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Abstract A single bout of prolonged endurance exercise

stimulates glucose transport in skeletal muscles, leading

to post-exercise muscle glycogen supercompensation if

sufficient carbohydrate is provided after the cessation of

exercise. Although we recently found that short-term sprint

interval exercise also stimulates muscle glucose transport,

the effect of this type of exercise on glycogen supercom-

pensation is uncertain. Therefore, we compared the extent

of muscle glycogen accumulation in response to carbohy-

drate feeding following sprint interval exercise with that

following endurance exercise. In this study, 16-h-fasted rats

underwent a bout of high-intensity intermittent swimming

(HIS) as a model of sprint interval exercise or low-intensity

prolonged swimming (LIS) as a model of endurance exer-

cise. During HIS, the rats swam for eight 20-s sessions

while burdened with a weight equal to 18% of their body

weight. The LIS rats swam with no load for 3 h. The

exercised rats were then refed for 4, 8, 12, or 16 h. Gly-

cogen levels were almost depleted in the epitrochlearis

muscles of HIS- or LIS-exercised rats immediately after the

cessation of exercise. A rapid increase in muscle glycogen

levels occurred during 4 h of refeeding, and glycogen levels

had peaked at the end of 8 h of refeeding in each group

of exercised refed rats. The peak glycogen levels during

refeeding were not different between HIS- and LIS-exer-

cised refed rats. Furthermore, although a large accumula-

tion of muscle glycogen in response to carbohydrate

refeeding is known to be associated with decreased insulin

responsiveness of glucose transport, and despite the fact that

muscle glycogen supercompensation was observed in the

muscles of our exercised rats at the end of 4 h of refeeding,

insulin responsiveness was not decreased in the muscles of

either HIS- or LIS-exercised refed rats compared with non-

exercised fasted control rats at this time point. These results

suggest that sprint interval exercise enhances muscle

glycogen supercompensation in response to carbohydrate

refeeding as well as prolonged endurance exercise does.

Furthermore, in this study, both HIS and LIS exercise

prevented insulin resistance of glucose transport in glyco-

gen supercompensated muscle during the early phase of

carbohydrate refeeding. This probably led to the enhanced

muscle glycogen supercompensation after exercise.

Keywords Insulin � Glucose uptake � Akt � Exercise �
Epitrochlearis

Introduction

A single bout of prolonged endurance exercise stimulates

glucose transport in skeletal muscle independently of the

insulin signaling pathway [1]. This effect is evident during

and immediately after exercise, but reverses progressively,

with little or no residual effect being found at 2–3 h after

exercise in rats [1–3]. As the acute increase in glucose

transport reverses after the cessation of endurance exercise,

there is a substantial increase in insulin-stimulated muscle

glucose transport [1–4]. As a result of the exercise-induced

increase in glucose transport, glucose floods into the
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muscles, leading to muscle glycogen supercompensation, if

sufficient carbohydrate is provided after exercise. The term

‘‘glycogen supercompensation’’ refers to an increase in the

muscle glycogen level far above that found in the sedentary

fed state [5].

Our previous studies demonstrated that a bout of high-

intensity intermittent swimming (HIS: total exercise time

160 s) as a model of sprint interval exercise increases

insulin-independent glucose transport in rat epitrochlearis

muscles to a much higher level than that caused by low-

intensity prolonged swimming (LIS; total exercise time

3 h) as a model of endurance exercise [6, 7]. Furthermore,

we previously reported that HIS exercise can enhance the

insulin-stimulated glucose transport in rat epitrochlearis

muscles after cessation of exercise as well as LIS exercise

does [6, 7]. However, the effect of sprint interval exercise

on post-exercise glycogen supercompensation is uncertain.

In our present study, we compared the extent of glyco-

gen accumulation in rat skeletal muscle in response to

carbohydrate feeding following sprint interval exercise

with that following prolonged endurance exercise. We

found that sprint interval exercise enhances muscle gly-

cogen supercompensation in response to carbohydrate re-

feeding as well as endurance exercise does. Moreover,

glycogen supercompensation is known to be associated

with insulin resistance of glucose transport [8–10], which

prevents the excess accumulation of glycogen in muscle

cells. However, we observed that both sprint interval and

endurance exercise reduced insulin resistance of glucose

transport in glycogen supercompensated muscle during the

early phase of carbohydrate refeeding. This probably led to

the sustained increase of glucose flux into skeletal muscles

and enhanced muscle glycogen supercompensation after

exercise.

