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Muscle Glucose Metabolism following Exercise in the Rat

INCREASEDSENSITIVITY TO INSULIN

ERIK A. RICHTER, LAWRENCEP. GARETTO, MICHAEL N. GOODMAN,and
NEIL B. RUDERMAN,Evans Memorial Department of Medicine, Division of
Diabetes and Metabolism, Boston University Medical Center, Boston,
Massachusetts 02118; Department of Medical Physiology B, Panum Institute,
University of Copenhagen, Denmark

A B S T R A C T Muscle glycogen stores are depleted
during exercise and are rapidly repleted during the
recovery period. To investigate the mechanism for this
phenomenon, untrained male rats were run for 45 min
on a motor-driven treadmill and the ability of their
muscles to utilize glucose was then assessed during
perfusion of their isolated hindquarters. Glucose uti-
lization by the hindquarter was the same in exercised
and control rats perfused in the absence of added in-
sulin; however, when insulin (30-40,000 MU/ml) was
added to the perfusate, glucose utilization was greater
after exercise. Prior exercise lowered both, the con-
centration of insulin that half-maximally stimulated
glucose utilization (exercise, 150 ,U/ml; control, 480
,gU/ml) and modestly increased its maximum effect.
The increase in insulin sensitivity persisted for 4 h
following exercise, but was not present after 24 h. The
rate-limiting step in glucose utilization enhanced by
prior exercise appeared to be glucose transport across
the cell membrane, as in neither control nor exercised
rats did free glucose accumulate in the muscle cell.

Following exercise, the ability of insulin to stimulate
the release of lactate into the perfusate was unaltered;
however its ability to stimulate the incorporation of
['4C]glucose into glycogen in certain muscles was en-
hanced. Thus at a concentration of 75 AU/ml insulin
stimulated glycogen synthesis eightfold more in the
fast-twitch red fibers of the red gastrocnemius than it
did in the same muscle of nonexercised rats. In con-
trast, insulin only minimally increased glycogen syn-
thesis in the fast-twitch white fibers of the gastroc-
nemius, which were not glycogen-depleted. The uptake
of 2-deoxyglucose by these muscles followed a similar
pattern suggesting that glucose transport was also dif-
ferentially enhanced. Prior exercise did not enhance
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the ability of insulin to convert glycogen synthase from
its glucose-6-phosphate-dependent (D) to its glucose-
6-phosphate-independent (1) form. On the other hand,
following exercise, insulin prevented a marked de-
crease in muscle glucose-6-phosphate, which could
have diminished synthase activity in situ. The possi-
bility that exercise enhanced the ability of insulin to
convert glycogen synthase D to an intermediate form
of the enzyme, more sensitive to glucose-6-phosphate,
remains to be explored.

These results suggest that following exercise, glucose
transport and glycogen synthesis in skeletal muscle are
enhanced due at least in part to an increase in insulin
sensitivity. They also suggest that this increase in in-
sulin sensitivity occurs predominantly in muscle fibers
that are deglycogenated during exercise.

INTRODUCTION

Muscle glycogen stores depleted during exercise are
rapidly replenished during the recovery period (1-3).
In keeping with this observation, Maehlum and his co-
workers (2) have noted in man that the greatest pro-
portion of a glucose load ingested following bicycle
exercise is taken up by leg muscle rather than liver as
in the resting state. The basis for this increase in glu-
cose utilization by muscle is unknown. Wahren et al.
(4) noted a modest increase in circulating insulin fol-
lowing exercise; however, it has been shown in the rat
that muscle glycogen synthesis can occur rapidly dur-
ing the recovery period, even when plasma insulin is
not increased (1, 3). More recently, Ahlborg, Wahren
and Felig (5) have observed a similar phenomenon in
man.

