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Abstract

It has previously been suggested that exercise training leads
to increased whole body insulin sensitivity. However, the
specific tissues and metabolic pathways involved have not been
examined in vivo. By combining the euglycemic clamp with
administration of glucose tracers, [3H12-deoxyglucose (2DG),
['4Clglucose, and [Hkglucose, in vivo insulin action at the
whole body level and within individual tissues has been assessed
in exercise-trained (ET, running 1 h/d for 7 wk) and sedentary
control rats at four insulin doses. Whole body insulin sensitivity
was significantly increased in ET. In addition, the skeletal
muscles, soleus, red and white gastrocnemius, extensor digi-
torum longus (EDL), and diaphragm all showed increased
sensitivity of insulin-stimulated 2DG uptake with training.
With the exception of EDL, no significant difference in insulin-
mediated glycogen synthesis between control and ET could be
found. Therefore, the increased insulin-induced 2DG uptake
observed in muscle following training is apparently directed
towards glucose oxidation. In ET animals, adipose tissue
exhibited a significant increase in insulin-mediated 2DGuptake
and 1[4Cjglucose incorporation into free fatty acids but there
was no difference from control in any parameters measured in
lung or liver. EDL and white gastrocnemius, which are not
primarily involved during exercise of this type, also demon-
strated increased insulin sensitivity following training. In con-
clusion, exercise training results in a marked increase in whole
body insulin sensitivity related mainly to increased glucose
oxidation in skeletal muscle. This effect may be mediated by
systemic as well as local factors and is likely to be of
therapeutic value in pathological conditions exhibiting insulin
resistance.

Introduction

Exercise training in both man and the rat may result in
improved whole body insulin sensitivity (1, 2). This chronic
adaptation to exercise has obvious implications in insulin-
resistant states such as Type II diabetes. However, the nature
and locus of the effect remain poorly defined. In fact, there is
very little information about the relative effect of exercise
training on insulin sensitivity in different tissues of the body.

It has been demonstrated that both skeletal muscle and
adipose tissue from exercise trained animals exhibit significant
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increases in insulin-mediated glucose metabolism (3-9), but
even this limited information, obtained using isolated systems
or in vitro techniques, may not accurately reflect the in vivo
response.

A number of specific issues also require clarification. First,
there is the question of whether the improvement in insulin
action is a systemic effect or is localized to the exercising
muscle. Second, it has not been determined whether the effect
is one of improved sensitivity or responsiveness or both. Third,
it must be determined whether the enhanced glucose assimi-
lation in muscle is directed towards oxidation or glycogen
synthesis. Finally, there is the question of whether the effect is
entirely related to the impact of the last bout of exercise rather
than to the training program itself.

Attempts to classify the whole body insulin response into
individual tissue responses have been made in man by various
adaptations of the glucose clamp technique (10, 1 1). However,
these have been limited by tissue accessibility. Wehave pre-
viously described a technique combining the euglycemic hy-
perinsulinemic clamp with administration of various glucose
tracers for studying in vivo insulin action at the whole body
level and within individual tissues of the conscious unrestrained
rat (12). In the present studies we have used this technique to
study the effects of prolonged exercise training in vivo insulin
action with a number of different tissues.

Methods

Experimental animals. Male Wistar rats bred and raised in our own
colony, with free access to food and water and subject to controlled
lighting (lights on from 0600 to 1800 h), were used for study. All
animals were between 90 and 120 d old at the time of study. Sedentary
control and exercise-trained animals were housed under identical
conditions. Animals were exercise trained for 7 wk using a rodent
treadmill (2). The duration and speed of running were gradually
increased during the initial 3 wk after which animals were running
continuously for 1 h/d at 21 m/min (inclination set at 100) for the
remainder of the training schedule. Exercise-trained rats were studied

- 50 h after the last bout of exercise. Both control and exercise-trained
rats were deprived of food for 5 h before the commencement of study
at -10 a.m.

Euglycemic clamp studies. Control and exercise-trained rats were
anesthetized with pentobarbitone (20 mg/kg i.p.) and ketamine hydro-
chloride (25 mg/kg i.m.) and fitted with two chronic intravenous
cannulae as previously described (13). Studies were conducted 48 h
after surgery in unrestrained conscious rats. This time was chosen for
the following reasons: (a) to avoid acute effects due to the last bout of
exercise (14); (b) to allow the animals to overcome surgical stress and
adapt to the cannulation preparation (13); and (c) to minimize the loss
of animals from the study through blocked cannulae.

Euglycemic hyperinsulinemic clamps were performed as described
previously (13). Briefly, a continuous infusion of porcine insulin
(Actrapid, Novo Industri A/S, Bagsvaerd, Denmark) was given at
various doses to achieve plasma insulin concentrations through the
physiological range and up to levels achieving maximal responses. This
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infusion was maintained for 2 h. The arterial blood glucose concentration
was clamped at the basal fasting level using a variable rate dextrose
infusion. The glucose infusion rate during the second hour of the
clamp (GIR120)' was taken as the steady state whole body glucose
disposal rate. Blood samples (0.4 ml) were obtained for insulin deter-
mination in all clamp studies at 0, 60, and 120 min. The erythrocytes
were resuspended in 0.9% saline and returned to the animal as
previously described (13).

Study A: In vivo insulin action in individual tissues. A total of 65
rats were used in this study in which insulin was infused at either 0,
1.4, 3.6, or 72 mU/kg per min in both control and trained rats. Insulin
action within individual tissues in vivo was studied as described
previously (12). The nonmetabolizable glucose analog 2,6-[3H]2-deoxy-
glucose (50 MCi) ([3H]2DG) and D-[U-'4C]glucose (30 gCi) were
administered together as an intravenous bolus at 75 min after the
commencement of the study. Blood samples (125 Al) for determination
of blood and plasma glucose concentrations and plasma tracer concen-
trations were obtained at 2, 5, 10, 15, 20, 30, and 45 min after bolus
administration. The sampling procedure used in these studies (13)
results in a loss of '-5% of the total erythrocyte volume in the rat
over the 2-h period of study. At the completion of the clamp, rats
were anesthetized (pentobarbitone, 60 mg/kg i.v.) and the following
hindquarter muscles were rapidly removed and frozen for subsequent
analysis: soleus (containing mainly slow-twitch oxidative fibers), super-
ficial or white part of the gastrocnemius (containing mainly fast-twitch
glycolytic fibers), deep red part of the medial head of the gastrocnemius
(containing mainly fast-twitch oxidative-glycolytic fibers), and extensor
digitorum longus (EDL) (containing a mixture of fast-twitch red and
white fibers, but predominantly fast-twitch glycolytic fibers) (15, 16).
In addition, the following tissues were rapidly removed from the trunk
of the animal and frozen: liver, diaphragm, lung, heart, and epididymal
fat pads.