Materials and methods

Materials

Purified human insulin was purchased from Eli Lilly Japan

(Kobe, Japan). Rabbit anti-Akt, anti-phospho-Akt (Ser473),

and anti-phospho-Akt (Thr308) were purchased from Cell

Signaling Technology (Beverly, MA). Rabbit anti-GLUT4

was from Biogenesis (Poole, UK), and horseradish peroxi-

dase (HRP)-conjugated goat anti-rabbit IgG was from

Biosource International (Camarillo, CA). Enhanced

chemiluminescence (ECL or ECL plus) kits from Amer-

sham were used for immunodetection according to the

manufacturer’s instructions. BCA assay kits for determi-

nation of total protein were purchased from Pierce (Rock-

ford, IL). All other reagents were obtained from Sigma

(St. Louis, MO).

Treatment of animals

This research was approved by the Animal Studies Com-

mittee of Niigata University of Health and Welfare. Four-

week-old male specific pathogen-free Wistar rats were

obtained from Clea Japan, Inc. (Tokyo, Japan). The ani-

mals were housed in individual cages, and fed a diet

of Purina rodent laboratory chow and water ad libitum.

Animals with a body weight 100–120 g were assigned

randomly to either a non-exercised fasted control, non-

exercised refed, HIS-exercised refed, or LIS-exercised

refed group. Rats in the HIS- and LIS-exercised refed

groups were accustomed to swimming for 10 min/day,

2 days before the experiment.

The non-exercised refed, HIS-exercised refed, and LIS-

exercised refed animals were fasted for 16 h from

6:00 a.m. to 10:00 p.m. After 16 h fasting, the animals had

free access to Purina chow (containing 530 g of carbohy-

drate/kg) and 10% sucrose in their drinking water for either

0 h (non-access to food and water), 4 h (until 2:00 a.m.),

8 h (until 6:00 a.m.), 12 h (until 10:00 a.m.), or 16 h (until

2:00 p.m.). Tissue samples were collected at each of these

times. The rationale for adding sucrose to the drinking

water was to ensure an adequate intake of carbohydrate.

Just before the start of refeeding at 10:00 p.m., rats in the

HIS-exercised refed group underwent eight 20-s bouts of

swimming carrying a weight equal to 18% of their body

weight, with a 40-s rest between bouts [6, 7, 11]. Single

rats swam in a barrel filled to a depth of 30 cm with a

surface area of 450 cm2. Meanwhile, just before the start of

refeeding at 10:00 p.m., rats in the LIS-exercised refed

group underwent swimming for 3 h without a weight, with

four rats swimming simultaneously in a barrel filled to a

depth of 40 cm with an average surface area of 240 cm2/rat

[6, 7]. The water temperature was maintained at a constant

35�C during the swimming protocol.

The 4, 8, 12, and 16 h refed groups were time-matched

with non-exercised fasted control animals, with the tissues

of the control animals being collected at the same times as

those of the refed animals. The time-matched non-exer-

cised fasted control animals for the 4, 8, 12, and 16 h refed

groups were fasted for 16 h from 10:00 a.m. to 2:00 a.m.,

from 2:00 p.m. to 6:00 a.m., from 6:00 p.m. to 10:00 a.m.,

and from 10:00 p.m. to 2:00 p.m., respectively.

Preparation of muscles

The animals were anesthetized with an intraperitoneal

injection of pentobarbital (5 mg/100 g of body weight),

followed by dissection of the epitrochlearis muscles. The

epitrochlearis muscles were either clamp-frozen in liquid

nitrogen for measurement of glycogen concentrations or

used for subsequent incubation as described below.
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Muscle incubation

The epitrochlearis muscles were incubated with shaking for

60 min at 35�C in 3 ml of oxygenated Krebs-Henseleit

buffer (KHB) containing 8 mM glucose, 32 mM mannitol,

and 0.1% RIA grade bovine serum albumin (BSA), in the

presence or absence of 2 mU/ml purified human insulin.