In a preliminary study (6), we observed that the
ability of insulin to stimulate glucose uptake by the
incubated soleus muscle is increased when the muscle
is taken from a rat following a 60-min swim in tepid
water. This proved to be an unsatisfactory model for
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further study, as the young rats (50 g) needed for these
investigations frequently had a great deal of difficulty
swimming, and the basal rates of glucose uptake by
their incubated soleus muscles were variable. Also,
effects of insulin at low concentrations are often dif-
ficult to demonstrate in the incubated rat soleus, and
the maximum increments in glucose uptake induced
by insulin are usually only approximately twofold (7).
For this reason, we chose to assess the effect of prior
exercise on insulin sensitivity in skeletal muscle using
a different approach. Rats weighing 200 g were ex-
ercised by running on a treadmill and the response of
their muscles to insulin following exercise was assessed
in the isolated perfused rat hindquarter (8). Effects of
insulin on this preparation are readily demonstrable
at concentrations <100 ,U/ml and insulin-induced
increases in glucose uptake may be as much as 10-fold
(9). This report describes the effect of 45 min of mod-
erate exercise on the subsequent response to insulin of
glucose uptake, glycogen synthesis, and the activity
ratio of glycogen synthase, i.e., synthase activity (mi-
nus glucose-6-phosphate)/synthase activity (plus glu-
cose-6-phosphate at saturating concentrations). The
results suggest that prior exercise enhances both the
sensitivity of the glucose transport system to insulin
and glycogen synthesis. They also suggest that these
effects are most prominent in muscle fibers that are
deglycogenated during the exercise. A preliminary
report of this work has appeared (10).

METHODS

Animals. Male Sprague-Dawley rats were obtained from
Charles River Breeding Laboratories (Wilmington, MA), and
were fed Purina rat chow (Ralston Purina Co., St. Louis,
MO) ad lib. To accustom them to treadmill running, all rats
were run for 5 min at a rate of 18 m/min on the 5th, 4th,
3rd, and 2nd d before the experiment. On the morning of
the experiment (when the rats weighed 200-250 g), they
were randomly divided into a resting and an exercising
group. The exercising group ran for 45 min on the treadmill
at 18 m/min except for the last 2 min, during which the
speed was increased to 31 m/min.

Perfusion studies. At various times after running on the
treadmill, the exercised rats were anesthetized by an intra-
peritoneal injection of pentobarbital (5 mg/100 g body wt),
as were resting controls. They were then surgically prepared
for hindquarter perfusions as described previously (8). All
rats had free access to food until they were anesthetized.
The perfusion apparatus was similar to that described by
Ruderman and his co-workers (8) as modified by Goodman
et al. (11). To maintain the temperature of the perfusate
more precisely at 37-38°C, a heating coil was inserted in
the system. The perfusion medium contained Krebs-Hen-
seleit solution, rejuvenated aged human erythrocytes (12, 13)
added to obtain a hematocrit of 30%, 4% bovine serum al-
bumin (Pentex Corporation, Kankakee, IL), 6 mMglucose,
0.15 mMpyruvate, and 1.5-2 mMlactate (originating from
the erythrocytes). Porcine insulin (Lot No. PJ 5589), kindly
provided by Dr. W. Shaw, Eli Lilly & Co., Indianapolis, IN
was present in concentrations ranging between 0 and 40,000

juU/ml cell-free perfusate. The initial volume of perfusate
was 150 ml. Immediately before placement in the perfusion
apparatus, the rats were killed by an intracardiac injection
of pentobarbital.

The hindquarter was initially perfused for 12 min to allow
equilibration. The first 25 ml of perfusate passed through
the preparation was discarded, whereupon the medium was
recirculated at a flow-rate of 12.5 ml/min. When isotopes
were added, 4 sCi of [U-'4C]glucose or 4 uCi of [carboxy-
'4C]inulin (New England Nuclear, Boston, MA) were intro-
duced into the reservoir 3 min before the end of the equil-
ibration period. The transit time from the reservoir to the
hindquarter was -2 min at the flow-rate used. After the
equilibration period (at 0 min) and in some experiments at
15 and 30 min, samples were taken from the perfusate res-
ervoir into 2 vol of 6% ice-cold HCl04 for lactate deter-
mination and into iced tubes for glucose determination. At
45 min, samples of both perfusate and muscle were taken.
The superficial part of the gastrocnemius muscle, consisting
primarily of fast-twitch white fibers (14) was freeze-clamped
in situ with aluminum clamps cooled in liquid nitrogen.
After this, the soleus-gastrocnemius-plantaris muscle group
was reflected, and the soleus muscle, which contains pri-
marily slow-twitch red fibers (14, 15) was freeze clamped.
Finally, a portion of the deep part of the medial head of the
gastrocnemius muscle, which contains primarily fast-twitch
red fibers (13) was excised and frozen. Muscles were stored
under liquid nitrogen until analyzed.