An estimate of tissue glucose metabolic rate (the glucose metabolic
index [Rg') was calculated using the following expression (12):

Re (Amol/100 g/min) = CPX Cm(45 (1)Cp*(t)dt
where Cp is the plasma glucose level during the euglycemic clamp;
CmE,45) is the tissue accumulation per unit wet tissue mass of [3H]2-
deoxyglucose-6-phosphate at 45 min after tracer administration;
J5Cp*(t)dt is the area under the plasma [3H]2DG curve over the 45-
min period following tracer administration; t = 0, when the tracer
bolus is administered.

The incorporation of circulating glucose into storage products in
the liver was calculated from '4C-incorporation into total nonpolar
lipid and into liver glycogen, expressed as a fraction (Cf) of the total
clearance of ['4C]glucose from plasma over the 45-min period following
tracer administration.

A detailed description of the tracer methodology and the assumptions
involved in calculating Rge and Cf in individual tissues has been
reported in detail elsewhere (12). In particular, the integral in Eq. 1
was evaluated using a double exponential fit to the plasma tracer
curve.

Glycogen content (micromoles per gram) in liver and soleus was
measured in frozen tissue samples from each animal.

Study B.: Endogenous glucose production (Ra) and glucose storage.
To conduct a more extensive investigation of the influence of exercise
training on Ra, muscle glycogen synthesis, and liver and adipose tissue
lipid synthesis during the euglycemic clamp, studies were performed
in a further 23 animals.

1. Abbreviations used in this paper: ANOVA, analysis of variance;
2DG, 2-deoxyglucose; EDj, half-maximal insulin concentration; EDL,
extensor digitorum longus; GIR, glucose infusion rate; Ra, endogenous
glucose production rate; Rg', glucose metabolic index.

Ra in the basal state and during a glucose clamp at a single insulin
dose was assessed by an infusion of [3-3H]glucose (Amersham Corp.,
Arlington Heights, IL) in control and exercise-trained animals admin-
istered via the venous catheters as an initial priming dose (50 MCi)
followed immediately by a continuous infusion at a rate of 0.4 MCi/
min. A steady state of glucose specific activity in the basal state was
achieved by 60 min. Blood samples were obtained at 60, 70, 80, and
90 min after the commencement of the tracer infusion for determination
of basal plasma glucose specific activity. From 90 min, animals were
infused with insulin (2.4 mU/kg per min), while blood glucose was
maintained at euglycemia for a further 2 h. The [3-3H]glucose infusion
was continued at 0.4 MCi/min. Plasma insulin concentration, glucose
infusion rate, and glucose specific activity had all reached steady state
by 60 min after the commencement of the clamp, after which four
blood samples (0.1 ml) were obtained at 0-min intervals for measure-
ment of glucose specific activity. Ra was calculated as follows:

Ra = Ri + Ra*/sp act(GIU) = Rd at steady state (2)

where Ra* is the tracer infusion rate in disintegrations per minute; Ri
is exogenous glucose infusion rate (0 in the basal state); sp act(Glu) is
the steady state value of plasma glucose; and Rd is the rate of peripheral
glucose disposal.

To study glycogen synthesis in different muscles and glucose
conversion to the esterified free fatty acid (FFA) moiety of the total
lipid extract in liver and adipose tissue, the above animals also received
a bolus injection of D-[U-'4C]glucose (80 MCi) 45 min before the
completion of the study. In addition, studies were performed in other
animals either under basal conditions (no exogenous insulin or
[3Hjglucose) or infused with insulin at 2.4 mU/kg per min (no constant
[3H]glucose infusion). The experimental protocol was essentially the
same as that described in study A except that particular care was taken
to remove all tissues as rapidly as possible (17). The following tissues
were removed at the completion of this study: soleus, red gastrocnemius,
white gastrocnemius, EDL, liver, and epididymal fat pads. All tissue
samples were stored at -70'C until analyzed.

The rate of muscle glycogen synthesis from glucose was calculated
as previously described (17). The calculation was analogous to Eq. I
for Rg.

["4C]glucose into glycogen (Asmol/JOO gimin) = CP X CG.(45)rCp*(t)dt (3)

where CP is the steady state plasma glucose concentration (micrograms
per milliliter); CG*(45) is [14C]glycogen in muscle (disintegrations per
minute per milligram wet weight) at t = 45 min; Cp*(t) is plasma
['4Cjglucose concentration (disintegrations per minute per milliliter);
and t = 0 when the tracer bolus is administered.

['4C]glucose incorporation into total lipid extracts of epididymal
adipose tissue and liver were also measured in this study. An aliquot
of the total nonpolar lipid extract was taken for counting in addition
to the saponified FFA extract. The difference between the amounts of
radioactivity incorporated into total lipids and FFA can be regarded
as representing the synthesis of glyceride glycerol because the incor-
poration into the nonsaponifiable fraction was negligible (18). Results
are expressed as the fractional clearance (Cf) (percent per gram of
tissue) of the total ['4C]glucose dose administered (12).

