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Effect of Physical Training on Glucose Tolerance
and on Glucose Metabolism of Skeletal Muscle in Anaesthetized Normal Rats
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Summary. The effect of physical training on glucose
tolerance in vivo and skeletal muscle glucose
metabolism in vitro was investigated in normal rats.
Treadmill running for 10 days up to 240 min/day led
to a decrease of basal and glucose-stimulated plasma
insulin levels without major alterations of the IV glu-
cose tolerance (1 g/kg body weight). Swim training of
two weeks’ duration, i. e. exercise up to 2 X 75 min/
day, which did not induce significant changes in body
composition, skeletal muscle glycogen levels or
citrate synthase activity, resulted in a significant
improvement of IV glucose tolerance and substantial
reductions of basal and glucose-stimulated plasma
insulin levels. Associated with this apparent improve-
ment of insulin sensitivity in vivo, significant
increases of the insulin-stimulated glucose uptake
{+ 55%) and lactate oxidation (+ 78%) in vitro
were found on perfusion of the isolated hindquarter
of swim-trained animals. It is suggested that mild
physical training can improve glucose tolerance and
insulin sensitivity in normal rats, at least in part, due
to an increase of insulin sensitivity of skeletal muscle
glucose metabolism.
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Although physical activity is generally recommended
for patients with diabetes mellitus [1, 2, 3] a positive
effect of training on glucose tolerance has so far not
been documented. While it is well known that
immobilisation leads to an impairment of glucose
tolerance in man [4, 5] and in animals [5], even after
long-term physical training the glucose tolerance

remained unchanged [6-12]. On the other hand,
Bjorntorp and his colleagues have demonstrated in
several different groups of patients [9, 10, 11, 12]
that prolonged physical training was associated with a
marked decrease in basal, as well as glucose-stimu-
lated circulating insulin levels. Similarly, Lohman et
al. [13] have recently shown reduced basal and glu-
cose-stimulated circulating insulin levels in athletes.
Since in these studies, glucose tolerance remained
essentially unchanged, the authors have postulated
increased peripheral insulin sensitivity induced by
physical training {12], a likely site being the skeletal
muscle mass. The aim of this study was to analyse the
effect of physical training of different types on
intravenous glucose tolerance in normal rats and to
investigate the insulin sensitivity of perfused skeletal
muscle in trained and untrained rats.

Methods

Animals

Female Wistar rats (bred from the stock of the Institut de
Biochimie Clinique, Geneva) or female Osborne-Mendel rats
(bred from the stock of the Diabetes Research Institute, Diissel-
dorf), were kept separated in individual cages with free access to
food (normal Purina Chow pellets) and water during the entire
study.

Treadmill Training

Glucose tolerance tests were performed at 08.00 h in fed Wistar
animals anaesthetised with pentobarbital (40 mg/kg body weight
IP). A polythene catheter (internal diameter 0.28 mm, external
diameter 0.61 mm) for blood sampling and the glucose injection
was passed into the right atrium through an incision in the right
jugular vein. Blood samples (0.3-0.4ml) were taken via this
catheter at zero-time and 5, 20, and 60 min after the glucose chal-
lenge. Following the withdrawal of the blood samples equivalent
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Table 1. Effect of training on body weight, body composition and glycogen content and citrate synthase activity in skeletal muscle of normal

rats (number of observations in parentheses)

Body weight Relative heart Contribution of Glycogen content  Citrate
(g) weight skeletal muscle (umol glycosyl synthase in
to the lower units/g wet wt. m. gastro-
at the begin- at the (mg/kg body mass)  part of the body muscle) cnemius
ning of end of (%) (umol/min/g
the study wet wt.)
Treadmill training
(10 days)
controls 196£3 (8) 212£4 (8)  3.47£0.06 (8) 61=1 (7) -
trained rats 190£5 (7) 21246 (7)  3.44%0.07 (7) 62+1 (7) -
Swim training
(12 days)
controls 181£3 (5) 212+3 (5)  3.55%0.08 (8) 631 (7) 28.0%+2.9 (6) 21.1£0.6 (5)
trained rats 186£1 (45) 21242 (45) 3.57%0.05 (12) 61+1 (6) 32.0x£1.3 (6) 22.7£0.6 (5)

volumes of 0.154 mol/l NaCl containing 50 U heparin/ml were
replaced through the catheter. After taking the zero-sample, 1 g/
kg D-glucose, in a 50% w/v solution was injected over 10 to 20 sec
through the catheter which was then flushed with the saline-hepa-
rin solution. At the end of the test procedure, the catheter was
withdrawn, the jugular vein tied off with cat-gut, the neck wounds
closed with silk sutures and the animals randomly divided into an
experimental and control group.