To study the uptake of 2-deoxyglucose, 1 mM2-[1,2-
3Hjdeoxyglucose (New England Nuclear) was added to a
glucose-free perfusate following the equilibration period.
Uptake of label by individual muscles was determined in
perchloric acid extracts and was corrected for counts in the
extracellular space, the volume of which was determined
using ['4C]inulin. Tissue was taken after 30 min of perfusion,
at which time the uptake of 2-deoxyglucose was still linear.

Analyses. Glucose in the perfusate was measured with
a YS1 model 23A glucose analyzer (Yellow Springs Instru-
ments Company, Inc., Yellow Springs, OH). Perfusate lactate
and muscle concentrations of glucose, glucose-6-phosphate,
and fructose-6-phosphate were determined as previously
described (16), as was the incorporation of labeled glucose
into glycogen (17). For the calculation of net glycogen syn-
thesis, the specific activity of glucose in the perfusate was
determined in the 0 min sample. Glycogen was determined
according to Karlsson et al. (18) and glycogen synthase as
described by Thomas, Schlender, and Larner (19). Synthase
activity measured with and without glucose-6-phosphate in
the assay mixture will be referred to as "total (independent
[I] plus dependent [D]) synthase activity" and "synthase I
activity," respectively. The data are expressed as activity
ratios, i.e., the ratio synthase activity (- glucose-6-phos-
phate)/synthase activity (+ glucose-6-phosphate in saturat-
ing concentration).

Calculations and statistics. Rates of glucose uptake and
lactate release were determined from changes in their con-
centrations in the perfusate and are expressed per gram
muscle perfused. The values were corrected for lactate pro-
duction by erythrocytes. Glucose uptake by erythrocytes
was not measurable. Previous studies have shown that the
weight of the muscle perfused equals one-sixth of total body
weight (8).

Glucose uptake was statistically analyzed by a two-by-five
factorial analysis of variance and significant differences were
located by the unpaired t test. Significant differences in
muscle glycogen concentrations were located by the un-
paired t test. The remaining data were analyzed by a two-
by-two analysis of variance.
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TABLE I
Muscle and Liver Glycogen Immediately after Treadmill Exercise and during the Recovery Period

Glycogen (Cmol/g wet wt) Time after exercise (h)

Tissue Resting control 0 1 2 4

Soleus 26.7±1.2 (5) 13.3±1.6 (5)0 23.0±2.1 (3) 31.9±1.8 (3) 38.9±1.4 (2)
Red gastrocnemius 30.5±2.0 (5) 20.7±2.1 (5)0 33.8±2.4 (3) 38.3±1.9 (3)e 34.0±1.2 (3)
White gastrocnemius 35.7±4.2 (5) 35.5±1.4 (5) 31.3±0.7 (3) 33.3±1.5 (3) 31.6±3.6 (2)
Liver 176±18 (5) 91±16 (4)0

Rats were sacrificed either at rest or at various times after treadmill running. They were allowed free access to food and water both
before running and during the recovery period. Results are means±SE with numbers of observations in parentheses.
° P < 0.05 compared with resting controls.

RESULTS

Effect of treadmill running on muscle glycogen
concentrations. Treadmill running resulted in sub-
stantial decreases in glycogen in the soleus muscle and
the red component of the gastrocnemius, but not in
the white gastrocnemius (Table I), indicating that ex-
ercise was of a moderate intensity (20). Liver glycogen
was also diminished. The glycogen concentrations of
both the soleus and the red gastrocnemius returned to
normal within 1 h of the cessation of exercise, and at
2 h they were significantly higher than in rats that had
not exercised. Comparable increases in glycogen were
not observed in the white gastrocnemius.