Analytical methods. Plasma samples for determination of tracer
concentration were deproteinized immediately in 5.5% ZnSO4 and
saturated Ba(OH)2. An aliquot of the supernatant was added to
scintillant for counting in a liquid scintillation spectrometer. To
measure plasma [3H]glucose, supernatants were dried down at 60'C
before counting to remove any 3H20. Blood and plasma glucose
concentrations were measured using a Yellow Springs glucose analyzer
(YSI 32AM; Yellow Springs Instrument Co., Yellow Springs, Ohio).
Plasma samples for insulin determination were stored at -20'C until
analyzed by a double antibody radioimmunoassay (19) as described
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Table I. Body Weight and Plasma Data in Control
and Exercise-trained Rats

Control Exercise-trained

Body weight (g) 345±1 (47) 315±1 (38)*
Basal insulin (mU/liter) 32.5±1.9 (46) 22.9±1.5 (34)*
Basal blood glucose

(mmol/liter) 4.1±0.1 (46) 4.1±0.1 (34)
Basal corticosterone 192±38 (25) 145±22 (19)

All values are means±SEM. The number of observations is shown in
parentheses. Basal refers to 5-h fasted animals.
* Significantly different from sedentary control group, P < 0.005.

previously (13). Corticosterone was assayed by a nonextracted method
similar to that used by Carr et al. (20). Glycogen and ['4C]glycogen
were estimated essentially according to the method of Chan and Exton
(21) as previously described (17). [' C]Glucose incorporation into total
nonpolar lipids in liver and adipose tissue were measured according to
the method of Stauffacher and Renold (22). In some studies, the fatty
acid component of the total nonpolar lipid extract was isolated for
determination of radioactivity (18). Hexokinase was assayed at 20'C
as described by Shonk and Boxer (23).

All counting of radioactivity was performed in a liquid scintillation
spectrometer (Beckman Instruments, Fullerton, CA) using a quench-
corrected (external standard) dual-labeled counting program. Radio-
activity in aqueous samples was counted in Picofluor scintillant (Packard
Instrument Co., Downers Grove, IL). A toluene-based mixture con-
taining 2,5-diphenyloxazole and 1,4-bis(5-phenyloxazol-2-yl)benzene
was used for nonaqueous counting.

Other calculations. A computer program, ALLFIT (24), was used
to fit a four parameter logistic equation to dose-response curves for
Rg' in individual tissues. The two parameters which were derived from
this equation were the half-maximal insulin concentration (ED50) and
Rg' at maximal insulin stimulation. All fits were made to individual
data points.

Statistics. Statistical analysis was performed using analysis of
variance (ANOVA) followed by a Student's t test for paired comparisons
where appropriate.

Results

Table I displays body weight and basal plasma data for control
and exercise-trained rats used in these studies. The effectiveness

of the exercise training program in these animals is indicated
by a significant reduction in body weight (P < 0.005) and in
basal 5-h fasting insulin levels (P < 0.005) compared with the
sedentary control animals. There was no significant difference
in basal glucose and corticosterone levels between control and
trained rats. The mean corticosterone levels in both groups
compare well with normal values previously obtained from
uncannulated rats at a similar time of day in our labora-
tory (13).

Study A: Euglycemic hyperinsulinemic clamp
Table II shows blood and plasma data relevant to the
performance of euglycemic clamps for animals used in
Study A. There was no significant difference between basal
fasting blood glucose and the steady state blood glucose
levels achieved during the clamp in the eight subgroups
studied. Furthermore, basal blood glucose values and steady
state values were similar in all subgroups (Table II). The
coefficient of variation of steady state blood glucose levels
between 60 and 120 min ranged from 5.4±1.6 to 7.4±0.8%
in the insulin infusion groups. Fasting insulin levels were
generally lower in trained rats reflecting the overall data
reported in Table I. Plateau insulin levels produced by
insulin infusion were similar at each successive insulin dose
in exercise-trained and control rats (Table II). The steady
state exogenous glucose infusion rate between 60 and 120
min (GIRw120) required to maintain euglycemia was sig-
nificantly higher at insulin infusion rates of 1.4
mU(kg min)-' (P < 0.01) and 3.6 mU(kg min)-' (P
<0.001) in exercise-trained rats. However, there was no
significant difference in GIRw120 between control and
exercise-trained rats at maximal insulin doses (Table II).

Plasma tracer disappearance. To calculate parameters
describing the effect of hyperinsulinemia on tissue glucose
metabolism, it was necessary to quantitate the areas under
the plasma tracer disappearance curves for each animal.
Table III displays mean areas under plasma disappearance
curves from 0 to 45 min for [3H]2DG and ['4C]glucose at
each insulin dose in control and exercise-trained rats. The
rate of ['4C]glucose disappearance was significantly higher
(P < 0.05) in exercise-trained rats at insulin infusion rates
of 1.4 and 3.6 mU(kg* min)-'. Similarly, [3H]2DG disap-
pearance was higher in trained animals (P < 0.025) at an

Table 11. Summary of Blood Glucose and Plasma Insulin Concentrations, and Steady State GIRs in Control and Exercise-trained Rats

Blood glucose concentration Plasma insulin concentration

Insulin infusion No. Fasting Steady state Fasting Steady state GIR

mU- (kg- min)-' mmol- liter- mmol. liter' mU- liter mU- liter-' mg- (kg. min)`

Control 1.4 7 4.1±0.1 4.3±0.2 35±6 56±4 8.4±0.8
3.6 8 4.1±0.1 4.2±0.1 37±6 138±8 13.8±0.7

14 6 4.2±0.1 4.2±0.1 34±4 670±40 26.1±1.0
72 4 4.4±0.1 4.2±0.1 31±6 7,500±350 28.2±1.5

Exercise-
trained 1.4 6 3.9±0.1 4.1±0.1 22±2 43±3 12.4±1.2*

3.6 9 4.3±0.2 4.2±0.1 26±3 126±6 19.7±0.8t
14 6 4.2±0.2 4.3±0.1 27±4 670±30 28.7±0.6
72 5 4.2±0.1 4.2±0.1 26±3 7,400±390 32.2±2.8

All values represent the mean±SEMof basal or 60-120-min period. Significantly different from control group: * P < 0.01, t P <0.001.
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insulin infusion rate of 1.4 mU(kg* min)-' (Table III).
There was no significant difference in plasma disappearance
of either tracer between control and exercise-trained rats in
the basal state or at maximal insulin infusion rates. These
data confirm the increased whole body glucose disposal
rate in exercise-trained rats as reported in Table II.

