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Abstract

Calorie restriction’s (CR) effects on age-associated changes in glycogen-metabolizing enzymes 

were studied in rat soleus (SOL) and tibialis anterior (TA) muscles. Old (24 months) compared to 

young (6 months) rats maintained ad libitum on a standard diet had reduced glycogen synthase 

(GS) activity, lower muscle GS protein levels, increased phosphorylation of GS at site 3a with less 

activation in SOL. Age-associated impairments in GS protein and activation-phosphorylation were 

also shown in TA. There was an age-associated reduction in glycogen phosphorylase (GP) activity 

level in SOL, while brain/muscle isoforms (B/M) of GP protein levels were higher. GP activity and 

protein levels were preserved, but GP was inactivated in TA with age. Glycogen content was 

unchanged in both muscles. CR did not alter GS or GP activity/protein levels in young rats. CR 

hindered age-related decreases in GS activity/protein, unrelated to GS mRNA levels, and GS 

inactivation-phosphorylation; not on GP. In older rats, CR enhanced glycogen accumulation in 

SOL. Short-term fasting did not recapitulate CR effects in old rats. Thus, the predominant age-

associated impairments on skeletal muscle GS and GP activities occur in the oxidative SOL 

muscle of rats, and CR can attenuate the loss of GS activity/activation and stimulate glycogen 

accumulation.
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1. Introduction

Glycogen is a crucial energetic substrate supporting skeletal muscle activity in both humans 

(Holloszy and Kohrt, 1996; Shulman and Rothman, 2001) and exercising rats (Goldfarb et 

al., 1989; Ivey and Gaesser, 1987; Richter et al, 1982). A key enzyme of glycogenesis is 

glycogen synthase (GS) (Kollberg et al., 2007; Manchester et al., 1996; Pederson et al., 

2004), while glycogenolysis is controlled by glycogen phosphorylase (GP) activity (Lucia et 

al., 2008). The predominant isoform of GS in the skeletal muscles of mice (Pederson et al., 

2004) and humans (Kollberg et al., 2007) is encoded by the GYS1 gene. The GP muscle 

isoform, encoded by the PYGM gene, is highly expressed in skeletal muscle in humans 

(Lucia et al., 2008) and rats (David and Crerar, 1986). Cardiac myocytes, in contrast, contain 

significant levels of the brain isoform, encoded by the PYGB gene, in both humans (Mair, 

1998) and rats (David and Crerar, 1986; Schmid et al., 2008).

Short-term regulation of GS and GP enzymes is mediated allosterically and through 

phosphorylation. Muscle GS is activated allosterically by glucose-6-phosphate (Nielsen and 

Wojtaszewski, 2004) and muscle GP by AMP (Buchbinder et al., 2001). Dephosphorylation 

activates GS and inactivates GP. Mostly protein phosphatase 1 (PP1) mediates 

dephosphorylation of both enzymes, and its effects are modulated by glycogen-targeting 

subunits such as GM/RGL-PP1 and PTG/R5-PP1 (Newgard et al., 2000). Several kinases 

phosphorylate GS at diverse sites although their contribution to the regulation of GS in vivo 
has not been completely elucidated (Nielsen and Wojtaszewski, 2004). Phosphorylation of 

muscle GS at site 3a from the COOH terminus has been shown to play a crucial role in the 

inactivation of the enzyme (Skurat et al., 1994; Skurat and Dietrich, 2004; Wang and Roach, 

1993). Muscle GP is phosphorylated by phosphorylase kinase at Ser-14 (Buchbinder et al., 

2001).

Muscle glycogen metabolism is susceptible to age-related changes. Indeed, aging is 

associated with impairment of whole-body glucose disposal in rats during glucose tolerance 

tests (Park et al., 2006) and under euglycemic–hyperinsulinemic clamping (Escrivá et al., 

1997; Nishimura et al., 1988). Muscle glycogenesis has also been shown to be impaired in 

old rats: under refeeding in vivo in soleus muscle (SOL) (Poland et al., 1982) and following 

insulin perfusion in isolated fast-twitch gastrocnemius-plantaris muscles (Meynial-Denis et 

al., 2005). Data on the effects of age on glycogen content are mixed. No difference in 

muscle glycogen content was found in gastrocnemius-plantaris muscles of aged (22 months) 

versus young adult (6–8 months) fed rats (Meynial-Denis et al., 2005) or in the SOL or 

vastus lateralis muscles of aged (24 month or older) versus young (4 months old) fed rats 

(Poland et al., 1982). However, another study detected progressional reduction of glycogen 

content in SOL and biceps femoris muscles with age in rats (Dall’Aglio et al., 1987). Data 

regarding the effects of age on GS and GP are also not conclusive. One study has shown a 

decrease in GS activity in fast- and slow-twitch muscles in 24-month-old compared with 2-

month-old rats (Dall’Aglio et al., 1987). In contrast, other studies found no change in total 