Glucose uptake in perfused hindquarter. To de-
termine whether exercise altered the ability of insulin
to stimulate glucose utilization, glucose uptake was
compared in perfused hindquarters of exercised and
nonexercised rats. The data presented in Table II in-
dicate that glucose utilization was similar in the two
groups in the absence of insulin, but that it was higher
in the exercised group at concentrations of insulin be-
tween 30 and 40,000 MU/ml. This was, in large part,
due to an increase in insulin sensitivity (21). As illus-
trated in Fig. 1, in which glucose uptake is plotted as
a percentage of the maximum insulin-stimulated value
achieved, insulin exerted its half-maximal effect at 150
juU/ml in the exercised group vs. 480 ,uU/ml in the
controls. At a concentration of 75 MU/ml, the stimu-
lation of glucose uptake by insulin (after correcting
for uptake in the absence of insulin) was threefold
greater in the exercised than in the control group
(Table II). The data also suggest that the maximum
capacity for glucose uptake is increased following ex-
ercise, as glucose utilization was still somewhat higher
in the exercised group in the presence of 20,000 and
40,000 MU/ml of insulin (Table II), concentrations that
produce maximal effects in resting muscle (Table II)
(9, 22).

Duration of increase in insulin sensitivity. To de-
termine the duration of the increase in insulin sensi-

tivity, hindquarters were perfused with 75 ,uU/ml of
insulin 1, 2, and 4 h following exercise. As shown in
Fig. 2, the increase in insulin sensitivity persisted for
at least 4 h, although at 4 h the absolute rate of glucose
uptake was significantly less than at 0 hours. 24 h after
exercise, the increase in insulin sensitivity was no
longer present (data not shown). The increase in sen-
sitivity to insulin persisted throughout the full 45 min
of perfusion (Fig. 3), and in two experiments in which
it was assessed, it was still evident at 2 h. The relatively
low rates of glucose uptake during the first 15 min of
the perfusion (Fig. 3) are characteristic of the hind-
quarter preparation when physiological concentrations
of insulin are used.

In four experiments the maximum reponsiveness of
glucose utilization to insulin following exercise was

TABLE II
Glucose Utilization by the Isolated Perfused Hindquarter

following Treadmill Running. Effect of Insulin

Glucose uptake

Insulin Control Postexercise

ysU/rn zIno/g/h

0 1.8±0.2 (4) 1.9±0.4 (5)
10 2.2±0.3 (8) 2.8±0.2 (8)
30 1.9±0.2 (4) 2.7±0.2 (4)0
75 3.2±0.2 (12) 6.1±0.3 (13)0

500 6.3±0.1 (3) 9.4±1.1 (3)0
20,000 10.2±0.9 (8) 12.6±0.5 (8)0
40,000 10.6±0.2 (3) 12.1±0.2 (2)0

Hindquarters were placed in the perfusion system '20 min after
the cessation of exercise or an equivalent period of rest. After 12
min of equilibration, glucose utilization was measured over the next
45 min. Control rats were not exercised. Insulin at the indicated
concentrations was added to the initial cell-free perfusate. Between
10 and 20% of the insulin was degraded during the perfusion.
Results are means±SE with numbers of observations in parentheses.
e P < 0.05 when compared with control values.
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FIGURE 1 Dose response of glucose uptake following exercise. Effect of prior exercise on
stimulation of glucose utilization by insulin in the perfused hindquarter. Results are expressed
as a percentage of maximum insulin effect. See Table II legend and Methods for details.

found to be increased only in the first 15 min of a 45-
min perfusion (data not shown). The significance of
this observation remains to be determined.

