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Abstract. Prepubertal, pubertal, and postpubertal (28, 45, and 60 days old, respectively) rats 
of both sexes were run to exhaustion on a motor-driven treadmill to determine whether sexual 
maturation was involved in the glycogen sparing phenomenon previously reported in the myo- 
cardium of female rats receiving high doses of estrogen. Positive work was calculated and was 
not different in the male and female age-paired rats. Liver glycogen was significantly depleted 
by 92-98571 in male and 96-97% in female exercising rats of all ages. The exercise bout resulted 
in significant depletion of glycogen in the red and white portions of the vastus lateralis muscle 
of male and female animals. At 45 and 60 days of age female animals had significantly more 
glycogen in the red muscle at exhaustion than age-paired males. Myocardial glycogen was sig- 
nificantly depleted by 32,38, and 4 1 % in prepubertal and pubertal males and prepubertal females, 
respectively. Pubertal females depleted myocardial glycogen by 19% (P < 0.05). Postpubertal 
male animals exhibited a 46% depletion of myocardial glycogen (P < 0.01), while myocardial 
glycogen in sexually mature females was not decreased at exhaustion. These data indicate that 
a myocardial glycogen sparing phenomenon exists in vivo in sexually mature female rats. These 
data further suggest that the glycogen sparing phenomenon develops in association with sexual 
maturation. 

Glycogen sparing in skeletal muscle, cardiac 
muscle, and liver in response to elevated 
plasma free fatty acid (FFA) concentrations 
has been well-documented in exercised hu- 
mans (1) and rats (2, 3). Net synthesis of car- 
diac glycogen has been reported in isolated 
perfused rat hearts, at high and low workloads, 
when fatty acid substrate was added to the 
perfusion medium. Cardiac glycogen concen- 
tration has been found to increase while liver 
and skeletal muscle glycogen decline during 
periods of fasting and/or starvation (4-6). Ele- 
vation of plasma FFA concentration occurs 
under this condition. 

Lipolysis in female rat adipose tissue is in- 
creased by estrogen injection while fatty acid 
synthesis is decreased (7). Glycogen concen- 
tration in rat uterine muscle is elevated when 
estrogen is administered (8, 9). Ovariecto- 
mized female rats receiving estrogen injections 
demonstrated cardiac glycogen sparing when 
swum to exhaustion without prior feeding of 
lipid substrate ( 10). Male and sham-injected 
females did not demonstrate the phenomenon. 

An interaction among estrogen, plasma 
FFA concentration, and glycogen metabolism 

appears to exist when pharmacological doses 
of the ovarian hormone are administered. Li- 
polysis in rat adipose tissue changes as ovarian 
hormone production fluctuates during the es- 
trus cycle (7). Evidence of in vivo interaction 
between ovarian hormone production during 
the estrus cycle and the circadian rhythm of 
cardiac glycogen concentration has been re- 
ported in the rat (1 1). However, the effect of 
physiological estrogen concentrations on gly- 
cogen metabolism during exercise has not been 
examined. The purpose of this study was two- 
fold: (i) to provide evidence of a sexual dif- 
ference in cardiac glycogen metabolism in ex- 
ercised rats not subjected to lipid prefeeding 
or hormonal manipulation and (ii) to examine 
a possible correlation between the onset of 
ovarian hormone production during sexual 
maturation and the development of cardiac 
glycogen sparing during exercise. 

Methods. Animal care and exercise test. 
Female ( N  = 46) and male ( N  = 49) Sprague- 
Dawley rats (New Jersey Biological Supply or 
bred in our laboratory) were randomly as- 
signed to three age groups of 28, 45, and 60 
days of age (body weight 76 k 3, 165 k 7, 
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248 k 5 g, for females; 93 f 3, 212 f 6, 313 
k 8 g for males 28, 45, and 60 days old, re- 
spectively). The groups corresponded to pre- 
pubertal, pubertal, and sexually mature ages 
in female rats, respectively (1 2). The animals 
were raised and maintained in a 12: 12 light- 
dark cycle (light period, 0700-1900 hr), in a 
controlled environment (23 k l"C), and fed 
Purina rat chow and water ad libitum. Each 
age group was randomly subdivided into a 
control and exercise group. Control animals 
remained sedentary until sacrificed. The ex- 
ercise animals remained sedentary except for 
three 20-min periods of exposure to the motor- 
driven treadmill (Quinton, Seattle, WA) sev- 
eral days prior to their exercise bouts, in order 
to familiarize the animals to treadmill running. 

