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Abstract

The purpose of this study was to examine the effects of glucose and sucrose supple-
ment on glycogen accumulation in rat skeletal muscle and liver after exhaustive en-
durance exercise. Four- to five-week-old male Sprague-Dawley rats with an initial body
weight ranging from 90 to 110 g were used for this study. All rats were trained by using
a 7-day-long swimming exercise program, during which rats swam 6 h/day in two 3-h
bouts separated by 45 min of rest. On the next day of the last training, all trained
animals performed 240 min of swimming exercise with a weight equivalent to 3 % of
their body weight to deplete muscle and liver glycogen. After glycogen-depleting exer-
cise, rats were given a rodent chow diet plus either 5 % sucrose (SUC), 5 % glucose
(GLU) or water (CON) for 6 h or 24 h. Despite equal amount of carbohydrate intake,
glycogen concentration in rat epitrochlearis muscle of the GLU group rats was signifi-
cantly higher compared with those observed in the CON (p<0.001) and the SUC groups
(p<0.01). No significant difference in liver glycogen was observed among three groups.
These results indicate that glucose supplementation rather than sucrose supplemen-

tation efficiently promotes glycogen supercompensation in rat skeletal muscle.
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INTRODUCTION

Muscle glycogen is known to be an essential
source of energy during intense, prolonged ex-
ercise. In this regard, it has been demonstrated
that perception of fatigue parallels the decline
of glycogen in human skeletal muscle, and that
aerobic endurance is related to the pre-exercise
muscle glycogen store (Bergstrom et al. 1967,
Ahlborg et al. 1967). As clearly shown in the
classic human study by Bergstrom and
Hultman (1966), a glycogen-depleting bout of
exercise followed by a high carbohydrate diet
results in an increase in muscle glycogen to
levels well above those normally seen in the
fed state. This supranormal accumulation of
muscle glycogen, a process referred to as gly-
cogen supercompensation, is now an integral
component of the preparation of endurance
athletes for competition.

Previous studies have examined exer-
cise-dietary regimens to enhance muscle gly-
cogen supercompensation. Nakatani et al.
(1997) reported that exercise training that in-
duces an increase in muscle GLUT-4 content
results in a large increase in the muscle glyco-
gen supercompensation level after a glyco-
gen-depleting bout of exercise in rats. In their
study, rats were given not only Purina chow but
also 5 % sucrose in their drinking water ad li-
bitum after glycogen depleting swimming ex-
ercise. The rationale for supplementation of
sucrose was to ensure an adequate carbohydrate
intake. However, to our knowledge, there have
been few studies that examined the influence of
the type of carbohydrate supplement consumed
for glycogen supercompensation. Since glyce-
mic index of glucose is known to be higher

than sucrose (Foster-Powell and Miller 1995),
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it is likely that glucose efficiently stimulates
pancreatic insulin secretion, resulting in higher
glucose uptake and glycogen synthase activity.
Therefore, we hypothesized that glucose sup-
plementation may elevate the level of glycogen
supercompensation to higher level than sucrose.
In this context, the goal of the present investi-
gation was to compare the effect of glucose and
sucrose supplement on glycogen accumulation
in rat skeletal muscle and liver after exhaustive

exercise.

MATERIALS AND METHODS
Animal care

Four- to five-week-old male Spra-
gue-Dawley rats (Crea Japan, Tokyo, Japan)
with initial body weight ranging from 90-110 g
were used for this study. All animals were
housed in rooms lighted from 11:00 AM to
11:00 PM and maintained on an ad libitum diet
of standard chow (CE-2, Crea Japan, Tokyo,
Japan) and water. Room temperature was
maintained at 20-22°C.