Starting three days later, the experimental group was trained in
a motor driven circular teadmill for 10 days, with a speed of
approximately 12 m/min. Initial training was 2 times 20 min on the
first day up to 2 times 2 h daily on the final day. During the entire
training period, the rats ran approximately 13 km. All animals
were weighed every morning; two rats had to be eliminated from
the training group because their weights failed to increase. Forty h
after the last treadmill excercise the trained rats and their seden-
tary controls were subjected to a second intravenous glucose toler-
ance test as described above, except that this time the cather was
inserted via the left jugular vein. Immediately following the test
procedure, the animals were killed by exsanguination from the
neck and the carcasses were deep frozen for later analyses of body
composition.

Swim Training

Osborne-Mendel rats were divided into a training group and a
weight-matched control group. Training consisted of forced swim-
ming in turbulent water at 30-32° beginning with 20 min on the
first day progressing to 2 times 75 min on the final day of the
training programme which lasted for 2 weeks. Forty h following
the last swimming exercise, the rats were subjected to an IV glu-
cose tolerance test which was performed under pentobarbital
anaesthesia (40 mg/kg body weight IP) beginning at 09.00 h: 1 g/
kg body weight D-glucose (25% w/v solution) was injected into a
femoral vein which had been surgically exposed. Wounds were
closed with silk sutures; blood samples were taken from the tip of
the tail before, and 5, 20 and 60 min following the glucose injec-
tion.

In additional experiments, animals were treated identically,
and two days after the last swimming exercise the rats were anaes-
thetised with TP pentobarbital and: a) one gastrocnemius muscle
was dissected and rapidly frozen in liquid nitrogen for later analy-
sis of citrate synthase activity; the animals were then killed and the
carcasses frozen for later measurement of body composition; or b)
skeletal muscle samples from the hindquarter were taken by freeze

clamping and transferred into liquid nitrogen for later determina-
tion of glycogen levels; or ¢) subjected to the hindquarter perfu-
sion technique.

Determination of Body Composition

After recording the total body weight and the weight of the exsan-
guinated heart, the rat carcasses were cut at the level of the first
lumbar vertebral body. The lower part of the carcass, without the
tail, was eviscerated and then analysed for various tissue con-
stituents. After removal of the skin and the subcutaneous fat the
hindquarter was assayed for interstitial adipose tissue by fat
extraction using a Soxhlet apparatus [14]. Thereafter from the
remaining tissue, the bones were separated using 5.4 mol/1 KOH.
The muscle content of the lower part of the body was calculated by
subtracting the weight of skin and subcutaneous tissue, extractable
fat and bones from the total weight of the eviscerated rat hind-
quarter.

Citrate Synthase Assay

The activity of citrate synthase (E. C. 4.1.3.7) was determined in
homogenates of gastrocnemius muscle. The deep frozen muscles
were homogenized and fractionated according to Baldwin et al.
[15] and the assay of the enzyme activity was performed at 30° C as
described by Srere [16]. The coefficient of variation of the citrate
synthase assay in different series was between 5 and 6%.

Hindquarter Perfusion

Details of the perfusion apparatus and the operative procedure of
the hindquarter have been described previously [17, 18, 19]. After
placing in the perfusion apparatus, the hindquarter was cyclically
perfused with 150 ml of the standard medium (pH 7.4) which
contained 7.5 mmol/l glucose, 4 g bovine albumin/100 ml (Cohn
Fraction V, Pentex bovine albumin, Miles Laboratories, Slough,
England), 1.5-2.2 mmol/] lactate, 0.15 mmol/l pyruvate, washed
aged human red cells {ca. 7 g haemoglobin/100 ml) and 5 pCi [1-
¥C]-lactate. In some experiments 0.5 mU/ml insulin (crystalline
bovine insulin, Hoechst, Frankfurt, Germany) was added to the
perfusate. The flow rate through the preparation was 11 ml/min;
the pressure in the tubing leading to the aortic catheter was
8.0-9.5 kPa (60--70 mm Hg). The oxygen consumption of the per-
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fused hindquarter, measured as previously described [20], was
similar in all experiments at 11.9 & 0.5 umol/30 g muscle X min
(n = 34). Duplicate samples were taken from the perfusate at
zero-time, following a ten min equilibration period, and after a
perfusion period of 30 min. Production and utilisation rates were
calculated as described previously from changes in the perfusate
concentration and expressed in umol/30 g muscle X min [17].
Lactate oxidation was determined on the basis of a quantitative
collection of 1“CO, produced by the preparation and the lactate
specific radioactivity in the perfused muscle according to Berger et
al. [19].