On the day of experimentation, body weight 
and rectal temperature ( O F )  were determined 
(female, 100.1 k 0.3; male, 99.9 k 0.3), and 
the animals were run to exhaustion (bouts be- 
gan between 0900 and 1000 hr). The exercise 
protocol involved a run to exhaustion on the 
motor-driven treadmill. The speed was ini- 
tially set at 22.5 m min-' at an elevation of 
5% for 120 min. The intensity of exercise was 
increased incrementally by adjusting speed 
and grade as indicated in Table I. The electrical 
shocker was used primarily at the beginning 
of the run, and a blast of air from the rear of 
the treadmill was also utilized to stimulate the 
rats to run. The rats were not excessively 
shocked at any time during the run. Exhaus- 
tion was determined by the failure of the an- 
imal to respond to either an electrical shock 
or a stream of compressed air. Animals were 
rapidly anesthetized with sodium pentobar- 
bital (50 mg kg-I), and rectal temperature 
was obtained with a mercury thermometer 
(Eisele, Mich.). Control animals were sacri- 
ficed between 0900 and 1000 hr, following 
body weight and temperature ( O F )  recording 
(female, 100.7 f 0.5; male, 100.3 f 0.0). Pre- 
vious studies have shown that myocardial gly- 
cogen concentration is maintained during the 

TABLE I .  PROTOCOL FOR TREADMILL RUN 

Treadmill belt 
speed Grade Time 

Stage (ma min-') (%) (min) 

1 22.5 5 120 
2 25.0 5 60 
3 25.0 10 60 
4 30.0 12.5 Until exhaustion 

period between sacrifice of control animals 
(0900- 1000 hr) and exercise animals ( 1200- 
1400 hr) (11, 13). 

Tissue extraction and analytical methods. 
Red vastus, white vastus, liver, and myocardial 
tissue were excised, and immediately freeze- 
clamped between aluminum blocks prechilled 
in a mixture of acetone and dry ice. Removal 
and freezing of the heart required less than 
10 sec after opening the chest. Tissues were 
stored at -30°C until assayed. Glycogen was 
precipitated from tissue hydrolyzed in 30% 
KOH by cold ethanol. Glycogen content was 
determined by the phenol method of Lo et 
al. (14). 

Statistical analyses. The results are ex- 
pressed as means * SE. An analysis of variance 
(3 X 2 X 2) factorial design was used to de- 
termine the influence of age, sex, and treat- 
ment upon tissue glycogen content ( 1  5). Sig- 
nificant differences between means (P < 0.05) 
were subjected to post hoc analysis by Tukey's 
HSD test. A t test for matched pairs was uti- 
lized when appropriate. 

Results. Rectal temperature was signifi- 
cantly elevated in exhausted rats in all age 
groups for both sexes ( A  O F ;  females + 3.6; 
males + 3.4; P < 0.01). To minimize the effect 
of sex differences in body weight upon exercise, 
positive work (kilogram meters) was calcu- 
lated (kilograms body weight X meters per 
minute X minutes duration of exercise bout 
X percentage grade of treadmill elevation). The 
time required to produce exhaustion was lon- 
ger in female rats (females, 259 f 30, 330 
f 40, 226 f 27 min; males, 218 f 30, 265 
f 3 1, 127 f 28 min; for 28-, 4 5 ,  and 60-day- 
old animals, respectively). Since exercise in- 
tensity increased with time, the females per- 
formed similar amounts of total work to that 
of the heavier, age-paired males (females, 36 
f 5 ,  102.2 -t- 3, 61 f 7 kgom; males, 39 
f 8, 83 f 13, 56 -t- 8 kg m; for 28-, 45-, and 
60-day-old animals, respectively). In addition, 
the amount of work performed during the last 
60 min of exercise was similar in all age- 
matched groups (10.5, 36.5, and 23.6 kg. m 
in 28-, 4 5 ,  and 60-day males; 13.8, 36.9, and 
22.4 kgom in 28-, 45-, and 60-day females, 
respectively ). 