The concentration of [3H]2DG in plasma at 45 min
after tracer administration is also shown in Table III.
[3H]2DG in plasma just before tissue removal was signifi-
cantly lower in exercise-trained rats at insulin infusion rates
of 1.4, 3.6, and 14 mU(kg min)-'. Also, Table III shows
the mean plasma glucose values, obtained during the 75-
120-min tracer period, which were used in the calculation
of the tissue metabolic index (Re using Eq. 1). In accordance
with blood glucose data reported in Table II, mean plasma
glucose values were similar at each insulin dose.

Effects of exercise training in skeletal muscle. The effect
of exercise training on the Re in different skeletal muscles
in vivo is shown in Fig. 1. Under basal conditions, despite
a significant reduction in plasma insulin levels (P < 0.05)
in exercise-trained rats, there was no significant difference
in Re compared with controls in any skeletal muscle tested.
Dose-response curves of plasma insulin versus Reg were
significantly different following exercise training in soleus
(F = 3.11, P < 0.01), red gastrocnemius (F =2.55,
P < 0.025), EDL (F = 2.19, P < 0.05), and diaphragm
(F = 2.12, P < 0.05) when compared with respective control
data using ANOVA(Fig. 1).

The ability of insulin to stimulate Re was increased
following exercise training in all skeletal muscles tested
(Fig. 1). This was primarily due to increased insulin sensi-
tivity as indicated by the decline in ED50 values in exercise-

Table III. Areas under Plasma [3H]2DG and ["4C]Glucose
Curves, and Plasma Glucose Concentration during
the Euglycemic Clamp at Different Insulin Doses in Control and
Exercise-trained Rats

Area under tracer curve
Insulin 45-min Mean plasma
infusion Group [3HJ2DG [3HJ2DG ['4C]glucose glucose75120

(dpm/ml)
mU. (kg- minT)' X 10 (dpm/m)O(min) X 1o' mmol Iliter-'

0 Control 20.5±1.5 21.5±1.3 35.7±2.7 6.5±0.1
ET 21.2±1.1 22.6±0.8 34.5±0.8 6.6±0.2

1.4 Control 17.5±1.8 20.8±0.9 26.6±2.0 6.9±0.1
ET 11.4±1.4* 15.9±1.4t 20.5±1.6* 6.4±0.2

3.6 Control 9.3±0.5 15.7±0.7 20.2±1.7 6.5±0.1
ET 6.7±0.5* 13.9±0.6 16.2±0.8* 6.3±0.1

14 Control 6.2±0.1 11.5±0.4 12.9±0.8 6.6±0.2
ET 5.3±0.2* 11.2±0.4 12.2±0.5 6.6±0.1

72 Control 4.8±0.3 10.5±0.9 11.4±0.6 6.8±0.1
ET 4.4±0.1 9.6±0.2 10.4±0.4 6.5±0.2

ET, exercise-trained. [3H]2DG and [14Clglucose were administered together as a
bolus 75 min after commencement of the clamp. 45-min [3H]2DG represents
the [3H]2DG concentration in plasma at 45 min after tracer administration nor-
malized for a tracer dose of 10' dpm. Areas were estimated from frequent arte-
rial blood samples over the subsequent 45-min period using a double exponen-
tial equation (12). All areas have been normalized for a tracer dose of 1O' dpm.
Values represent mean±SEM. Group sizes and plasma insulin data are shown in
Table II.
Significantly different from control at same insulin infusion rate: * P
<0.05;*P<0.025.
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Figure 1. The effect of exercise training on the Rge (Mmol [100
go min]-') in soleus, red and white gastrocnemius, EDL, and dia-
phragm. Chronically cannulated rats were constantly infused at dif-
ferent insulin doses (mU- litert') while blood glucose was maintained
at euglycemia for 2 h. [3H]2-DG was administered as a bolus 45 min
before the completion of the study while various tissues were rapidly
removed for subsequent analysis. Each value is the mean±SEMof
five to seven observations. *, control animals; o, exercise-trained
animals. *Significantly different from control at same plasma insulin
concentration (P < 0.05).

trained rats to well within the physiological range of insulin
concentrations (Table IV). However, increased maximal
responsiveness to insulin was evident in soleus and red
gastrocnemius from exercise-trained rats (Fig. 1). Further
support for enhancement of insulin sensitivity is given by
the relative magnitude of responses at submaximal insulin
levels in these skeletal muscles (Fig. 1). In addition, there
was some indication that insulin sensitivity in white gas-
trocnemius was also increased following training. First, Rge
in white gastrocnemius measured during insulin infusions
at 3.6 and 14 mU(kg. min)-' was significantly higher
(P < 0.025) in trained rats (Fig. 1). Furthermore, the dose-
response curve was noticeably shifted to the left as illustrated
by the reduction in ED50 (Table IV). However, no significant
difference was found when the overall dose-response curves
were compared using ANOVA; this was possibly due to
the small range of variation with insulin compared with
responses in other tissues (Fig. 1). On the basis of these
observations, it seems that exercise training modulates the
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Table IV. Effect of Exercise Training on ED50 and Maximal
Response of Rg' to Insulin in Different Skeletal Muscles

ED50 Maximal response

Exercise- Exercise-
Muscle Control trained Control trained

mU/liter mU/liter gmol/100 g/min

Soleus 86 37 26.2±2.1 33.8±2.6*
Red

gastrocnemius 133 51 19.3±2.4 26.2±2.5*
White

gastrocnemius 276 175 7.9±0.6 8.7±0.7
EDL 315 44 11.5±1.3 15.2±2.3
Diaphragm 126 37 43.5±5.1 42.5±2.6

EDso denotes the insulin concentration (mU/liter) producing a half-
maximal increase in Rg'. Maximum response denotes the Rg' (Mmol/
100 g per min) at maximal insulin stimulation in five different skeletal
muscles of the rat. These data were calculated using a four parameter
logistic function (see Methods).
* Significantly different from control values, P < 0.01.

sensitivity to insulin in white gastrocnemius, albeit to a
lesser extent than in other muscles.