Glucose disposition in perfused hindquarter. The
major fates of glucose taken up by the rat hindquarter
are conversion to glycogen and release as lactate;
smaller amounts are released as pyruvate and alanine
or are oxidized (23, 24). The release of lactate by hind-
quarters from control and exercised rats in this study
was low and there were no differences between the
groups (data not shown). On the other hand, the in-
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FIGURE 2 Duration of increase in insulin sensitivity follow-
ing exercise (insulin, 75 ,uU/ml). Stimulation of glucose up-
take by insulin in rat hindquarters perfused at different
times following exercise. The perfusate contained insulin at
a concentration of 75 ttU/ml cell-free perfusate. Results are
means±SE with numbers of observations in parentheses. See
Table II legend for details.
° P < 0.05 when compared with rested control group.
I P < 0.05 when compared with 0 min group.

corporation of [U-'4C]glucose into glycogen was
greater following exercise (Table III). This was most
evident in the presence of insulin, although a trend to
increased glycogen synthesis was seen when insulin
was not added. The greatest stimulation of glucose in-
corporation into glycogen by insulin following exercise
was seen in the red gastrocnemius, a muscle partially
depleted of glycogen by the run, and the smallest in-
crease in the white gastrocnemius, which was not de-
pleted of glycogen. The response of the soleus, which
was also partially depleted of glycogen, was inter-
mediate.

Glycogen synthase. Enzyme activity was measured
in muscles taken at the end of a 45-min perfusion.
Glucose utilization in the presence of insulin was still
enhanced by prior exercise at this time (Fig. 2), as was,
presumably, glucose incorporation into glycogen. Thus,
it was of special interest to determine if the activity
ratio of glycogen synthase was also increased, as it is
widely held that only the glucose-6-phosphate-inde-
pendent form is active in vivo (25). As shown in Table
IV, prior exercise by itself increased the activity ratio
only in the soleus. It caused but a small increase in the
ability of insulin (75 ,U/ml) to increase the activity
ratio in the red gastrocnemius and it had no effect in
the white gastrocnemius. In the soleus, insulin in-
creased the activity ratio by itself; however the in-
crease was the same whether or not the rat had pre-
viously exercised. It remains to be determined if
insulin had a greater effect on the activity ratio in the
exercised group earlier in the perfusion.

Tissue glucose and 2-deoxyglucose uptake. After
correcting for glucose in the extracellular space, free
glucose was not detectable intracellularly in any of the
groups studied (Table V). Thus, transport into the
muscle cell appeared to be the rate-limiting, insulin-
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FIGURE 3 Time-course of glucose uptake in perfused hind-
quarters from rested and previously exercised rats. Glucose
uptake was determined during three successive 15-min pe-
riods following 12 min of equilibration. The perfusate con-
tained insulin at a concentration of 75 ,uU/ml cell-free per-
fusate. Values are means±SE of four observations. See Table
II legend for details.

sensitive step enhanced by prior exercise that resulted
in increased glucose utilization. In accord with this
notion, when hindquarters were perfused with 2-de-
oxyglucose to assess hexose transport, the stimulation
of its uptake into the red gastrocnemius by insulin (75
uU/ml) was increased fourfold by prior exercise from
0.4±0.1 (mean±SE, n = 3) to 1.6±0.4 (n = 4) ,mol/
g per h. In keeping with its effect on glycogen syn-
thesis, exercise did not enhance the stimulation of 2-
deoxyglucose uptake into the white gastrocnemius
(control 0.4±0.1 (n = 3); exercise 0.6±0.25 (n = 4)
gmol/g per h). Interestingly, we also found no increase

in 2-deoxyglucose uptake by the soleus (control 0.9±0.2
(n = 3); exercise 0.7±0.2 (n = 4) umol/g per h).

Hexose phosphates. Glucose-6-phosphate and fruc-
tose-6-phosphate were measured in the soleus and
white gastrocnemius. They were not determined in the
red gastrocnemius, since this muscle had to be excised
before it could be freeze-clamped and this results in
rapid increases in hexose phosphate concentration. As
shown in Table VI, when perfused without insulin
added to the medium, the concentrations of both, glu-
cose-6-phosphate and fructose-6-phosphate were de-
creased in the soleus and, to a lesser extent, in the
white gastrocnemius of previously exercised rats. The
addition of insulin to the perfusate caused a two- to
threefold increase in the concentrations of both hexose
phosphates in the soleus, but it did not produce a sig-
nificant increase in their concentrations in the white
gastrocnemius.