Liver response (Figs. lb ,  2b). Glycogen 
concentration in the livers of animals sacri- 
ficed at rest was significantly lower in pre- 
pubertal (28 days) animals than in pubertal 
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or sexually mature animals of the same sex 
(P < 0.05). The exhaustive treadmill exercise 
run resulted in significant degradation (P 
< 0.01) of liver glycogen in all animals. Gly- 
cogen concentration was reduced by 98, 90, 
and 92% in 28-, 45-, and 60-day-old male an- 
imals, respectively. In 28-, 45-, and 60-day- 
old female animals liver glycogen content was 
reduced by 97, 97, and 9690, respectively. 
There was no effect of gender on liver glycogen 
concentration in either resting or exhausted 
animals. 

Skeletal muscle response (Figs. la ,  2a). The 
glycogen concentration in the red portion of 
the vastus lateralis muscle was similar in con- 
trol animals of both sexes. Exercise induced 
a 72, 71, and 84% reduction in red muscle 
glycogen in 28-, 4 5 ,  and 60-day-old males (P 
< 0.0 1 ), respectively. Glycogen concentration 
decreased by 70, 54, and 60% in 28-, 4 5 ,  and 
60-day-old females (P < 0.0 I), respectively. 
Forty-five-day-old females utilized less gly- 
cogen in the red muscle at exhaustion than 
comparably aged males (P < 0.05). Sixty-day- 
old females also utilized less glycogen in the 
red muscle than comparably aged males. The 
difference in glycogen utilization at exhaustion 
was greater in the sexually mature male and 
female animals (P < 0.0 1) than in the pubertal 
animals. 

The glycogen concentration in the white 
portion of the vastus lateralis muscle in control 
females was higher than in comparably aged 
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FIG. 1 .  Glycogen content in red and white muscle and 
liver from control and exercised male rats of different 
ages. Values are means f SE. All exercise means are sig- 
nificantly different from age-paired control means (P 
< 0.0 1).  The number of animals for each observation was 
between 6 and 10. 
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FIG. 2. Glycogen content in red and white muscle and 
liver from control and exercised female rats of different 
ages. Values are means f SE. All exercise means are sig- 
nificantly different from age-paired control means (P 
< 0.0 1).  The number of animals for each observation was 
between 6 and 10. 

control males (P < 0.05). Exercise-induced 
degradation of white muscle glycogen was sig- 
nificant in all animals (P < 0.01). Male ani- 
mals degraded 75,68, and 90% of white muscle 
glycogen at 28, 45, and 60 days of age, re- 
spectively. Females hydrolyzed 83, 70, and 
67% at the respective ages. Sixty-day-old fe- 
males had significantly higher white muscle 
glycogen concentration at exhaustion than 
males of the same age (P < 0.01). However, 
the amount of glycogen hydrolyzed by the an- 
imals was similar in both sexes, and the dif- 
ference in residual glycogen concentration 
probably reflected the greater initial glycogen 
stores in the female rats. 

Myocardial glycogen response (Fig. 3). 
Myocardial glycogen concentration was sim- 
ilar in all control animals. The exercise pro- 
tocol resulted in significant degradation of 
cardiac glycogen in males of all ages (P < 0.0 1). 
Myocardial glycogen was reduced 32,38, and 
46% in 28-, 45-, and 60-day-old males, re- 
spectively. The exercise protocol resulted in 
a 4 1 % decrease (P < 0.0 1) in myocardial gly- 
cogen of 28-day-old female rats. Forty-five- 
day-old females exhibited a 19% decrease (P 
< 0.05) in myocardial glycogen. Exhaustive 
exercise did not induce a decrease in myo- 
cardial glycogen in sexually mature females. 
Sexually mature females had significantly 
more cardiac glycogen after exercise than ma- 
ture males (P < 0.01). 
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FIG. 3. Myocardial glycogen content in control and 
exercised male and female rats of different ages. Values 
are means & SE. Asterisks indicate a significant difference 
( P  < 0.0 1 )  and a cross indicates a significant different ( P  
< 0.05). The number of animals for each observation was 
between 6 and 10. 

