫺1 䡠 min⫺1)
LT-VO2 (ml 䡠 kg LBM⫺1 䡠 min⫺1)

24.8 ⫾ 1.8
172.5 ⫾ 1.3
68.5 ⫾ 4.6
22.9 ⫾ 1.3
15.3 ⫾ 2.1
10.8 ⫾ 1.9
57.7 ⫾ 3.2
39.6 ⫾ 2.7
18.8 ⫾ 1.1
47.7 ⫾ 2.6
22.2 ⫾ 1.2

After
training

67.7 ⫾ 4.4
22.7 ⫾ 1.2
14.6 ⫾ 1.7
10.1 ⫾ 1.7
57.7 ⫾ 3.3
43.8 ⫾ 2.2*
19.9 ⫾ 0.8
51.3 ⫾ 1.7*
23.6 ⫾ 0.6

RESULTS

The 12-week exercise program produced a training effect
as demonstrated by a 9.9% increase in VO2max (P ⬍ 0.05;
Table 1). The body weight, percentage of fat, fat mass, and
lean body mass remained unchanged with the training
(Table 1). The fasting (arterialized venous) glucose concentration did not significantly change after exercise training (Table 2). The fasting insulin concentrations 16 h after
the last training session tended to be lower than the
pretraining level (P ⫽ 0.080) but returned to the pretraining level 1 week after the training regimen was stopped.
The KG values were similar when evaluated before training
and 16 h and 1 week after the training (Table 2, Fig. 1A).
An integrated area of insulin during the first 10 min of the
FSIGTT, as an index of first-phase insulin secretion, significantly decreased at both 16 h and 1 week after the
training (Table 2, Fig. 1B).
The exercise training significantly increased the peripheral glucose effectiveness (Sg2*) measured 16 h after the
last training session (Table 2). The elevated Sg2* after the
training remained higher than the pretraining level regardless of detraining for 1 week. The insulin sensitivity (Si2*)
increased significantly 16 h after the last training session
but returned to the pretraining level 1 week after the
training regimen was stopped. The time course of exogenous and endogenous glucose concentrations during
FSIGTT before and after (16 h and 1 week) training is
shown in Fig. 1C and D. The PCRs increased immediately
after glucose infusion and several minutes after insulin
infusion before and 16 h and 1 week after training, and the
PCRs after the 12-week training (both 16 h and 1 week
after the training) were greater than those of before
training throughout FSIGTT (Fig. 1E).
The averages of basal EGP increased after the training,
although the increase was not statistically significant
(Table 2). The EGP was similarly suppressed within 20
min, and the differences in the EGP between the basal
level and the bottom did not change after the training
regimen (pre 0.91 ⫾ 0.10, 16 h 0.94 ⫾ 0.10, and 1 week
1.22 ⫾ 0.10 mg 䡠 kg⫺1 䡠 min⫺1, respectively; NS; Fig. 1F).
DIABETES, VOL. 53, FEBRUARY 2004

n
Basal glucose (mg/dl)
Basal insulin (U/ml)
Basal FFA (mEQ/l)
KG (% min⫺1)
Insulin area
(U 䡠 ml⫺1 䡠 min)
0–10 min
Insulin area
(U 䡠 ml⫺1 䡠 min)
0–20 min
Sg2 (⫻ 10⫺2
dl 䡠 kg⫺1 䡠 min⫺1)
2
Si (⫻ 10⫺4
dl 䡠 kg⫺1 䡠 min⫺1)
[U/ml]⫺1)
Basal EGP
(mg 䡠 kg⫺1 䡠 min⫺1)
Basal PCR
(ml 䡠 kg⫺1 䡠 min⫺1)

Pre

16 h

1 week

8
97.4 ⫾ 3.5
5.5 ⫾ 1.0
0.38 ⫾ 0.08
2.30 ⫾ 0.20

8
95.2 ⫾ 1.7
4.5 ⫾ 0.7
0.57 ⫾ 0.05
1.87 ⫾ 0.27

8
97.2 ⫾ 2.3
5.9 ⫾ 0.8
0.46 ⫾ 0.06
2.09 ⫾ 0.19

490 ⫾ 107

282 ⫾ 76*

364 ⫾ 63*

745 ⫾ 157

409 ⫾ 115*

542 ⫾ 91

0.71 ⫾ 0.03

0.85 ⫾ 0.02*

1.00 ⫾ 0.03*

12.6 ⫾ 2.6

19.7 ⫾ 3.3*

14.2 ⫾ 3.3

1.30 ⫾ 0.10

1.50 ⫾ 0.04

1.81 ⫾ 0.06

1.32 ⫾ 0.06

1.58 ⫾ 0.05*

1.87 ⫾ 0.05*

Values are the means ⫾ SE. FFA, free fatty acids. *P ⬍ 0.05 vs. before
training.