DISCUSSION
Muscle glycogen is a major fuel for working muscle
during exercise (26, 27). At the time they were per-
fused, the soleus and gastrocnemius almost certainly
had largely repleted their glycogen stores (Table I).
Furthermore, as shown by Bergstrom and his col-
leagues (28), when its glycogen stores are depleted
during exercise, a muscle loses its capacity for heavy
work and exhaustion ensues. For these reasons, the
maintenance of muscle glycogen is of special impor-
tance to mobile organisms and its repletion following
exercise is of high priority metabolically.

The results of the present study indicate that the
ability of the rat to resynthesize its muscle glycogen
stores following exercise is in part due to an increase
in insulin sensitivity. Thus, after 45 min of low-inten-

TABLE III
Effect of Prior Exercise and of Insulin on Glucose Incorporation into Glycogen by

the Isolated Perfused Rat Hindquarter

Glucose incorporation into glycogen

Red White
Soleus gastrocnemius gastrocnemius

pmol/g/h

No insulin
Control 0.17±0.02 0.10±0.02 0.06±0.01
Postexercise 0.43±0.14 0.27±0.12 0.10±0.04

Insulin (75 IAU/ml)
Control 0.79±0.25 0.39±0.07 0.18±0.03
Postexercise 2.04±0.49 3.08±0.64 0.37±0.07

Results are means±SE of 9-10 observations when insulin was present and 4-5 obser-
vations when insulin was not added. See legend to Table II for details.

Pp < 0.05 when compared with control values.
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TABLE IV
Effect of Prior Exercise and of Insulin on Glycogen Synthase Activity in Muscles

of Isolated Perfused Rat Hindquarter

Glycogen synthase (activity ratio)

White
Soleus Red gastrocnemius gastrocnemius

No insulin
Control 0.09±0.02 (4) 0.17 (2) 0.24±0.07 (4)
Postexercise 0.20±0.01 (4)° 0.17±0.01 (3) 0.29±0.06 (4)

Insulin (75 ,U/ml)
Control 0.16±0.02 (7)t 0.17±0.01 (7) 0.26±0.03 (8)
Postexercise 0.26±0.03 (7)° 0.21±0.01 (8) t 0.27±0.02 (7)

Total synthase (glucose-6-phosphate independent [I) plus dependent [D] activities were
1.87±0.19, 1.67±0.26 and 1.36±0.25 (mean±SE, n = 8) gmol/min per g muscle in the
soleus and red and white gastrocnemius, respectively, after 45 min of perfusion of control
hindquarters with 75 ,U/ml of insulin in the cell-free perfusate. Total activity was not
different in rats that had previously exercised. Results are means±SE with numbers of
observations in parentheses.
o P < 0.05 when compared with corresponding control values.

P < 0.05 when compared with corresponding values in the absence of insulin.

sity running on a treadmill, the concentration of in-
sulin needed to produce a half-maximal increase in
glucose utilization was 150 ,uU/ml vs. 480 .U/ml in
a group of nonexercised controls (Fig. 1). At an insulin
concentration of 75 ,U/ml, the stimulation of glucose
utilization was threefold greater in the exercised group
(Table II). An increase in the maximum rate of glucose
utilization in response to insulin was also noted follow-
ing exercise; however, it was modest and only persisted
for the first 15 min of a 45-min perfusion. Glucose
utilization was not increased following exercise in the
absence of insulin, indicating that prior glycogen de-

pletion by itself was not a sufficient stimulus to en-
hance glucose uptake.