Discussion. This study has demonstrated 
that exercise to exhaustion resulted in a de- 
crease in glycogen content in liver, skeletal 
muscle, and heart of both sexually immature 
male and female, and mature male rats. Sex- 
ually mature female rats spared myocardial 
glycogen. There was no difference due to gen- 
der in either the amount of total work per- 
formed during exercise by age-matched ani- 
mals or in the amount of work during the last 
60 min of the exercise bout. The extent of 
glycogen degradation in liver tissue and white 
skeletal muscle was similar in both male and 
female rats of all ages. However, the response 
in red skeletal muscle and heart was similar 
only in prepubertal rats. Differences in the 
extent of exercise-induced degradation of red 
skeletal muscle glycogen became apparent as 
sexual maturation occurred. Sexually mature 
females had higher glycogen content than 
males in red muscle at exhaustion, even 
though control glycogen content was similar 
in both sexes. 

A more distinct sex difference in glycogen 
content was observed in the myocardium. 
Myocardial glycogen concentration decreased 
approximately 40% in 28-, 4 5 ,  and 60-day- 
old males (P < 0.01). The response of myo- 
cardial glycogen metabolism to exercise dif- 
fered in the female animals. The 28-day-old 
animals had not demonstrated any signs of 
estrus cycle activity, indicative of immature 

ovaries ( 16). Myocardial glycogen concentra- 
tion decreased 4 1% in the prepubertal animals. 
This decrease was significant and similar to 
that observed in the males. Evidence obtained 
from vaginal smears indicated that the female 
animals in this study began estrus cycle activity 
between 38 and 41 days of age. The animals 
sacrificed at 45 days of age had been through 
one to two estrus cycles. The ovaries in these 
animals had been secreting estrogen for 4 to 
7 days prior to sacrifice. Pubertal animals hy- 
drolyzed 19% of the glycogen in their myo- 
cardial tissue. This decrease was significant, 
but only 50% as large as that observed in males 
or prepubertal females. Sixty-day-old females 
had been through seven or eight estrus cycles 
(2 1-32 days) at the time of sacrifice. Exercise 
did not cause a decrease in myocardial gly- 
cogen, indicating that the glycogen sparing 
phenomenon was fully developed in these an- 
imals. These data suggest that this in vivo gly- 
cogen sparing effect in sexually mature females 
was influenced, at least in part, by the pro- 
duction of ovarian hormones. 

The glycogen sparing effect observed by 
Gorski et al. (10) followed 3 days of estradiol 
injections. The animals received pharmaco- 
logic doses of 50 pg estradio1/100 g body wt. 
In the present study the glycogen sparing effect 
developed in vivo, but required a longer period 
of time. Palmer et al. (1 1 )  have reported in 
vivo interactions between estrus cycle stage 
and the circadian rhythm of myocardial gly- 
cogen concentration. 

The estrus cycle stage prior to sacrifice or 
exercise was not determined in either the 45- 
or 60-day-old females in this study. Plasma 
estrogen titer changes during the estrus cycle, 
reflecting altered levels of hormone produc- 
tion. Fluctuations in plasma titer, if present, 
were not reflected by variation in myocardial 
glycogen concentration. Variance in glycogen 
concentration within the 45- and 60-day fe- 
males was similar to that in any of the other 
exercised groups. Variance within 45- and 60- 
day-old control females was also similar to 
that of other groups. The data suggests that 
the glycogen sparing response develops over 
a period of 1-4 weeks, and is not altered by 
changes in estrogen production within one es- 
trus cycle. 

This study has reported degradation of gly- 
cogen in the myocardium of male rats as a 
result of a run to exhaustion. Previous studies 
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have demonstrated similar patterns of gly- 
cogen degradation in the male myocardium 
as a result of exercise of different modes, in- 
tensities and durations ( 17-23). The occur- 
rence of a glycogen sparing phenomenon in 
ovariectomized, estrogen-replaced, female rats 
has been reported after prolonged swimming 
(10). However, in a recent report, significant 
glycogen degradation was reported in sexually 
mature female rats (24). 