Animals were familiarized to laboratory
conditions for 3days before experimentation
and were accustomed to swimming for 10
min/day for 2 days. The Animal Studies Com-
mittee of the Waseda University School of

Human Sciences approved this research

Training protocol and glycogen depletion
exercise bout

All rats performed 7-day-long low-intensity
prolonged swimming exercise training, as de-
scribed by Terada et al. (2001). Eight rats
swam simultaneously without a load for 6-h in
two 3-h sessions separated by 45 min of rest in

a barrel filled to a depth of 50 cm and an aver-
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age surface area of 150 cm?2/rat. Water tem-
perature was maintained at 35°C during swim-
ming training. The rats performed the swim-
ming training once a day from ~ 2:00 PM to
9:00 PM for 7days. This training program has
been regarded as the maximal stimulus for in-
crease in GLUT-4, the isoform of glucose
transporter, in muscle (Ren et al. 1994, Terada
et al. 2001). On the last training day, swimming
training was finished before 9:00 PM, and food
was restricted to 8 g/rat after 10:00 PM the
night before the glycogen depletion exercise
bout.

Between 3:00 PM and 4:00 PM the next day
(17-19h fasted), all training animals performed
240 min of swimming exercise with a weight
equivalent to 3 % of their body weight in a
barrel (an average surface area of 150 cm?2/rat)
filled to a depth of 50 cm, with water main-
tained at 35°C. After the “glycogen-depleting”
exercise, rats were given a rodent chow (CE-2)
diet plus either 5 % sucrose (SUC; n= 6: 6 h,
n=8: 24 h), 5 % glucose (GLU; n="7: 6 h, n=7:
24 h) or water (CON; n= 6: 6 h, n=7: 24 h) for
6 h or 24 h. Diet and water consumptions of

two repletion periods were measured.

Tissue collection

After repletion period (6 h or 24 h after gly-
cogen-depleting exercise), rats were anesthe-
tized with an intraperitoneal injection of pen-
tobarbital sodium (5 mg/100 g body weight).
Blood was then sampled via cardiac puncture
and subsequently used for determination of
plasma glucose concentration. Liver and
epitrochlearis muscle were dissected out and

were immediately freeze-clamped between
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aluminium plates pre-cooled in liquid nitrogen.
All samples were kept at -70°C until analysis.
The rat epitrochlearis muscle was used for this
research because it is extensively used during
swimming, the form of exercise employed in
the present study. This is evidenced by glyco-
gen depletion, stimulation of glucose transport
and increased insulin sensitivity in response to
a bout of exercise and adaptive increases in
GLUT-4 and hexokinase (Cartee et al. 1989,
Ren et al. 1994, Young et al. 1987).

Determination of plasma glucose concentra-
tion

Plasma glucose was determined by the glu-
cose oxidase method with Glucose C II test
wako (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan).

Analysis of muscle and liver glycogen con-
centration
Epitrochlearis and liver samples were
weighed and then homogenized in 0.3 M per-
chloric acid. Glycogen concentrations in
epitrochlearis muscle and liver were deter-
mined by enzymatic methods according to
Lowry and Passonneau (1972) after acid hy-

drolysis.

Statistical analysis

All values are expressed as mean + SD. Sta-
tistical analysis was performed using two-way
analysis of variance (ANOVA) (Jandel Sigma
Stat) to examine the effects of different types of
sugar supplementation and time for recovery.

Statistical significance was defined as p<0.05.
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Table 1. Body weight, plasma glucose and plasma insulin concentration at 6-h and 24-h after a

glycogen-depleting exercise.

Recovery Group
time CON GLU suc
Body weight 6h 183t 5 182+ 9 181+10
9) 24h T 193415 192410 191+ 5
Plasma glucose 6h 205416 211£13 245169
(mg/100mL) 24h ¥ 170411 185+38 17314
Plasma insulin 6h 81172 86458 93479
(bg/mL) 24 h 64430 97189 64438

Values are means + SD. CON; distilled water. SUC; 5% sucrose solution. GLU; 5% glucose solution.

Significant effect of recovery time, L p<0.01, 5 p<0.001, vs. 6 h

RESULTS

Body weight

Table 1 showed the body weight (BW) at 6
h and 24 h after glycogen-depleting exercise.
BW at 24 h after the exercise was significantly
heavier than that observed at 6 h (p<0.01). No
significant difference in the average body
weight was observed among three groups. The
interaction between different types of sugar
supplementation and time for recovery was not

statistically significant.