Muscle hexokinase activity. Total hexokinase activity
was measured in red gastrocnemius, EDL, and diaphragm
of control and exercise-trained rats (Table V). Exercise
training produced a significant increase in hexokinase ac-
tivity in red gastrocnemius and diaphragm (P < 0.05) but
not EDL.

Muscle glycogen content. The effect of different degrees
of hyperinsulinemia on glycogen content in soleus in
control and exercise-trained rats is shown in Fig. 2. Exercise
training resulted in a significant elevation of soleus glycogen
content in the basal state (P < 0.05). The difference
observed in the basal state was maintained at higher insulin
doses. However, there was no significant difference in the
incremental effect of insulin on glycogen synthesis in soleus
between control and exercise-trained rats at all four insulin
doses.

Glucose storage in liver. Table VI displays liver glycogen
content and fractional clearance of `4C into liver glycogen
and total nonpolar lipids at five different plasma insulin

Table V. Effect of Exercise Training on
Muscle Hexokinase Activity

Hexokinase activity

Muscle Control Exercise-trained

AnmoI (g- min)-' gmol (g- min)-'

Red gastrocnemius 0.30±0.02 (22) 0.44±0.03* (11)
EDL 0.37±0.02 (6) 0.35±0.04 (6)
Diaphragm 0.34±0.02 (6) Q.43±0.03* (6)

Hexokinase activity was measured in different skeletal muscles of con-
trol and exercise-trained rats. Values are means±SEM. The number of
observations is indicated in parentheses.
* Significantly different from sedentary control values, P < 0.05.

Soleus

E
0

anC
0

0

Elr_

Plasma insulin - mU/lite r

Figure 2. The effect of exercise training on glycogen content (jsmol/g)
in soleus. At the conclusion of the hyperinsulinemic euglycemic
clamp, the soleus muscle was rapidly removed and frozen for mea-
surement of glycogen content. Each value is the mean±SEMof five
to seven observations. Clear bars represent control rats and shaded
bars represent exercise-trained rats.

levels in control and exercise-trained rats. No significant
effect of exercise training was detected on any of these
parameters (Table VI).

Effects of exercise training in other tissues. The effect
of insulin on the Re was also measured in lung, epididymal
adipose tissue, and heart in both control and exercise-
trained animals (Fig. 3). Re in epididymal adipose tissue
was significantly higher in trained rats during insulin infu-
sions at 3.6 and 14 mU(kg- min)-'. It was not possible to
obtain an estimate of EDso for the dose-response effect of
insulin on Reg in adipose tissue of trained rats due to the
difficulty in accurately determining the maximal rate of
insulin-stimulated Re (Fig. 3). Despite the absence of an
overall difference in the dose-response relationships of
insulin-stimulated Re in heart between both groups, Rge in
the basal state was significantly reduced (P < 0.05) in
exercise-trained rats.

In contrast, during insulin infusion at 1.4 mU
(kg. min)-', Rge in heart of exercise-trained rats was signif-
icantly higher than in sedentary controls (Fig. 3). At
subsequent insulin doses, there was an anomalous fall in
the heart Re in control and exercise-trained rats. A similar
phenomenon was observed in adipose tissue from trained
rats.

Study B: Endogenous glucose production
Table VII shows results of studies conducted in control
and trained rats, infused with insulin at 2.4 mU(kg. min)-'
and [3-3H]glucose, in which Ra, both before and during
the clamp, was measured. There was no significant difference
in steady state blood glucose levels nor plateau insulin
levels produced by insulin infusion between controls and
exercise-trained rats.

Samples for estimation of plasma glucose specific activity
were taken under conditions of steady state glucose flux in
both the basal state and during the clamp. The mean
coefficient of variation (±SD) of glucose specific activity
was 4.6±3.2% in the basal state and 6.4±1.8% during the
hyperinsulinemic clamp. Ra under basal conditions and
during hyperinsulinemia (- 100 mU/liter) were similar in
both groups of animals (Table VII). The average percent
suppression of Ra during the clamp was 86.2±6.4% in
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Table VI. Effect of Exercise Training on Insulin-stimulated Fractional Incorporation of ['4C]Glucose into
Storage Products and on Liver Glycogen Mass in Liver

Controls
Plateau insulin level (mU lliter')
Glycogen content

(Mmol gr')
Conversion to glycogen

(% total clearedig)
Conversion to total lipids

(% total cleared/g)
Exercise-trained

Plateau insulin level (mu liter')
Glycogen content (,umol g-')
Conversion to glycogen

(% total cleared/g)
Conversion to total lipids

(% total clearedig)

29

195±22

0.13±0.01

0.06±0.01

23
225±18

0.18±0.02

0.06±0.01

54

190±16

ND

ND

43
228±25

ND

ND

135

214±16

0.17±0.03

0.09±0.01

117
231±25

0.18±0.02

0.09±0.02

650

256±32

0.13±0.02

0.11±0.02

670
215±27

0.19±0.04

0.09±0.02

7500

209±28

0.18±0.03

0.14±0.02

7400
264±27

0.20±0.05

0.13±0.01

ND; not determined. Rats were sacrificed at the completion of 2-h euglycemic clamp at the insulin level indicated. 45 min before the end of study,
a ['4C]glucose bolus was administered intravenously. Conversion to storage products indicated is expressed as a percentage of total ['4C]glucose
cleared from the glucose pool in equilibrium with plasma over 45 min. Values represent the mean±SEM.

controls and 90.7±3.6% in exercise-trained rats. The exog-
enous glucose infusion rate required to maintain euglycemia
and the tqtal glucose disappearance rate were significantly
higher (P < 0.025) in exercise-trained rats (Table VII),
supporting the data obtained in study A (Table II).
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Figure 3. The effect of exercise training on insulin (mU. liter')-
stimulated Re (Mmol [100 g- min]-') in adipose tissue, lung, and
heart. For experimental details, see Fig. 1. Each value is the
mean±SEMof five to seven observations. *, control rats; o, exercise-
trained rats. *Significantly different from control value at same
plasma insulin concentration (P < 0.05).