This concentration of insulin is considerably greater than

that required to stimulate maximum glucose uptake in this

preparation. The flasks were then gassed continuously with

95% O2–5% CO2 during the incubations.

Measurement of 2DG uptake rate

The non-metabolizable glucose analogue 2-deoxyglucose

(2DG) is phosphorylated by hexokinase after transport into

cells, but is not metabolized further. In this study, 2DG was

used to estimate the rate of glucose transport, based on the

method described by Ueyama et al. [12]. After the 60-min

incubation described above, the muscles were rinsed for

20 min at 30�C in 3 ml of KHB containing 40 mM man-

nitol, 0.1% BSA, and 10 mU/ml of insulin (if present in the

previous incubation) to remove glucose. After this rinse, the

muscles were incubated at 30�C for 20 min in 3 ml of KHB

containing 8 mM 2DG, 32 mM mannitol, 0.1% BSA, and

10 mU/ml of insulin (if present in the previous incubation).

The flasks were gassed continuously with 95% O2–5% CO2

during the incubations. After incubation, the muscles were

blotted briefly on filter paper and frozen in liquid N2. The

samples were then weighed, homogenized in 0.3 M per-

chloric acid, and centrifuged at 1,000g. After centrifuga-

tion, the supernatant was collected and neutralized by the

addition of 2 N KOH, followed by fluorometric measure-

ment of 2-deoxyglucose-6-phosphate (2-DG-6-P) [13].

Under the above incubation conditions, intracellular

accumulation of free 2-DG in muscles is negligible, while

intracellular accumulation of 2-DG-6-P is linear [14]. The

rate of intracellular accumulation of 2-DG-6-P (2-DG

uptake rate) therefore reflects the muscle glucose transport

activity [14].

Muscle glycogen

Perchloric acid extracts of muscle were assayed for gly-

cogen by the amyloglucosidase method [15].

Immunoblotting

After the first 60-min incubation described above, the

epitrochlearis muscles were blotted and then clamp frozen.

The muscle samples were homogenized in ice-cold buffer

containing 50 mM HEPES (pH 7.4), 150 mM NaCl, 10%

glycerol, 1% Triton-X-100, 1.5 mM MgCl2, 1.0 mM

EDTA, 10 mM Na4P2O7, 100 mM NaF, 2.0 mM

Na3VO4, aprotinin (10 lg/ml), leupeptin (10 lg/ml),

pepstatin (0.5 lg/ml), and phenylmethylsulfonyl fluoride

(2 mM) [16]. The homogenates were then incubated with

end-over-end rotation at 4�C for 60 min and centrifuged at

4,000g for 30 min at 4�C. Aliquots of the supernatants

were treated with 29 Laemmli sample buffer containing

100 mM dithiothreitol. All samples (20 lg protein) were

subjected to 10% SDS-PAGE. The resolved proteins were

transferred to PVDF membranes and then blocked in 5%

nonfat dry milk in TBS containing 0.1% Tween 10

(TBST), pH 7.5. After blocking, the membranes were

rinsed in TBST and incubated overnight with an appro-

priate antibody at 4�C, followed by rinsing in TBST and

incubation for 120 min with HRP-conjugated goat anti-

rabbit IgG. Antibody-bound protein was visualized by

enhanced chemiluminescence (ECL or ECL plus; Amer-

sham), with the intensity of the bands being assessed using

the NIH images.

Statistics

The results are expressed as the mean ± SE, with statisti-

cal significance being defined by P \ 0.05. Significant

differences between groups were evaluated using one-way

analysis of variance (ANOVA), with a subsequent post hoc

comparisons with Fisher’s least significant difference

analysis.