Plasma glucose and insulin concentration
Plasma glucose concentration at 24 h of gly-
cogen repletion period was significantly lower
than that observed at 6 h (p<0.001). Plasma
glucose and insulin values were not affected by
the different types of sugar supplementation
(Table 1). No statistically significant interac-
tion between different types of sugar supple-

mentation and time for recovery was observed.

Table 2. Food, fluid, and total carbohydrate consumption during 6 h and 24 h recovery period.

Recovery Group
time GLU suc

Food intake 6h 18.8+1.6 ** 15.9+0.9 16.4+0.6"
©) 24h* 34.0+2.4 ** 28.8+2.1 29.4+1.2
Fluid intake 6h 34,5:3.6 * 31.8+2.0 32.4+3.4

(mL) 24h* 75.5:5.0 * 65.5+5.2 64.9+4.7
Total CHO intake 6h 9.5:0.8 9.6+0.5 9.9+0.4
© 24h 17.241.2 18.2+0.7 18.2+0.6

Values are means + SD. CON; distilled water. SUC; 5% sucrose solution. GLU; 5% glucose solution.

Significant effect of recovery time, . p<0.001vs. 6 h
**: p<0.001, vs. GLU and SUC

Significant effect of supplementation, *; p<0.01,
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Fig.1. Effects of different carbohydrate supplements on muscle glycogen concentration in the
rat epitrochlearis muscle at 6 h and 24 h after the depletion exercise. CON; distilled water.
GLU; 5% glucose solution. SUC; 5% sucrose solution. Values are meanszSD. There was
significant effect of group (p<0.001). T and F indicate significant differences from the CON
group at the level of p<0.01 and p<0.001, respectively. * indicates a significant difference

from the SUC group at a level of p<0.05.

Consumption of food, fluid and total carbo-
hydrate.

As shown in Table 2, food and fluid con-
sumptions in the CON group were significantly
higher compared with those observed in the
GLU and SUC groups (p<0.001; food, p<0.01;

fluid). There were no significant differences in

food and fluid intake between the SUC and
GLU groups. Calculated total carbohydrate in-
takes were not different among three groups. In
these parameters, the interactions between dif-
ferent types of sugar supplementation and time

for recovery were not statistically significant.

Table 3. Liver glycogen concentration at 6 h and 24 h after a glycogen-depleting exercise.

Recovery Group
time GLU suc
Liver glycogen 6 h 437+33 471+26 474+34
(umol/g wet tissue) 24h* 50838 531440 487+33

Values are means + SD. CON,; distilled water. SUC; 5% sucrose solution. GLU; 5% glucose solution.

Significant effect of recovery time, ¢; p<0.001, vs. 6 h
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Muscle glycogen concentration.

A 4-h swimming exercise reduced glycogen
concentration in rat epitrochlearis muscle to a
level of 5 £ 3 p mol/g wet tissue from
pre-exercise value of 46 £ 11 umol/g wet tis-
sue.
in

Muscle concentration

glycogen
epitrochlearis of the GLU (p<0.001) and SUC
(p<0.05) groups were significantly higher than
that observed in the CON group (Fig.l).
Moreover, glucose supplementation induced
significantly higher glycogen accumulation
compared with sucrose (p<0.01). There was not
significant difference in glycogen concentration
between 6 h and 24 h. The interaction between
different types of sugar supplementation and
time for recovery was not statistically signifi-

cant.

Liver glycogen concentration.

Pre-exercise liver glycogen concentration
was 134 + 19 umol/g wet tissue, which de-
creased to 17 £ 3 umol/g wet tissue after the
glycogen-depleting swimming exercise.

Liver glycogen concentration was not af-
fected by the different types of sugar supple-
mentation (Table 3). Hepatic glycogen level
after 24 h recovery period was significantly
higher than that observed after 6 h recovery
period (p<0.001). No statistically significant
interaction between different types of sugar
supplementation and time for recovery was ob-

served.