Muscle glycogen synthesis. A more extensive investiga-
tion of the effect of exercise training on muscle glycogen
synthesis has been conducted in this study in which glycogen
content and ['4Cjglucose incorporation into glycogen have
been measured in four different hindlimb muscles in the
basal state and during hyperinsulinemia (- 100 mU/liter)
(Table VIII). As was found in study A (Fig. 2), soleus
glycogen content in the basal state and during hyperinsu-
linemia was significantly higher (P < 0.05) in trained rats
(Table VIII). However, ['4Clglucose incorporation into
glycogen in soleus, which effectively represents only glycogen
synthesized over the period of observation and thus elimi-
nates the contribution of basal levels, was similar in trained
and untrained rats (Table VIII). This substantiates the
observation (study A) that insulin-stimulated glycogen syn-
thesis in soleus of trained rats is not significantly different

Table VII. Effect of Exercise Training on Whole Body Glucose
Turnover during a Hyperinsulinemic Euglycemic Clamp

Control Exercise-trained

Body weight (g) 357±8 355±8
Blood glucose (mmols liter')

Fasting 4.1±0.1 4.1±0.1
Steady state 4.1±0.1 4.2±0.1

Plasma insulin (mU. liter')
Fasting 28±3 22±5
Steady state 98±9 105±3

GIR60o,20 (mg * [kg * min]-') 13.5±1.9 18.2± 1.3*
Ra (mg. [kg- min]-')

Basal 6.9±0.9 6.2±0.6
Clamp 0.8±0.5 0.6±0.3

Rd (mg * [kg - min]-') 14.3±1.7 18.7± 1.0*

Rd, net glucose utilization.
All values represent mean±SEMof five observations.
* Significantly different from control: P < 0.025.

662 James, Kraegen, and Chisholm

-10



Table VIII. Effect of Insulin on Glucose Incorporation into Muscle
Glycogen and Muscle Glycogen Content in Control and Exercise-
trained Rats

Insulin dose (mU[kg. min-')

0 2.4
0 2.4

Glucose incorporation into
glycogen Glycogen content

Muscle (n~o/100 gimin) (6molig)

Soleus
Control 1.0±0.1 10.4±0.9 33.1±1.9 44.1±3.2
ET 0.6±0.1 10.0±1.3 38.3±1.5* 55.0±3.2*

Red gastrocnemius
Control 0.4±0.1 5.8±0.8 36.7±2.4 48.6±2.6
ET 0.4±0.1 6.9±1.1 39.9± 1.4 53.2±3.5

White gastrocnemius
Control 0.09±0.02 1.03±0.27 38.1±1.9 41.2±3.4
ET 0.10±0.01 0.85±0.13 43.0±3.9 44.1±3.0

EDL
Control 1.1±0.1 2.6±0.5 30.7±1.9 38.6±2.9
ET 0.6±0.1 4.7± 1.0* 33.2±2.1 45.7±2.4*

ET, exercise-trained. Glycogen content and ["Ciglucose incorporation
into glycogen were measured in four hindquarter muscles which were
rapidly removed and frozen at the conclusion of the euglycemic
clamp. ['4Clglucose was administered as a bolus at 75 min after the
commencement of the clamp. ['4C]glucose incorporation into muscle
glycogen was calculated using Eq. 2. Values are means±SEMof seven
to eight observations. * Significantly different from control value: P
< 0.05).

from that seen in controls. Similarly, there was no significant
difference in insulin-stimulated glycogen synthesis in red
and white gastrocnemius between control and trained rats
(Table VIII). However, in EDL, both glycogen content and
[14C]glucose incorporation into glycogen during insulin
infusion were significantly higher (P < 0.05) in exercise-
trained rats (Table VIII).

['4C]Glucose into lipid products. Fig. 4 shows the effect
of insulin on the fractional clearance of 14C into glyceride
glycerol and FFA in liver and epididymal adipose tissue of
control and exercise-trained rats. First, there is a marked
contribution of [14C]glycerol to the total lipid extract in
both liver and adipose tissue. Confirming the data reported
in study A, there was no significant difference in insulin-
stimulated fractional clearance of 14C into either the FFA
or glycerol fraction in the liver between control and exercise-
trained rats. In contrast, epididymal adipose tissue from
trained rats displayed a significantly higher increase in the
['4C]FFA fraction during hyperinsulinemia compared with
the control group (Fig. 4). Under basal conditions, 14C-
clearance into FFA in adipose was unaffected by training,
whereas 14C-clearance into the glycerol moiety was signifi-
cantly reduced (P < 0.05).

Discussion

The effect of exercise training on the relative insulin sensitivity
of different tissues of the body has not previously been
determined. In the present studies, by combining tracer ad-
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Figure 4. The effect of exercise training on the incorporation of
['4C]glucose into the FFA moiety (clear bars) and the glyceride
glycerol moiety (shaded bars) of liver and epididymal adipose tissue.
Chronically cannulated rats were studied either in the basal state (no
exogenous insulin) or during a hyperinsulinemic clamp (plasma insu-
lin of 100 mU- liter'). ['MC~glucose was administered as a bolus 45
min before the completion of the study while the above tissues were
rapidly removed for analysis. Each value is the mean±SEMof six
to eight observations. *Significantly different from control value
(P < 0.05).

ministration with the euglycemic clamp technique, it has been
found that exercise training produces a marked increase in the
capacity of different skeletal muscles for insulin-stimulated
glucose disposal, a small increase in adipose tissue, and no
effect in the liver. The predominant effect of exercise training
on whole body insulin action occurs within the physiological
range of plasma insulin as indicated by a shift in the ED5e for
insulin-stimulated glucose disposal from 150 mU/liter in con-
trols to 50 mU/liter in trained rats (2). Similarly, the major
effect of training on the dose-response relationship between
plasma insulin and Re in skeletal muscle was an increase in
insulin sensitivity with a marked decline in EDOvalues in all
muscles tested to well within the physiological range of insulin
concentration (Table IV). In view of the large effects of exercise
training on insulin action in muscle (Fig. 1) and the major
role of this tissue as a site for insulin-stimulated glucose
disposal (17, 25), there is no doubt that skeletal muscle is the
primary tissue responsible for the enhanced whole body insulin
sensitivity that results from exercise training.