A similar increase in insulin sensitivity has been ob-
served in rat (7) and mouse (29) soleus muscles after
48 h of starvation. In both instances insulin binding
was increased due to an enhanced affinity of mem-
brane receptors for insulin or an increase in the num-
ber of a subclass of high-affinity binding sites. The
total number of insulin receptors was either unchanged
or minimally increased. Pederson and his colleagues
(30) and Koivisto et al. (31) have reported that insulin
binding to monocytes (30, 31) and erythrocytes (31)

TABLE V
Effect of Prior Exercise and Insulin on the Free Glucose Concentration in Muscles

of the Isolated Perfused Hindquarter

Glucose in cell H20

White
Soleus Red gastrocnemius gastrocnemius

#lOlfll

No insulin
Control 0.2±0.1 (4) -0.3±0.03 (4) -0.2±0.05 (4)
Exercise -0.4±0.2 (3) -0.4±0.1 (3) 0±0.1 (3)

Insulin (75 AU/ml)
Control 0.1±0.1 (4) -0.2±0.1 (4) -0.1±0.05 (4)
Exercise -0.1±0.06 (5) -0.1±0.4 (5) -0.1±0.05 (5)

Results are means±SE with numbers of observations in parentheses. Cell glucose was
calculated as described by Berger et al. (22). Glucose concentration in the perfusate at
the time of muscle sampling was -5 mM(Methods).
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TABLE VI
Effect of Prior Exercise and of Insulin on the Concentrations of Glucose-6-

Phosphate and Fructose-6-Phosphate in Muscles of the Isolated
Perfused Rat Hindquarter

Soleus White gastrocnemius

G-6P F-6-P G-6-P F-6-P

nmol/g nmol/g

No insulin
Control (4) 248±21 55±5 214±51 40±8
Postexercise (4) 134±44° 26±10° 128±27 29±7

Insulin (75 ;sU/ml)
Control (6) 324±26t 61±5 265±45 39±7
Postexercise (7) 343±421 70±28 188±28 36±4

Results are means±SE with numbers of observations in parentheses. See legend to Table
III and Methods for details. G-6-P, glucose-6-phosphate; F-6-P, fructose-6-phosphate.

P < 0.05 when compared with corresponding control values.
I P < 0.05 when compared with corresponding value in absence of insulin.

is increased in man following exercise, due to an ap-
parent increase in receptor affinity. The relevance of
these findings to muscle is uncertain however, for as
shown in this study, the increased ability of insulin to
stimulate glucose utilization and glycogen synthesis
following exercise appears to be restricted to muscles
that had been deglycogenated. Thus, if alterations in
insulin binding account for the observed findings local
rather than systemic factors would have to be impli-
cated.

As shown previously (9, 22), except during exercise
itself, free glucose does not usually accumulate in skel-
etal muscle, indicating that transport is the rate-lim-
iting step in glucose utilization. Free glucose was not
detectable in the muscle cell in the present study, ei-
ther at rest or following exercise, and it did not ac-
cumulate when insulin was added to the perfusate.
This suggests that transport was also rate-limiting in
these situations and that following exercise the en-
hanced ability of insulin to stimulate glucose utiliza-
tion was exerted at least in part at this step. The finding
that prior exercise enhanced the ability of insulin to
stimulate the uptake of 2-deoxyglucose by the red gas-
trocnemius supports this conclusion as does the obser-
vation that insulin increased intracellular glucose-6-
phosphate in the soleus following exercise. The con-
centration of the latter should have been decreased if
the primary effect of insulin was on glycogen synthesis.

The principal fates of glucose taken up by perfused
rat skeletal muscle are conversion to glycogen and re-
lease as lactate (23, 24). Prior exercise enhanced the
ability of insulin to stimulate glucose incorporation
into glycogen, but it had no effect on the release of
lactate. This suggests that, in addition to stimulating

glucose transport into the muscle cell, exercise specif-
ically enhanced the ability of insulin to stimulate gly-
cogen synthesis. In the red gastrocnemius, this increase
in glycogen synthesis was associated with only a small
increase in the activity ratio of glycogen synthase. In
the soleus the activity ratio was considerably increased
by both prior exercise and by insulin; however, the
insulin-induced increase was the same in exercised and
nonexercised muscle. Thus, except perhaps in the so-
leus, it is unlikely that an increase in the fraction of
synthase in its glucose-6-phosphate independent (I)
form contributed to the increased stimulation of gly-
cogen synthesis by insulin following exercise.