Results

Carbohydrate intake

Total carbohydrate intake, which includes sucrose in the

drinking water during the first 4 h of refeeding, averaged

4.3 ± 0.3 g (n = 10) in non-exercised refed rats. Neither

HIS nor LIS exercise, each of which was imposed imme-

diately before the start of refeeding, had any effect

on carbohydrate intake during the 4 h of refeeding

[4.3 ± 0.2 g (n = 10) for HIS and 4.1 ± 0.2 g (n = 9) for

LIS]. There was also no significant difference in carbohy-

drate intake during 4 h of refeeding between HIS-exercised

and LIS-exercised refed rats. Furthermore, there was no

significant difference in carbohydrate intake during 8, 12,

and 16 h of refeeding among non-exercised refed rats

[7.2 ± 0.2 g (n = 7) for 8 h refeeding, 9.1 ± 0.4 g

(n = 8) for 12 h refeeding, and 10.1 ± 0.6 g (n = 7) for

16 h refeeding], HIS-exercised refed rats [7.2 ± 0.3 g

(n = 7) for 8 h refeeding, 9.3 ± 0.3 g (n = 8) for 12 h

refeeding, and 10.4 ± 0.5 g (n = 7) for 16 h refeeding],

and LIS-exercised refed rats [6.7 ± 0.3 g (n = 7) for 8 h

refeeding, 8.7 ± 0.4 g (n = 8) for 12 h refeeding, and
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10.3 ± 0.1 g (n = 6) for 16 h refeeding] at any of the

tested time points.

Muscle glycogen

We measured glycogen concentrations in epitrochlearis

muscles. At the start of refeeding, the glycogen concen-

trations in the muscles of both HIS- and LIS-exercised rats

were lower than those of non-exercised refed rats (Fig. 1).

The muscle glycogen concentration measured immediately

after HIS exercise was significantly (P \ 0.05) lower

compared with that after LIS exercise (Fig. 1). After 4, 8,

12, and 16 h of refeeding, the glycogen concentrations in

the muscles of non-exercised refed rats were 3.0-, 3.4-, 3.4-,

and 2.2-fold higher, respectively (P \ 0.05), than in the

muscles of non-exercised fasted controls (Fig. 1). On the

other hand, at the end of 4, 8, 12, and 16 h of refeeding, the

glycogen concentrations in the muscles of HIS-exercised

refed rats were 3.6-, 4.5-, 3.8-, and 3.1-fold higher,

respectively (P \ 0.05), than in the muscles of non-exer-

cised fasted controls (Fig. 1). Furthermore, at the end of 4,

8, 12, and 16 h of refeeding, the glycogen concentrations in

the muscles of LIS-exercised refed rats were 3.3-, 4.5-, 4.0-,

and 3.2-fold higher, respectively (P \ 0.05), than in the

muscles of non-exercised fasted controls (Fig. 1). This

implied that a rapid increase in muscle glycogen levels

occurred during 4 h of refeeding and that glycogen levels

had peaked at the end of 8 h of refeeding in each group

(Fig. 1). Furthermore, peak glycogen levels in the muscles

of either HIS- or LIS-exercised refed rats were significantly

higher (P \ 0.05) than those in the muscles of non-exer-

cised refed rats at the end of 8 h of refeeding (Fig. 1). On

the other hand, there was no significant difference in muscle

glycogen levels between HIS- and LIS-exercised refed rats

at the end of 8 h of refeeding (Fig. 1).

2DG uptake

We measured the basal rate of 2DG uptake and maximum

rate of insulin-stimulated 2DG uptake in the epitrochlearis

muscles of time-matched non-exercised fasted controls,

non-exercised refed, LIS-exercised refed, and HIS-exer-

cised refed rats (Fig. 2).

Fig. 1 Glycogen concentrations in epitrochlearis muscles at the start

of refeeding or after 4, 8, 12, or 16 h of refeeding in time-matched

fasted controls, non-exercised refed rats, HIS-exercised refed rats, and

LIS-exercised refed rats. Open circles time-matched fasted controls,

gray circles non-exercised refed rats, filled circles HIS-exercised refed

rats, filled triangles LIS-exercised refed rats. The animals were fasted

for 16 h and then allowed free access to standard chow (containing

530 g carbohydrate/kg) and drinking water containing 10% sucrose for

4, 8, 12, or 16 h after the cessation of fasting. Exercised refed rats

performed a bout of high-intensity intermittent swimming (HIS) or

low-intensity prolonged swimming (LIS) just before the start of

refeeding. The time-matched fasted control rats were fasted for 16 h

before collection of the muscle samples. Values are expressed as the

mean ± SE; n = 6–9 muscles/group. a Time-matched fasted controls

versus the other three groups, P \ 0.05. b Non-exercised refed rats

versus HIS-exercised refed rats, P \ 0.05. c Non-exercised refed

rats versus LIS-exercised refed rats, P \ 0.05. d HIS-exercised refed

rats versus LIS-exercised refed rats, P \ 0.05
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Fig. 2 Basal and insulin-stimulated 2DG uptake rates in epitrochle-