In addition to these effects in muscle, there was also a
significant effect of exercise training on insulin-stimulated Re
in epididymal fat (Fig. 3). However, in view of the slight
elevation in basal Re in adipose tissue of trained rats (Fig. 3),
it was difficult to accurately assess the difference in incremental
effects of insulin between control and trained rats. To resolve
this, a more extensive investigation of ['4C]glucose clearance
into FFA in epididymal fat was conducted (Fig. 4). These
studies clearly indicate a significant increase in insulin action
in adipose tissue following exercise training. Although these
effects of training in adipose tissue have significant implications
from a mechanistic viewpoint, they are unlikely to have any
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significant bearing on insulin-stimulated whole body glucose
disposal. It has previously been established that adipose tissue
could at most account for 2% of insulin-stimulated whole
body glucose disposal (12, 26). Furthermore, since exercise
training of a similar intensity to that used in the present
studies produces a reduction in body fat (27), there may be
little or no increase in insulin-mediated glucose disposal with
respect to the total body fat mass.

Previous studies of the effect of exercise training on the
hepatic glucose output/uptake response to insulin have shown
divergent results. Diminished insulin-stimulated glucose uptake
was demonstrated in a study using liver perfusion (7) while
others have reported increased rates of hepatic fatty acid
synthesis in vivo following exercise training (28). No effect of
exercise training could be ascribed to changes in glucose
metabolism in the liver in the present study. Extensive studies
of the role of the liver were carried out at a plasma insulin
level of 1I 00 mU/liter. This particular insulin dose was
selected for study in view of the marked elevation in whole
body net glucose utilization in trained versus untrained rats
between 50 and 150 mU/liter of insulin (Table II). Liver
glycogen storage (Table VI), [14C]glucose incorporation into
liver lipids (Fig. 4), and suppression of hepatic glucose output
(Table VII) were not significantly different from that seen in
sedentary controls.

Dose-response curves of insulin-mediated Rg' were also
measured in lung from control and exercise-trained rats (Fig.
3). As with liver, there was no apparent effect of training in
this tissue.

The effect of exercise training on insulin action in heart
was also of considerable interest (Fig. 3). The significant
reduction in Reg under basal conditions in exercise-trained rats
may be related to the lower basal insulin levels (Table I) or to
an increased dependence on FFA as an energy yielding sub-
strate. In contrast, at the lowest insulin infusion rate, Rg' in
heart was significantly higher in trained rats. In view of the
heart's large fuel requirement, even in resting animals, part of
this incremental effect of insulin may be related to inhibition
of lipolysis with increased glucose utilization compensating for
reduced supply of FFA from the blood. This concept has
previously been discussed with respect to insulin action in
other tissues (12). At supraphysiological insulin levels, there
was a decline in Rge in the heart of both control and trained
rats (Fig. 3). This anomalous effect, which has been reported
elsewhere (29), has not been explained but could be related to
feedback inhibition of tissue glycogen on glucose transport or
altered ionic flux in the heart. The physiological relevance of
the effect is questionable.

The increased extraction of [3H]2DG by skeletal muscle in
exercise-trained rats, particularly within the physiological range
of insulin concentrations, resulted in a significant reduction in
the [3H]2DG concentration remaining in plasma at 45 min
after tracer administration (Table III). Thus the increased
individual tissue uptakes in the trained group are consistent
with altered [3H]2DG kinetics at the whole body level. The
fact that the final [3H]2DG remaining in plasma is a more
sensitive parameter of discrimination than the area under the
[3H]2DG curve (Table III) may reflect the precise metabolic
locus of action of the training effect (e.g., glucose transport
versus post-transport events). This observation requires further
study using a suitable glucose kinetic model.

Whenconsidering the effects of exercise training on skeletal

muscle, it is worth noting that the enhanced insulin sensitivity
occurs to a greater extent in oxidative skeletal muscle, such as
soleus and red gastrocnemius, compared with glycolytic muscles,
such as white gastrocnemius (Fig. 1). This finding is consistent
with our hypothesis (17) that an important determinant of
whole body insulin sensitivity is the ratio of oxidative to
glycolytic muscle fibers which constitute the skeletal muscle
mass. This is not to say that the improved insulin sensitivity
in skeletal muscle with training is due to conversion of
glycolytic fibers into oxidative fibers (30). In fact, considering
that the soleus in control animals is composed almost com-
pletely of oxidative fibers (15), it is unlikely that fiber inter-
conversion could account for the marked effect on insulin
sensitivity in the soleus of trained rats (Fig. 1).

There was also evidence of increased insulin sensitivity
following training in muscles containing mainly glycolytic
muscle fibers (EDL and white gastrocnemius), albeit to a lesser
extent than that observed in the more oxidative muscles (Fig.
1). This is important since the type of exercise used in the
present studies is not of sufficient intensity to activate the high
threshold fast-twitch glycolytic muscle fibers. In fact, we have
previously shown, by estimating glycogen depletion and Re in
different muscles, that during treadmill exercise of similar
intensity to that used in the present training program, EDL
and white gastrocnemius are not recruited at this workload
(31). These observations are consistent with the hypothesis
that the increased insulin sensitivity, which accompanies ex-
ercise training, may be mediated at least in part via systemic
factors. However, due to the possibility of marginal recruitment
of these muscle fibers and the magnitude of the enhanced
insulin sensitivity in muscles which are predominantly involved
during exercise of this intensity (31), namely soleus and red
gastrocnemius, it is likely that these effects are mediated
primarily via local factors. Modulation via systemic factors
may explain the marked increase in insulin-stimulated
[ 4C]glucose incorporation into FFA in epididymal adipose
tissue of exercise-trained rats (Fig. 4). Although it has been
proposed that altered insulin action in adipocytes may simply
be due to changes in cell size, there is much evidence that
such effects occur independently of reduced body weight or
fat cell size following training (4, 8, 32). Therefore, a systemic
effect of exercise training is probably the simplest explanation
for these adaptations in nonexercising tissues.