The extent of glycogen degradation appears 
to be dependent upon the intensity of the ex- 
ercise (25, 13). In the study of Gaesser and 
Brooks (24) the female rats worked at ap- 
proximately a twofold greater intensity than 
the female rats in our study (1 80 kg m in 4 
hr as compared to 81.4 kgom in 4 hr, re- 
spectively). However, at the lower workload 
of our study skeletal muscle glycogen degra- 
dation was not as complete (60-70%) as in 
the earlier study (93-95%). This was probably 
due to a greater contribution of lipid metab- 
olism at the lower work intensity we used. 
Rectal temperature was elevated, but the an- 
imals were not hyperthermic. It is probable 
that exhaustion was caused by severe hypo- 
glycemia secondary to liver glycogen degra- 
dation (96-97%) comparable to that reported 
by Gaesser and Brooks. 

During the initial stages of exercise, animals 
of both sexes ran at the same speed and tread- 
mill elevation. As a result, the heavier males 
were performing more work, and probably ex- 
ercising at a higher percentage of their max- 
imum oxygen consumption than age-matched 
females. This might alter the metabolic de- 
mands, causing greater utilization of carbo- 
hydrate as substrate by the males. However, 
as the females reached the later stages of ex- 
ercise, they were running at higher speeds and 
elevations than the males. In the last 60 min 
of exercise, the females performed the same 
amount of work as the males. Brooks and 
White (27) have reported a high correlation 
between work and V02.  The incremental in- 
creases in exercise intensity have adjusted for 
body weight differences, enabling the age- 
matched males and females to complete their 
exercise bouts at workloads which elicited 
equivalent oxygen consumptions. Thus, met- 
abolic demands were probably equivalent in 
the age-matched animals, as indicated by 
comparable levels of skeletal muscle and liver 
glycogen degradation. 

An alternative explanation for the glycogen 
sparing phenomenon is that glycogen degra- 
dation was equivalent in all animals during 
the early (10-20) minutes of exercise, and the 
animals were able to resynthesize glycogen 
during the longer exercise periods. However, 
the 45-day male and female animals ran the 
longest, but did not exhibit the same level of 
glycogen resynthesis as the 60-day females. It 
is possible, therefore, that the sexually mature 
females were able to utilize alternate substrate 
in the myocardium to a greater extent than 
the other animals during exercise of equivalent 
intensity. 

Previous research reporting muscle glycogen 
sparing in male rats (2, 3) and humans (1) 
induced increased lipid metabolism via ele- 
vation of plasma substrate levels. Increased 
lipid metabolism prevents glycolysis through 
citrate inhibition of phosphofmctokinase (28). 
Glycogen sparing induced by lipid metabolism 
would be most apparent in tissue with high 
oxidative capacity. In the present study, gly- 
cogen sparing was observed in red skeletal 
muscle, and to a greater extent in the myo- 
cardium. Since we did not measure tissue ci- 
trate levels, or the utilization of other sub- 
strates which could have altered glycogen me- 
tabolism (lactate, amino acids) we cannot 
exclude other possible mechanisms for gly- 
cogen sparing. We have previously presented 
evidence that glycogen sparing in female 
myocardium is present when phosphorylase 
activity is comparable to that in males (29). 
While we cannot preclude estrogenic effects 
on the utilization of other substrates, the myo- 
cardium is predominantly oxidative, with lip- 
ids the preferred substrate (30). It is possible, 
therefore, that the glycogen sparing mecha- 
nism which was observed in this study and 
by Gorski et al. (10) was due to an estrogen- 
mediated increase in lipid metabolism. 

In summary, we have demonstrated that 
treadmill running to exhaustion at moderate 
intensity resulted in significant degradation of 
myocardial glycogen in sexually immature 
male and female and mature male rats while 
sexually mature female animals exhibited a 
glycogen sparing phenomenon. Since neither 
estrogen or tissue citrate levels were assessed 
in this study, it is not clear to what extent this 
particular hormone or other mechanisms were 
involved in the glycogen sparing phenomenon. 
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However, this phenomenon appears to be re- 
lated to the process of sexual maturation. 
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