aris muscles after 4 or 8 h of refeeding in time-matched fasted

controls, non-exercised refed rats, HIS-exercised refed rats, and LIS-

exercised refed rats. Open bars time-matched fasted controls, gray
bars non-exercised refed rats, filled bars HIS-exercised refed rats,

dark gray bars LIS-exercised refed rats. See the legend of Fig. 1 for a

description of the animal treatment. The values are expressed as the

mean ± SE; n = 6–7 muscles/group for basal 2DG uptake and

n = 7–10 muscles/group for insulin-stimulated 2DG uptake. *Signif-

icant differences P \ 0.05, non-exercised refed, HIS-exercised refed,

or LIS-exercised refed rats versus time-matched fasted controls.
�Significant differences P \ 0.05, HIS-exercised refed or LIS-exer-

cised refed rats versus non-exercised refed rats. �Significant differ-

ences P \ 0.05, LIS-exercised refed rats versus HIS-exercised refed

rats
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At the end of 4 h of refeeding, the basal rate of 2DG

uptake was 31% lower (P \ 0.05) in the muscles of the

non-exercised refed rats compared to that in the muscles of

the non-exercised fasted controls (Fig. 2), whereas in LIS-

exercised refed rats this uptake was 36% higher (P \ 0.05)

than that in the muscles of non-exercised refed rats

(Fig. 2). On the other hand, at this time point, insulin-

stimulated 2DG uptake was 31% lower (P \ 0.05) in the

muscles of the non-exercised refed rats compared to that in

the muscles of the non-exercised fasted controls, whereas

in both HIS- and LIS-exercised refed rats this uptake was

not significantly different from that in the muscles of the

non-exercised fasted controls (Fig. 2). Insulin-stimulated

2DG uptake was 24 and 46% higher (P \ 0.05) in the

muscles of HIS- and LIS-exercised refed rats than in the

muscles of non-exercised refed rats at the end of 4 h of

refeeding (Fig. 2), respectively. Insulin-stimulated 2DG

uptake was 15% lower (P \ 0.05) in the muscles of HIS-

exercised refed rats than in those of LIS-exercised refed

rats (Fig. 2).

At the end of 8 h of refeeding, the basal rate of 2DG

uptake was 26, 24, and 20% lower (P \ 0.05) in the

muscles of non-exercised refed, HIS-exercised refed, and

LIS-exercised refed rats, respectively, than in the muscles

of non-exercised fasted controls (Fig. 2). After 8 h of re-

feeding, the insulin-stimulated 2DG uptake was 47, 51, and

46% lower (P \ 0.05) in the muscles of non-exercised

refed rats, HIS-exercised refed rats, and LIS-exercised re-

fed rats, respectively, than in the muscles of non-exercised

fasted controls (Fig. 2).

We also measured the insulin-independent 2DG uptake

rate in the epitrochlearis muscles immediately after exer-

cise (Table 1). The insulin-independent 2DG uptake mea-

sured immediately after HIS and LIS exercise was

increased by 6.3- and 1.8-fold (P \ 0.05), respectively,

compared with the non-exercised fasted controls. The 2DG

uptake rate was higher (P \ 0.05) with HIS than with LIS

(Table 1).