Sampling and Processing of Blood, Perfusate
and Tissue Specimen

In the course of the glucose tolerance tests, blood samples were
collected in chilled, heparinised plastic tubes, centrifuged and ali-
quotes of the supernatant were assayed for glucose, or frozen for
subsequent insulin determinations. In the hindquarter perfusion
experiments, perfusate and tissue specimen (after powdering in
liquid N,) were deproteinised in ice-cold 0.6 mol/IHCIO,. The
extracts were neutralised with KOH, and the KCIO, precipitate
was removed by centrifugation; the supernatant was frozen for
subsequent assay procedures.

Analytical Methods

Glucose, lactate, alanine, pyruvate, ATP and creatine-phosphate
concentrations in perchloric acid extracts were measured using
standard enzymatic assays as described previously [17, 18]. Plasma
glucose concentration was determined by the glucose oxidase
method [21]. Plasma insulin was measured radioimmunologically
using the Pharmacia-kit procedure and reading the results against
rat insulin standard solutions as described previously [22]. The
variability of the insulin assay at a plasma level of approximately
1.8 ng/ml was = 8.0%.

Statistical Methods

Means + SEM are given throughout the text in figures and tables.
To evaluate the statistical significance of differences between the
groups, the unpaired Student’s t-test was used unless otherwise
indicated.

Results

In Vivo Experiments

Neither the treadmill running nor the swimming
programmes influenced weight gain, as shown by
identical increases in body weights during the study
in trained rats and their sedentary controls (Table 1).
In contrast, training induced marked changes in the
glucose tolerance of the animals: whereas no differ-
ence was observed in either plasma glucose and insu-
lin levels following the intravenous administration of
1 g glucose/kg body weight at the beginning and the
end of the study period in sedentary control animals
(Figure 1), the treadmill training programme was
associated with a decrease of plasma glucose con-
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Fig. 1. Effect of treadmill running for 10 days on the intravenous
glucose tolerance test (1 g/kg body weight) in fed, normal rats. ---,
control rats (non-trained); —, trained rats. A, A, glucose toler-
ance test at the beginning, and (I, M at the end of the experimental
periods. Glucose injections were given at zero time. Statistically
significant difference between first and second glucose tolerance
test in trained rats (paired comparison) at p < 0.05 (*) and p <
0.025 (**). Statistically significant difference between the second
glucose tolerance tests in the trained and the control group
(unpaired comparison) at p < 0.05 (+) and p < 0.025 (++)

centrations at 5 min after the glucose challenge and
significantly lower plasma insulin levels at all time
points measured (Figure 1).

It is of note that in the control group, the glucose
tolerance test curves both for glucose and insulin
remained indistinguishable on repetition after two
weeks, whereas the training-induced alterations in
plasma insulin levels were equally apparent on com-
parison with the glucose tolerance test of the same
group of animals at the onset of the study or when
compared with the respective data seen in the control
group at the end of the study (Figure 1). For this
reason, the initial glucose tolerance tests were aban-
doned in the swim training programme in order to
minimise the danger of wound infections. On com-
paring the results of the glucose tolerance tests in the
trained and untrained control animals, substantial
effects of the training procedure were found. Plasma
glucose and insulin levels were significantly lower in
the trained animals both pre-glucose and at all times
during the glucose tolerance test (Figure 2).

In Vitro Experiments: [1] Perfused Hindquarter

In order to investigate the insulin sensitivity of the
skeletal muscle mass, the isolated hindquarters of



182

4001

PLASMA
GLUCOSE 200+
mg/dl

T T 1

PLASMA I
INSULIN 1004 & ""Eeenl
Hom ;/?—Q\é
04
r T T |
05 20 60
minutes

Fig. 2. Effect of swim training for 14 days on the intravenous glu-
cose tolerance test (1 g/kg body weight) in normal, fed rats. The
arrow indicates the glucose injection. Plasma glucose and insulin
levels are significantly different between the trained animals and
the control group at all time points (p < 0.05). ---, controls; —,
trained rats
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Fig. 3. Effect of swim training on glucose metabolism of the iso-
lated perfused hindquarter of normal rats. * indicates significant
differences between the groups at p < 0.05. The number of obser-
vations are indicated at the bottom of the columns

Table 2. Effect of swim training on tissue metabolites in skeletal muscle at the end of the hindquarter perfusion in normal rats (number of

observations in parentheses)

Swim-trained rats
0.5 mU/ml

Controls
0.5 mU/ml

Controls Swim-trained rats
Insulin 0 0
Lactate 1.27£0.18 (12) 1.37£0.07 (10)
Pyruvate 0.14£0.02 (12) 0.12£0.02 (10)

ATP 5.58+0.30 (12)
Creatine-P 18.8 0.9 (12)

5.07+0.35 (10)
174 1.2 (10)

1.0740.22 (7)
0.08+0.03 (7)
5.12+0.14 (7)
184 0.9 (7)

1.35+0.18 (6)
0.07+0.01 (6)
5.95+0.40 (6)