The suppression of EGP was followed by their overshoot,
and the EGP overshoot remained unchanged after training
(peak EGP: pre 1.68 ⫾ 0.14, 16 h 1.89 ⫾ 0.16, and 1 week
1.97 ⫾ 0.13 mg 䡠 kg⫺1 䡠 min⫺1, respectively; NS; Fig. 1F).
The difference in the EGP between the peak and the
bottom also did not change after the training (pre 1.29 ⫾
0.15, 16 h 1.33 ⫾ 0.12, and 1 week 1.38 ⫾ 0.10 mg 䡠 kg⫺1 䡠
min⫺1, respectively; NS). Sg2*, Si2*, and EGP corrected for
lean body mass displayed similar results to the data
corrected for body weight (data not shown).
The estimated parameters of the two-compartment minimal model are summarized in Table 3. A volume of
glucose distribution in the first pool (V1) significantly
increased after the training. The model incorporated mixing parameters (k21 and k12) between the glucose pools (q1
and q2) and did not change after the training. k02 and kp
tended to increase after 1 week of detraining, although the
increase was not statistically significant (P ⫽ 0.069 and
P ⫽ 0.093, respectively). A parameter sk also tended to
increase 16 h after the training (P ⫽ 0.093), but it returned
to the basal level after 1 week of detraining, whereas
another parameter, p2, remained unchanged after the
training (Table 3).
DISCUSSION

The main finding of the present study is that the 12-week
exercise training at the lactate threshold significantly
increased both the peripheral glucose effectiveness (Sg2*)
and insulin sensitivity (Si2*), which were derived by a
two-compartment–labeled minimal model. These results
suggest that moderate exercise training improves not only
insulin-dependent glucose uptake but also insulin-independent (glucose-dependent) glucose uptake in healthy humans. Although the effect of exercise training on insulin
sensitivity has been well documented using the glucose
clamp method (17), only one previous study, which was
317
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Data are the means ⫾ SE. LT-VO2, VO2 at lactate threshold. None of
the presented means or SE (except age) included the data from one
female subject because the normal ranges in these characteristics
are different between men and women. This subject’s initial BMI
(⬍25 kg/m2), percentage of fat (⬍30%), and VO2max (⬎31 ml 䡠 kg⫺1 䡠
min⫺1) all were within the normal range for women. Statistical
analyses were performed using the data of all subjects (seven men
and one woman). *P ⬍ 0.05 vs. before training. LBM, lean body mass.

TABLE 2
Metabolic parameters before (pre) and after (16 h and 1 week)
the exercise training

PERIPHERAL Sg AFTER MODERATE TRAINING
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FIG. 1. The time course of plasma glucose concentration (A), insulin concentration (B), exogenous glucose concentration (C), endogenous
glucose concentration (D), PCR (E), and EGP (F) during the FSIGTT before (E) and at 16 h (F) and 1 week (Œ) after the 12-week exercise
training. Values are the means ⴞ SE.

conducted by us, reported the effect of exercise training
on Sg2* and EGP in men (9). This cross-sectional study
showed that exercise-trained men have a greater Sg2* and
EGP (9). The present longitudinal study provided the first
evidence that a 12-week moderate exercise training program improves the Sg2* with no change in the ability of
glucose and/or insulin to suppress EGP in previously
sedentary humans.
Hyperglycemia per se increases glucose utilization (18 –
20) and stimulates the disposal of glucose by oxidative and
nonoxidative metabolism (21,22). An acute rise in the
318

plasma glucose concentration has a marked effect of
increasing the non–insulin-dependent glucose uptake in
human skeletal muscles (23). In a rodent study, stimulation of myotubes with glucose was also shown to induce
an approximately twofold increase of the GLUT4 content
in the plasma membrane independent of insulin, providing
first evidence that glucose per se activates the specific
glucose transporter proteins (24). In addition, a recent
study reported that glucose, independent of insulin, does
in fact increase GLUT4 translocation/glucose transport in
skeletal muscle and adipose tissues through the activation
DIABETES, VOL. 53, FEBRUARY 2004
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TABLE 3
Estimated parameters of the two-compartment minimal model before (pre) and after (16 h and 1 week) the training

V1 (dt/kg)
k21 (min⫺1)
k12 (min⫺1)
k02 (min⫺1)
p2 (min⫺1)
sk (ml 䡠 U⫺1 䡠 min⫺1)
kp (min⫺1)

Pre

16 h

1 week

0.90 ⫾ 0.04
0.1269 ⫾ 0.0095
0.1387 ⫾ 0.0186
0.00411 ⫾ 0.00032
0.091 ⫾ 0.015
0.00167 ⫾ 0.00038
0.0042 ⫾ 0.0002

1.13 ⫾ 0.06*
0.1083 ⫾ 0.0136
0.1242 ⫾ 0.0117
0.00444 ⫾ 0.00051
0.088 ⫾ 0.009
0.00244 ⫾ 0.00061
0.0041 ⫾ 0.0002

1.13 ⫾ 0.05*
0.1062 ⫾ 0.0093
0.1212 ⫾ 0.0085
0.00500 ⫾ 0.00024
0.093 ⫾ 0.007
0.00164 ⫾ 0.00044
0.0048 ⫾ 0.0003