This study does not provide the detailed cellular biochemical
measurements required to precisely identify the mechanism of
the improved insulin action in trained animals. Nevertheless,
information available from the study does have an important
bearing on the likely mechanisms. Reduced adiposity is known
to improve insulin sensitivity; however, we have previously
demonstrated (2) that the improvement in whole body insulin
sensitivity due to exercise training is apparent whether the
comparison is with controls fed ad lib. or with food-restricted
weight-matched controls. Thus the effect of training in the
present study cannot be attributed to the reduced body weight
of the trained animals. It has also been shown that the effects
of a single bout of exercise on insulin levels and glucose
tolerance in rats is no longer evident after 24 h (14). Thus the
present studies, which were performed more than 48 h after
the last exercise bout, should reflect an adaptation to chronic
exercise training rather than the effects of the last bout of
exercise. With regard to the question of an effect at the insulin
receptor versus postreceptor effects, it has been suggested that
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an improvement in maximal insulin responsiveness cannot be
explained on the basis of changes in insulin receptors, while
improved sensitivity may be attributed to receptor or postre-
ceptor mechanisms. In the whole body response (2), an im-
provement in sensitivity but not maximal responsiveness was
demonstrated. However, an improvement in maximal respon-
siveness is evident in some individual muscles (Fig. 1, Table
IV). Thus it seems likely that exercise training affects postre-
ceptor events, though this does not exclude a complementary
effect on insulin receptors which has been demonstrated by
some (4, 8, 33) but not all (5, 34) groups.

One possibility to account for the improved insulin sensi-
tivity is that the hypoinsulinemia of exercise training (Table I)
may produce an "upregulation" of the insulin receptor. Inter-
estingly, in the present studies, there was a significant negative
correlation between the steady state glucose infusion rate
obtained at the midpoint of the dose-response curves and basal
plasma insulin concentration in trained and untrained rats (r
= -0.57, P < 0.05); of course, one could also argue that the
improved insulin sensitivity is the cause of the hypoinsulinemia.
Other factors that could affect insulin sensitivity are the
counterregulatory hormones, which are released in response
to each exercise bout. It has been shown that animals injected
with epinephrine each day for 6 wk displayed some adaptive
responses similar to those observed following training (35).
Furthermore, recent evidence indicates that the administration
of a f3-adrenergic blocker during a hyperinsulinemic clamp in
man resulted in a significant decrease in insulin-mediated
glucose oxidation (36). Whether there are alterations in cate-
cholamine sensitivity in muscle or in adrenergic tonus during
hyperinsulinemia in exercise-trained rat is yet to be determined.

Insulin-stimulated glycogen synthesis in the soleus and red
and white gastrocnemius was not significantly altered by
exercise training, whereas in EDL, there was a marginal
increase in insulin-stimulated glycogen synthesis following
training (Fig. 2; Table VIII). Thus, it is reasonable to conclude
that the increased capacity of skeletal muscle from exercise-
trained rats for insulin-stimulated glucose disposal (Fig. 1) is
largely due to enhanced glucose oxidation. However, it is
important to note that the present studies were conducted 48
h after the last bout of exercise, at which time muscle glycogen
levels were fully replete (2). To properly assess the insulin
sensitivity of muscle glycogen synthesis in exercise-trained rats,
it may be necessary to repeat these studies within 24 h of the
last exercise bout. However, under these circumstances, it
becomes difficult to distinguish between a chronic training
effect versus an acute effect of one bout of exercise. In fact,
Richter et al. (37) have shown that insulin-stimulated muscle
glucose uptake and glycogen synthesis are enhanced for several
hours after a single bout of exercise in untrained rats. Taking
these findings together, it is likely that the primary adaptation
following training is a long lasting elevation in muscle glucose
uptake. In the postexercise recovery phase, this adaptation
would obviously ensure rapid glycogen repletion in muscle.
However, once glycogen levels are returned to normal or even
supranormal levels, further glycogen synthesis may be inhibited
resulting in a redirection of glucose flux via glycolytic and
oxidative pathways. These observations are in agreement with
previous in vitro studies, conducted between 24 and 44 h after
the last bout of exercise, showing increased insulin sensitivity
of glycolysis with no change in glycogen synthesis in isolated
soleus muscle from exercise-trained rats (5, 6). This is consistent

with a reduced insulin response to a glucose load (3, 14) in
exercise-trained rats. This chronic effect may be responsible
for the expenditure of excess calories in the postprandial state
and thus discourage the flux of nutrients to fat.

Although one could suggest the increased glucose oxidation
is purely secondary to augmentation of insulin-induced glucose
transport, it is well established that training induces adaptations
in muscle enzymes capable of affecting the rate of glucose
oxidation. Amongst a number of biochemical adaptations (38),
there is a marked increase in some muscles in many of the
enzymes regulating oxidative capacity. These enzymatic changes
have not been rigorously examined in the present study.
However, there was no correlation between hexokinase activity
and the augmented response to insulin within different muscles
(Table V).

The effect of exercise training on skeletal muscle blood
flow has not been examined in the present study. However,
others have been unable to demonstrate any significant change
in resting muscle blood flow following training (39). Other
factors which may influence glucose oxidation in muscle are
substrate cycling and ionic flux. The metabolic consequences
of substrate cycles have been discussed by Newsholme (40).
However, their quantitative significance in skeletal muscle has
not been examined. Changes in the ionic composition of
exercise-trained skeletal muscle have previously been reported
(41). In addition, both Ca2" and K+ have been shown to
modulate glucose uptake in isolated muscle (42, 43). However,
the relationship between ionic flux and insulin action in vivo
has not been established.

In conclusion, exercise training produces a marked increase
in whole body insulin sensitivity, primarily due to increased
insulin-mediated glucose oxidation in skeletal muscle. This
effect would undoubtedly alter the distribution of glucose
towards muscle utilization in the postprandial state and this
emphasizes the potential benefit of exercise in the prevention
and treatment of a number of disorders such as noninsulin-
dependent diabetes and obesity where insulin resistance is
thought to be a significant problem.
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