192 1.2 (6)

animals that had been subjected to the swimming
programme and their sedentary controls were per-
fused. In the absence of added insulin, lactate oxida-
tion rates were significantly decreased in trained ani-
mals, whereas glucose uptake, lactate and alanine
release showed no differences between the two
experimental groups (Figure 3). When 0.5 mU/ml
insulin were added to the perfusate, a dose which,
under these experimental conditions, elicits a sub-
maximal effect on various indices of skeletal muscle
glucose metabolism [23], both values for glucose
uptake and lactate oxidation of the perfused muscles
were significantly higher in the trained animals indi-
cating increased insulin sensitivity (Figure 3). Both in
the absence and in the presence of added insulin,
metabolite levels in the skeletal muscle mass at the
end of the perfusion such as lactate, pyruvate, ATP,
creatine-phosphate and glycogen were unaffected by
the training procedure (Table 2).

In Vitro Experiments:
[2] Body Composition Analyses

No differences were found at the end of the experi-
mental period in the relative heart weight and the
contribution of skeletal muscle to the lower half of
the body between trained and control animals (Table
1). In addition, skeletal muscle glycogen levels and
the activity of citrate synthase in the gastrocnemius
muscle remained unaffected by the swimming pro-
gramme (Table 1).

Discussion

The results of this study document increased capacity
for glucose disposal in vivo following physical train-
ing: in normal rats, glucose tolerance could be mar-
kedly improved by swim training and, albeit to a les-
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ser extent, by a treadmill training programme. This
effect was associated with a decrease in basal and
glucose-stimulated insulinaemia. As shown by Bjorn-
torp et al. [9, 10, 11, 12] in humans, these findings
indicate a training-induced improvement of tissue
insulin sensitivity. In the swim training study such an
increased sensitivity towards insulin was demon-
strated with respect to skeletal muscle glucose
metabolism. Since the skeletal muscle mass in the rat
is an important site of disposal of an intravenous glu-
cose load [24], this observation might, at least in part,
be the basis for the increase in the insulin sensitivity
and the improvement of glucose tolerance seen as a
result of physical training.

The mechanism for this training-induced facilita-
tion of insulin-dependent glucose disposal remains to
be investigated. Since the training programme
involved in this study was of short duration and mild
intensity, as demonstrated by the lack of alterations
in body composition, an increase in the relative con-
tribution of insulin-sensitive tissues, such as skeletal
muscle, could be ruled out. Likewise, any training-
induced major changes in the oxidative capacity of
the skeletal muscle mass [25] were excluded by
demonstrating unaltered citrate synthase activities in
the gastrocnemius muscles. However, the charac-
teristic shift in fuel metabolism induced by training
was nevertheless evident, i. e. decreased basal car-
bohydrate oxidation (Figure 3), and thus the prefer-
ence of muscle to oxidise fat [26, 27, 28]. In addition,
alterations in food intake which might have altered
the carbohydrate metabolism of the trained rats
could at best be minimal since the weight gain in the
trained rats was unaltered and the body composition
found to be identical between trained and untrained
animals. On the other hand, the training-induced
increases in glucose tolerance cannot be attributed to
the well described [29, 30] post-exercise increase in
peripheral glucose disposal due to decreased glyco-
gen depots, since the glucose tolerance test and the
last exercise period were 40 h apart and skeletal mus-
cle glycogen levels showed no differences between
trained rats and their resting controls (Table 1).

Thus, it seems reasonable to consider that the
increase in insulin sensitivity of skeletal muscle glu-
cose metabolism might be due to a short-term
increase of the number and/or affinity of the insulin
receptors. Such an increase of specific insulin-binding
to lymphocytes has recently been reported following
prolonged exercise in man [31]. Earlier observations
reported by Holm [32] have indicated that chronic
tissue hypoxia distal of an arterio-sclerotic stenosis in
man is associated with increased glucose metabolism
of skeletal muscle. Subsequent studies have revealed
identical findings in skeletal muscles of rats which
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had been subjected to intermittent hypoxia by
decreasing the environmental oxygen for several
hours daily [32]. Thus, it appears conceivable that the
improvement of glucose tolerance and insulin-sen-
sitivity shown in this study might be mediated by the
repeated periods of tissue hypoxia during the training
procedure. The more profound effect of the swim
training when compared with the treadmill running
might be due to a higher degree of hypoxia during
swimming. This would be compatible with the find-
ings of Gould and Rawlinson [33] showing that sugar
uptake of most leg muscles was stimulated more vig-
orously by swimming than by running.

At present, definite data on the effect of training
on the impaired glucose tolerance of diabetic patients
are not available. If the findings of this study made in
rats were applicable to diabetic man, physical train-
ing might prove to be a rational form of treatment,
especially for patients with relative insulin deficiency
and insulin resistance such as is often seen in matur-
ity-onset type diabetics.
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