Values are the means ⫾ SE. V1, volume of the first compartment; k21, k12, and K02, glucose kinetic parameters; p2 and sk parameters describing
insulin action; kp, proportional effect of glucose mass in the first compartment on glucose disposal from the same compartment. *P ⬍ 0.05
vs. before training.
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overshoot in exercise-trained men seemed to be an adaptation to compensate for their high insulin-dependent and
-independent peripheral glucose uptake to prevent hypoglycemia (9). In this study, we observed a significant
increase in the indexes for glucose uptake, but the change
in the basal EGP and EGP overshoot after 12-week training did not reach statistical significance. The differences
observed in the EGP between these two studies may be
associated with the difference in the indexes for the
glucose uptake observed in the trained men (9) and in our
participants in this study. The levels of Sg2* after this
training regimen (16 h 0.85 ⫻ 10⫺2 and 1 week 1.00 ⫻ 10⫺2
dl 䡠 kg⫺1 䡠 min⫺1, respectively) were similar to those of
exercise-trained men, which were measured 48 h after the
last training session (0.81 ⫻ 10⫺2 dl 䡠 kg⫺1 䡠 min⫺1).
However, the levels of Si2* after the training (16 h 19.7 ⫻
10⫺4 and 1 week 14.2 ⫻ 10⫺4 dl 䡠 kg⫺1 䡠 min⫺1 䡠 [U/ml] ⫺1,
respectively) were far lower than those of trained men
(24.6 ⫻ 10⫺4 dl 䡠 kg⫺1 䡠 min⫺1 䡠 [U/ml]⫺1). As a result, the
increase in Si2* after this training may not be sufficient to
induce a significant change in EGP. Another possible
explanation for the difference in EGP between these two
studies is the duration of exercise training—namely, 12
weeks in the present study versus 4 –30 years in our
previous study (9). An adaptation of the liver and/or
kidney to the exercise training–induced increase in insulin-dependent and -independent peripheral glucose uptake
could be achieved after a longer period of exercise training. In the present study, similar KG and plasma total
glucose profile were observed despite increased PCR after
the exercise training. This may be explained by the persistently increased level of EGP throughout FSIGTT after the
training (see Fig. 1F), although the increase was modest.
Consistently, increased PCR and EGP but identical KG and
plasma total glucose profiles were clearly observed in
exercise-trained men (9).
In conclusion, we found that a 12-week moderate exercise training program at the lactate threshold significantly
increased the Sg2* (both 16 h and 1 week after training
cessation) and Si2* (16 h after training cessation), which
were estimated by a two-compartment–labeled minimal
model. These results suggest that moderate exercise training could enhance not only the peripheral insulin-dependent glucose uptake but also the peripheral insulinindependent glucose uptake with no change in the ability
of glucose and/or insulin to suppress EGP in healthy
humans.
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of protein kinase C-/ (25). Because longitudinal studies
show that exercise training increases skeletal muscle
GLUT4 protein content in healthy humans (26,27), it is
possible that a training-induced increase in GLUT4 protein
in skeletal muscle could be one of the mechanisms for the
enhanced Sg2* after the training. Another glucose transporter, GLUT1, which is located in the cell sarcolemma of
skeletal muscle, transports glucose independent of insulin
(28). Endurance exercise training (60% VO2max for 4
weeks) was shown to induce an increase in the skeletal
muscle GLUT1 protein content in humans (27). Therefore,
it is also possible that an enhanced Sg2* after the training
regimen could be due in part to a training-induced increase
in the GLUT1 content in skeletal muscle.
Our result that an elevated Si2* 16 h after exercise
training returned to the basal level after 1 week of detraining, which was estimated by the two-compartment minimal model, was consistent with the results of several
human studies using the glucose clamp method, which
showed that the increased insulin action as a result of
exercise training disappears after 7–10 days of detraining
(29,30). Conversely, the Sg2* remained elevated after 1
week of detraining. The GLUT4 content in the muscle of
endurance-trained runners remained elevated regardless
of detraining for 14 days (31). In addition, an elevated
mitochondrial ATP production rate as an index of individual mitochondrial enzymatic activities in human skeletal
muscle after 6 weeks of endurance training remained
37–70% above pretraining levels after longer periods (3
weeks) of detraining (32). The persistent increase in Sg2*
after 1 week of detraining may be associated with the
increased GLUT4 content and/or mitochondrial enzymatic
activities in skeletal muscle, but these possibilities all
require further investigation.
A single bout of exercise is also known to increase Sg in
men (33). In contrast to the effects of chronic exercise
training on the Sg2*, as shown in the present study, an
increase in the glucose effectiveness after an acute bout of
exercise could rapidly disappear within at most several
hours (34 –36), whereas an increase in insulin sensitivity
can last for several days (37). Further study is needed to
elucidate the precise and detailed mechanisms responsible
for alterations in glucose effectiveness after chronic exercise training and an acute bout of exercise.
We have previously shown that improvements in the
Sg2* and Si2* are associated with an increased basal EGP
and an enhanced EGP overshoot in exercise-trained middle-aged men (9). The increase in basal EGP and EGP
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