Akt phosphorylation

We wanted to determine whether the decrease in insulin-

stimulated Akt phosphorylation and 2DG uptake occurred

concurrently during refeeding. At the end of 4 h of re-

feeding, basal phosphorylation of Ser473 was lower in the

muscles of both non-exercised and HIS-exercised refed rats

than in the muscles of non-exercised fasted controls

(P \ 0.05, Fig. 3). At the end of 4 h of refeeding, insulin-

stimulated phosphorylation of Ser473 was decreased 30%

in the muscles of non-exercised refed rats compared with

the muscles of non-exercised fasted controls (P \ 0.05,

Fig. 3). In contrast, after 4 h of refeeding, insulin-stimu-

lated phosphorylation of Ser473 was not significantly

decreased in the muscles of HIS-exercised refed rats

compared with the level in the muscles of non-exercised

fasted controls (Fig. 3). There was no significant difference

in insulin-stimulated Ser473 phosphorylation between non-

exercised and HIS-exercised refed groups (P = 0.115,

Fig. 3).

At the end of 8 h of refeeding, basal phosphorylation of

Ser473 was lower in the muscles of both non-exercised and

HIS-exercised refed rats compared with the level in the

muscles of non-exercised fasted controls (P \ 0.05,

Fig. 3). At the end of 8 h of refeeding, insulin-stimulated

Ser473 phosphorylation was 45% lower (P \ 0.01) in the

muscles of non-exercised refed rats than in the muscles of

non-exercised fasted controls (Fig. 3). At this time point,

insulin-stimulated phosphorylation was 44% lower for

Ser473 (P \ 0.05) in muscles of the HIS-exercised refed

rats compared to the level in the muscles of non-exercised

fasted controls (Fig. 3). The changes in insulin-stimulated

Thr308 phosphorylation of Akt after 4 and 8 h of refeeding

were identical to those observed for Ser473 phosphoryla-

tion (Fig. 4).

Abundance of Akt

The total amount of Akt protein in the epitrochlearis

muscles of non-exercised fasted controls, non-exercised

refed rats, and HIS-exercised refed rats was determined

after 4 or 8 h of refeeding. No difference in the amount of

Akt protein was observed among these three groups

throughout the refeeding period. This result demonstrated

that impaired Akt phosphorylation in glycogen supercom-

pensated muscle was not due to changes in the abundance

of Akt protein.

Table 1 Glycogen concentrations and insulin-independent 2DG uptake rates in epitrochlearis muscles immediately after HIS or LIS exercise

Fasted control rats HIS-exercised rats LIS-exercised rats

Glycogen (lmol/g tissue) 18.9 ± 1.9 1.4 ± 0.6* 5.8 ± 1.6*,�

2DG uptake (lmol/g tissue/20 min) 1.01 ± 0.13 6.33 ± 0.22* 1.78 ± 0.20*,�

Values are mean ± SE for 7–9 muscles/group. Significant differences * P \ 0.05, HIS-exercised or LIS-exercised rats versus fasted control rats.

Significant differences � P \ 0.05, LIS-exercised rats versus HIS-exercised rats
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Abundance of SHIP2, PTEN, and SKIP

The total amount of SHIP2, PTEN, and SKIP proteins in

epitrochlearis muscles of time-matched fasted controls,

non-exercised refed rats, and HIS-exercised refed rats were

determined after 4 or 8 h of refeeding. As shown in Fig. 5,

there was no difference in SHIP2, PTEN, or SKIP among

these three groups during this period.

Abundance of GLUT4

As it has been well established that an abundance of

GLUT4 protein is a determinant of glucose uptake in

response to various stimuli in skeletal muscles [17], we

determined the total amount of GLUT4 protein in the

epitrochlearis muscles of non-exercised fasted controls,

non-exercised refed rats, and HIS-exercised refed rats after

4, 8, and 16 h of refeeding. No difference in the abundance

of GLUT4 protein was observed among these three groups

at the three time points during refeeding. This result

demonstrated that the impairment in insulin-stimulated

2DG uptake in glycogen supercompensated muscles was

not due to changes in the abundance of GLUT4 protein.

Discussion

When rats underwent a bout of very short-duration (160 s)

HIS or prolonged (3 h) low-intensity swimming (LIS)

exercise just before the start of refeeding, glycogen
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Fig. 3 Basal and insulin-stimulated Ser473 phosphorylation of Akt in

epitrochlearis muscles after 4 or 8 h of refeeding in time-matched

fasted controls, non-exercised refed rats, HIS-exercised refed rats, and

LIS-exercised refed rats. Open bars time-matched fasted controls,

gray bars non-exercised refed rats, filled bars HIS-exercised refed

rats. The mean values for insulin-stimulated phosphorylation of time-

matched fasted controls were set at 100.0 arbitrary OD units.