Glycogen synthase activity may have been increased
following exercise by other mechanisms. By stimulat-
ing glucose transport, insulin increased the concentra-
tion of glucose-6-phosphate in the soleus following
exercise from 134 to 343 nmol/g. As recently shown
by Chiasson et al. (32), the concentration of glucose-
6-phosphate that causes a half-maximal activation of
glycogen synthase (AO.5) in posterior thigh muscle of
the rat hindquarter is 370 ,uM. Thus, the higher glu-
cose-6-phosphate concentration in muscle perfused
with insulin following exercise might have enhanced
synthase activity in situ. The relevance of this obser-
vation to the high rate of glycogen synthesis in vivo
following exercise is debatable, however, as the con-
centrations of glucose-6-phosphate in muscle during
the recovery period and at rest in intact organisms are
very similar (33). More relevant may be the finding
of Chiasson and his colleagues (32) that insulin at a
concentration of 1,000 MU/ml lowers the A0.5 of muscle
glycogen synthase for glucose-6-phosphate in the hind-
quarter from 370 to 250 MM. Whether following ex-
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ercise lower concentrations of insulin can produce a
similar change remains to be determined. That this
may occur is suggested by the observation of Kochan
and his colleagues (34, 35) that prior exercise dimin-
ishes the concentration of glucose-6-phosphate needed
to produce a partial activation of glycogen synthase
in both human and rat muscle for several hours fol-
lowing exercise. They suggested that, this as well as
alterations in the sensitivity of glycogen synthase to
other effectors, may be related to the appearance of
an intermediate form of the enzyme with a different
phosphorylation state (36). Of particular interest was
their finding that such alterations in synthase activity
(which in general paralleled changes in the AO.5) per-
sisted far longer than the increase in the activity ratio
following exercise and that they correlated more
closely with the synthesis of muscle glycogen during
the period of supercompensation.

In the present study, the increase in insulin sensi-
tivity of rat muscle following exercise lasted at least
4 h, whereas in the intact rat glycogen stores had es-
sentially been repleted by 1 h (Table I). Thus, the more
prolonged increase in insulin sensitivity cannot be at-
tributed to glycogen depletion per se and its cause
remains to be determined. Temporally, it appears to
be related to the period of increased sensitivity of gly-
cogen synthase to glucose-6-phosphate (34, 35), as well
as to the phenomenon of supercompensation, by which
muscle increases its glycogen stores to higher than rest-
ing levels during the recovery period following exer-
cise (1, 2, 33). In addition to supercompensation, the
increase in insulin sensitivity may explain, or partially
explain, why glucose tolerance in man is often in-
creased for many hours following exercise despite a
normal or even a diminished insulin response (37).
Also, it may explain why some insulin-requiring dia-
betics develop hypoglycemia (38) many hours follow-
ing the cessation of exercise and why others experience
a decrease in their requirement for insulin (39).

The exercise used in the present study was of mod-
erate intensity for the rat as judged by the finding that
only red muscles were depleted of glycogen (20).
Whether more intense exercise leading to a depletion
of glycogen in white muscle would result in an increase
in insulin sensitivity in these fibers is not known. Like-
wise, it remains to be determined whether exercise
alters the sensitivity to insulin of organs such as liver
and adipose tissue, which may also be depleted of their
fuel reservoirs during exercise, and whether it affects
other insulin-sensitive processes such as amino acid
transport and protein synthesis. Finally, as the ability
of insulin to stimulate both glucose transport and gly-
cogen synthase were enhanced by prior exercise, it is
likely that an early event in insulin action, e.g., its

binding to membrane receptors, was altered. This too,
however, remains to be proven.

Note added in proof. While this manuscript was in press,
Ivy and Holloszy (1981. Am. J. Physiol. 241: C200-C203)
reported that glucose utilization by the perfused rat hind-
quarter is enhanced following 45 min of swimming even
when insulin is not added to the perfusate. In addition to
the type of exercise the rats in this study differed from those
studied by us in that they were starved and their muscle
glycogen had not been substantially repleted at the time of
perfusion. Whether one or a combination of these factors
account for the differing results remains to be determined.
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