DISCUSSION
The present investigation demonstrated that
glucose supplementation efficiently promotes

glycogen supercompensation in rat skeletal
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muscle.

Dietary carbohydrate is absorbed by the
small intestine via the stomach. Several studies
suggested that there were circadian rhythms of
intestinal sugar absorption in rats (Fisher and
Gardner 1976, Furuya and Yugari 1974). In our
study, therefore, rats were allowed to access to
Purina chow and drinks ad libitum instead of
injection using by a gastric tube. As a result,
food and fluid consumption in the CON group
were significantly higher compared with that
observed in the GLU and SUC groups. Total
carbohydrate intake reckoned from food and
fluid consumption in the CON group during 24
h recovery period was not different compared
with those observed in GLU and SUC groups
(17.2£1.2g; CON, 18.2+0.7g; CLU, 18.2+0.6¢;
SUC, respectively). Therefore, we consider that,
among the three groups, the differences in re-
plenished glycogen content are induced by
some factor except for the amount of carbohy-

drates absorbed during recovery period.

Muscle glycogen

In our data, total carbohydrate intake during
recovery period was not different among the
three groups, nevertheless the muscle glycogen
concentration in the GLU group was signifi-
cantly higher than that observed in other two
groups after recovery period. Pancreatic insulin
secretion to absorbed glucose should be greater
than that by sucrose, because glycemic index of
glucose is known to be higher than sucrose
(approx. 65, as described by Foster-Powell and
Miller 1995). Insulin stimulates glucose uptake
and glycogen synthase activity in skeletal mus-
cle. Therefore, we speculated that glucose sup-

plementation highly induces muscle glycogen
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resynthesis followed by a large amount of pan-
creatic insulin secretion. However, plasma in-
sulin concentration did not differ among three
groups (Table 2). In the present study, rats were
allowed to access to food and drinks ad libitum,
which might cause lots of variability in insulin
concentration.

There were two human studies that deter-
mined the efficacy of glucose and sucrose
drinks in promoting muscle glycogen resynthe-
sis during the early phase (2- to 6-h) of recov-
ery from exhaustive exercise (Blom et al. 1987,
Bowtell et al. 2000). Since, in those studies,
muscle glycogen after the recovery period was
still below the pre-exercise level, it is unclear
which type of sugar is effective to induce
higher muscle glycogen level when it is fully
recovered. Our study has first demonstrated
that glucose supplementation rather than su-
crose efficiently enhanced the level of glycogen
supercompensation in skeletal muscle after ex-
ercise

In the present study, we adopted standard
rodent chow of which carbohydrate was mainly
contained as starch. Though total CHO intake
in the three groups during recovery period was
not different, the content of glucose or sucrose
supplementation was only ~20 % in the total
CHO intake. It would be interesting to examine
the effect of high-glucose or high-sucrose diet

on glycogen supercompensation.

Liver glycogen

It has not been clear which type of sugar is
effective to attain higher glycogen level in liver
when it is fully recovered. Conlee et al. (1987)
evaluated liver glycogen concentration 4 h after

exercise when rats were fed either glucose or
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fructose by gastric tube immediately after exer-
cise and demonstrated that fructose induced a
significantly greater glycogen storage than
glucose after 4h recovery period. Sucrose is a
disaccharide containing glucose and fructose,
and fructose is largely metabolized in the liver
(Zakim et al. 1969). In the present study, we
therefore hypothesized that consumption of su-
crose during recovery enhances glycogen su-
percompensation in liver. However, no signifi-
cant difference was observed in the liver gly-
cogen concentration among the three groups
(Table 3). These results may provide possibility
that different types of sugar supplementation
did not affect liver glycogen supercompensa-

tion after exercise.

SUMMARY
In conclusion, glucose supplementation after
glycogen-depletion endurance exercise more
efficiently promotes glycogen supercompensa-

tion than sucrose in trained-rat skeletal muscle.
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