Representative Western blots of Ser473 phosphorylation of Akt are

shown at the top of the figure. See the legend of Fig. 1 for a

description of the animal treatment. The values are expressed as the

mean ± SE; n = 6 muscles/group for basal phosphorylation and

n = 6–8 muscles/group for insulin-stimulated phosphorylation. *Sig-

nificant differences P \ 0.05, non-exercised refed or HIS-exercised

refed rats versus time-matched fasted controls
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Fig. 4 Basal and insulin-stimulated Thr308 phosphorylation of Akt

in epitrochlearis muscles after 4 or 8 h of refeeding in time-matched

fasted controls, non-exercised refed rats, and HIS-exercised refed rats.

Open bars time-matched fasted controls, gray bars non-exercised

refed rats, filled bars HIS-exercised refed rats. The mean values for

insulin-stimulated phosphorylation of time-matched fasted controls

were set at 100.0 arbitrary OD units. Representative Western blots of

Thr308 phosphorylation of Akt are shown at the top of the figure. See

the legend of Fig. 1 for a description of the animal treatment. Values

are expressed as the mean ± SE; n = 6 muscles/group for basal

phosphorylation and n = 6–8 muscles/group for insulin-stimulated

phosphorylation. *Significant differences P \ 0.05, non-exercised

refed or HIS-exercised refed rats versus time-matched fasted controls
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supercompensation occurred at higher levels in the muscles

of exercised refed rats than in those of non-exercised refed

rats (Fig. 1). Furthermore, the peak glycogen level during

refeeding after HIS exercise was about 85 lmol/g tissue

(8 h after exercise), and this level was not different from

that after LIS (Fig. 1), suggesting that sprint interval

exercise supercompensates the muscle glycogen level in

response to carbohydrate refeeding as well as prolonged

endurance exercise does.

Muscle glycogen was depleted immediately after

cessation of exercise, but was rapidly synthesized during

0–4 h of carbohydrate refeeding (Fig. 1). Glycogen syn-

thesis rate seems to be higher after HIS than LIS during this

initial 4 h of refeeding. We found that HIS increased

insulin-independent glucose transport activity to much

higher level than LIS immediately after cessation of

exercise (Table 1), suggesting that glucose flux into muscle

was larger in HIS than in LIS rats during initial phase of

refeeding. This may explain the higher glycogen synthesis

rate after HIS than LIS during 0–4 h of refeeding, since the

rate of muscle glucose transport is one of rate-limiting for

glycogen synthesis. On the other hand, the glycogen syn-

thesis rate seems to be lower after HIS than LIS during

4–8 h of refeeding. This may be due to the lower glucose

transport rate after HIS than LIS during this refeeding

period. In fact, we found that insulin-dependent glucose

transport activity was lower in muscles of HIS rats than in

those of LIS rats at 4 h after cessation of exercise (Fig. 2).

Consequently, it is likely that the total amount of glucose

flooded into the muscles during 0–8 h of refeeding
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gray bars non-exercised refed
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following HIS was not different from that following LIS,

leading to the same extent of muscle glycogen accumula-

tion during refeeding after each type of exercise.

Our present study also showed that just carbohydrate

refeeding following 16 h of fasting increased the glycogen

level to more than 50 lmol/g tissue, even in the muscles of

non-exercised refed animals (Fig. 1). Since the glycogen

level in the muscles of normal fed rats was around

24 lmol/g tissue (data not shown), these results show that

muscle glycogen is supercompensated in response to

carbohydrate refeeding after prolonged fasting without

exercise. We previously showed that 24 h fasting induced a

large increase in insulin-stimulated glucose transport in rat

epitrochlearis muscle [7]. As a result of the fasting-induced

increase in glucose transport, glucose floods into the

muscles. This probably led to muscle glycogen super-

compensation in the muscles of non-exercised refed

animals.

If rats were not provided with sufficient carbohydrate

after exercise or fasting, muscle glycogen supercompen-

sation would not occur and enhancement of insulin-stim-

ulated glucose transport activity would be sustained as long

as muscle glycogen level is kept low [2]. On the other

hand, when muscle glycogen supercompensation is

achieved with sufficient carbohydrate provision, insulin

resistance of muscle glucose transport is developed [8–10].

These earlier findings are consistent with our present

observation that insulin-stimulated glucose transport in the

muscles of refed rats was reduced concomitantly with an

increase in the muscle glycogen level (Figs. 1, 2). The

glycogen supercompensation-associated insulin resistance

prevents the excess accumulation of glycogen in muscle

cells. However, in the present study, at the end of 4 h of

refeeding, the insulin-stimulated glucose transport was

higher in the muscles of both HIS- and LIS-exercised refed

rats than in the muscles of non-exercised refed rats, in spite

of the larger accumulation of glycogen in the muscles of

exercised refed rats (Figs. 1, 2). Thus, both HIS and LIS

exercise protect against the development of insulin resis-

tance during the early phase of muscle glycogen super-

compensation, resulting in the sustained increase of

glucose flux into the exercised muscles. This is probably

one aspect of the mechanism of enhanced muscle glycogen

supercompensation after exercise.

In our present study, the decrease in insulin-stimulated

Akt phosphorylation and glucose transport occurred con-

currently during refeeding in the muscles of both non-

exercised and HIS-exercised rats (Figs. 3, 4). Previous

studies also demonstrated that decreased insulin-stimulated

glucose transport in glycogen supercompensated muscles

was accompanied by decreased insulin-stimulated Akt

phosphorylation [8, 18]. As Akt is a key enzyme in insulin

signaling that stimulates glucose transport in skeletal

muscles [19–21], our and previous results strongly suggest

that the decrease in insulin-stimulated glucose transport in

glycogen supercompensated muscles is attributable to

impaired Akt signaling. It might be also possible that

exercise-induced protection against insulin resistance at the

end of 4 h of refeeding was due to the prevention of

decreased Akt signaling.

Following insulin stimulation, PI3 K-generated

PI(3,4,5)triphosphate (PIP3) recruits Akt from the cytosol

to the plasma membrane, leading to activation of Akt [22].

There is evidence that, in glycogen supercompensated

muscles, activation of Akt by insulin stimulation is

decreased in the absence of a reduction in PI3-kinase

activity [8, 18]. This lack of an effect of glycogen super-

compensation on PI3-kinase, the enzyme that catalyzes

PIP3 production, raises the possibility that supercompen-

sation promotes the degradation of PIP3. The phosphoin-

ositide phosphatases SHIP2, SKIP, and PTEN have been

shown to negatively regulate insulin signaling and glucose

uptake in skeletal muscles by degrading PIP3 into PIP2

[23–26]. It may be possible that increased activity or

expression of SHIP2, SKIP, or PTEN leads to decreased

Akt phosphorylation in glycogen supercompensated mus-

cles with a reduced insulin-stimulated glucose uptake.

However, we found no increase in the abundance of SHIP2,

SKIP, or PTEN protein in glycogen supercompensated

muscles of either non-exercised rats or HIS-exercised refed

rats in our study (Fig. 5). The activity rather than the

expression of SHIP2, SKIP, or PTEN might be possibly

altered in glycogen supercompensated muscles. Clearly,

more research is needed to elucidate the mechanism

responsible for the decrease in Akt phosphorylation in

glycogen supercompensated muscles.

In summary, the peak glycogen level during refeeding

following HIS was not different from that following LIS

exercise, suggesting that sprint interval exercise super-

compensates the muscle glycogen level in response to

carbohydrate refeeding as well as prolonged endurance

exercise does. Although it is generally accepted that a large

accumulation of muscle glycogen results in insulin resis-

tance of glucose transport, carbohydrate refeeding after

HIS or LIS exercise did not reduce insulin-stimulated

muscle glucose transport at the end of 4 h of refeeding, in

spite of the large accumulation of glycogen. Thus, both

types of exercise protected against the development of

insulin resistance during the early phase of muscle glyco-

gen supercompensation in response to carbohydrate re-

feeding. This is probably one aspect of the mechanism of

enhanced muscle glycogen supercompensation after

exercise.
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