GS or GP activity in rectus abdominal muscle (Gupta et al., 2000) or in SOL muscle with 

aging in rats (Narimiya et al., 1984), while in the latter an increase in GS activation and a 

decrease in GP activation state was observed.
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Calorie restriction (CR), undernutrition without malnutrition, is a dietary intervention that 

attenuates age-related metabolic alterations, extends maximum lifespan and improves 

glucose tolerance and insulin sensitivity in rodents (Das et al., 2004; Facchini et al., 2000; 

Masoro, 2005; Park et al., 2006). CR reduces tissue oxidative damage (Hyun et al., 2006) 

and the age-associated loss of muscle mass and function known as sarcopenia (Marzetti et 

al., 2008). Earlier studies have shown improvements in whole-body glucose uptake by CR in 

rats are associated with enhanced muscle glucose utilization and glycogen synthesis. In one 

study, CR (begun at 4 months of age) improved plasma clearance of 2-deoxyglucose and its 

uptake in skeletal muscle (only in those in which fast-twitch fibers predominate) while 

increasing glycogen content in gastrocnemius and SOL muscles in 12-month-old rats 

(Wetter et al., 1999). In another study, CR stimulated insulin-mediated peripheral glucose 

uptake and muscle glycogen synthesis and activated GS in rectus abdominal muscle in both 

8- and 20-month-old rats (Gupta et al., 2000). Finally, CR has been shown to prevent age-

associated alterations in the gene expression profile of metabolic genes in gastrocnemius 

muscle in mice, including a number of genes involved in glycolysis, the glycerophosphate 

shunt and regulators of glycogen metabolism, as well as genes involved in mitochondrial 

function (Lee et al., 1999).

In summary, although CR is known to preserve skeletal muscle glucose metabolism with 

aging in rats, there are no conclusive data on aging-associated intracellular defects in the 

regulation of GS and GP gene expression and activity or whether CR could counteract such 

failings. In this study we examined the mRNA, protein and enzyme activity levels of GS and 

GP in the slow-twitch oxidative SOL and fast-twitch glycolytic TA muscles of young adult 

(6-month-old) compared with old (24-month-old) rats. We also assessed whether long-term 

food restriction or short-term fasting could attenuate any age-related changes.

2. Material and methods

2.1. Animals

Male Fischer 344 rats born at the Gerontology Research Center (Baltimore, MD) were 

weaned at 28 days, housed individually and randomly assigned to either AL (standard diet 

fed ad libitum) or CR (provided with a daily food allotment of 60% of that eaten by the AL 

rats) and maintained up to 6 months (6-mo) or 24 months (24-mo) of age. All animals were 

maintained on a 12 h light/dark cycle in a separate vivarium at the Gerontology Research 

Center under specific pathogen-free conditions, fed with NIH-31 standard rodent chow for 

AL rats (Harlan Teklad, Indianapolis, IN, USA) and with NIH-31 fortified rodent chow for 

CR rats (Harlan Teklad). A subgroup of rats within the AL group was fasted for 18 h before 

sacrifice (ALF); the AL and CR groups were allowed food 18 h before sacrifice. 

Experiments were performed during the light cycle. Rats were anesthetized with sodium 

pentobarbital (60mg/kg body weight, i.p). Body weights were assessed and mean values for 

the 6-mo rats were 353 ± 15, 382 ± 13 and 251±3 g (p < 0.001 versus AL) in the AL, ALF 

and CR groups respectively and mean body weights in the 24-mo rats were 437 ± 23 (p < 

0.01 versus AL young), 444 ± 9 and 255 ± 6 g in the AL, ALF and CR (p < 0.0001 versus 

AL old) groups respectively. There was an influence of age (F 18.6 p < 0.001) and diet (F 

75.5 p < 0.0001) on body weights. SOL and TA tissues from the two legs were excised and 
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immediately frozen in liquid nitrogen prior to storage at −80 °C or placed into RNAlater 

reagent and stored at 4 °C. All animal procedures for this study were reviewed and approved 

by the Animal Care and Use Committee (ACUC) at the Gerontology Research Center (NIA/

NIH). SOL was taken as a slow-twitch oxidative muscle and TA as a fast-twitch glycolytic 

muscle (Staron et al., 1999).

2.2. Enzyme activity, western blotting and glycogen quantification

To measure GS and GP activities, extracts were prepared by homogenization of 

approximately 50 mg muscle samples into 1 ml of homogenization buffer consisting of 10 

mM Tris–HCl (pH 7.0), 150 mM NaF, 15 mM EDTA, 600 mM sucrose, 15 mM 2-

mercaptoethanol and protease inhibitor cocktail by sonication. The resulting homogenates 

were used for the determination of enzyme activities. GP activity was determined by the 

incorporation of [U-14C] glucose 1-phosphate into glycogen in the absence or presence of 

the allosteric activator AMP (1 mM) (Gilboe et al., 1972). GS activity was measured in the 

absence or presence of 10 mM glucose 6-P as described (Thomas et al., 1968). Aliquots of 

the tissue extracts were used for the measurement of protein concentration. For western 

blotting the tissue extracts prepared as described above were mixed 1:1 with a 

homogenization buffer consisting of 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM 

EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM NaF, 1 mM Na3VO4, 2 μg/μl 

benzamidine, 2 μg/μl leupeptin, 1% (v/v) Nonidet P40, and 1 mM dithiothreitol. Lysates 

were then gently rocked for 60 min at 4 °C. All fractions were stored at −80 °C. Protein was 

resolved in 10% SDS–PAGE and immunoblotting was performed with antibodies against 

total muscle GS (Cell Signaling, Danvers, MA, USA), phospho-GS (Ser641/0) protein (Cell 

Signaling), B/M-GP proteins (HyTest, Turku, Finland), skeletal muscle GP (MBL 

International Corporation, Des Plaines, IL, USA) total glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) protein (Cell Signaling).

To measure glycogen, extracts were prepared by homogenization of approximately 50 mg of 

muscle into 0.5 ml of 30% KOH and then boiled for 15 min. Aliquots of the homogenates 

were used for the measurement of protein concentration. The homogenates were spotted 

onto Whatman 3MM papers and the glycogen was precipitated by immersing the papers in 

ice-cold 66% ethanol. Dried papers containing precipitated glycogen were incubated in 0.4 

M acetate buffer (pH 4.8) with 25 U/ml of α-amyloglucosidase (Sigma-Aldrich, Madrid, 

Spain) for 120 min at 37 °C. Glucose released from glycogen was measured enzymatically 

in a Cobas Fara II autoanalyzer (Biosystems, Barcelona, Spain).

2.3. RNA extraction, reverse transcription, and real-time PCR

Total RNA was extracted from tissue samples following the instructions provided with the 

RNeasy Mini Kit (Oiagen, Valencia, CA, USA). Extracts were homogenized using a 

Polytron homogenizer. An aliquot of 0.5 μg of total RNA was retro-transcribed (RT) with 

TaqMan reverse transcription reagents from Applied Biosystems (Branchburg, NY, USA) 

using random hexamers. Real-time PCR was performed using the ABI PRISM 7700 

sequence detection system with the TaqMan universal PCR master mix and TaqMan Gene 

Expression Assays for rat muscle GS (LOC690987, similar to Gys1), muscle GP (Pygm), 

brain GP (Pygb), PTG/R5 (Ppp1r3c) and GM/RGL (RGD1561312 predicted similar to type 1 

Montori-Grau et al. Page 4

Exp Gerontol. Author manuscript; available in PMC 2016 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein phosphatase targeting subunit RGL/GM) from Applied Biosystems. The rat 18S 

rRNA gene was used as the endogenous control to normalize the threshold cycle (Ct) for 

each probe assay. Relative gene expression was estimated as 2−ΔCt and gene fold change was 

estimated by the 2−ΔΔCt method (Livak and Schmittgen, 2001).

2.4. Statistical analysis

Data were analyzed using a two-way ANOVA and subsequent multiple pairwise 

comparisons with Tukey’s post hoc tests. Explanatory variables included in the model were 

diet, age and the interaction between them. Results were obtained for each muscle type 

separately. SAS software (SAS Institute Inc., Cary, NC, USA) was used for the statistical 

analyses. Comparisons within muscles were analyzed by the Student’s t-test. Values were 

considered significant at p < 0.05. Means ± SEM are reported in the figures and tables.

3. Results

3.1. Glycogen synthase and glycogen phosphorylase activity

Young (6-mo) rats maintained on a standard diet and euthanized fed (AL) or following an 18 

h fast (ALF), or maintained on a CR diet and euthanized fed all showed similar levels of 

total GS activity (measured with glucose 6-P) in SOL and TA muscles (Fig. 1A). The levels 

of the active form of GS in young rats (measured without glucose 6-P) (Fig. 1B) were also 

similar in SOL and TA within the AL and CR groups, whereas in the ALF group a reduction 

tendency was observed in SOL exclusively, indicating inactivation of the enzyme. 

Accordingly, the GS (−/+ glucose 6-P) activity ratio was about 33% lower in SOL of the 

ALF rats compared with the AL group, but equivalent in TA (Table 1). CR did not affect GS 

activity ratio in young rats.

There was a significant effect of age on total GS and active GS activities in SOL. In the SOL 

of old (24-mo) rats in the AL group total GS activity and active GS levels were about 40% 

lower compared to young (6-mo) rats receiving the same diet (Fig. 1A and B). No significant 

differences were observed in the CR groups, indicating that the age-associated reduction in 

total GS activity and the active form of GS was hindered. Fasting had no such effects. No 

significant effect by age was observed in the TA. While the fed AL group showed a trend 

towards lower total GS activity and active GS compared with young rats, this was not 

observed in the CR and ALF groups. Age negatively influenced GS activity ratio in SOL and 

TA (Table 1), differences reached statistical significance in the AL group in the SOL and in 

the ALF group in the TA of old compared to young rats. In SOL of young but not old rats, 

fasting (ALF) caused GS inactivation. No differences between old and young rats on CR 

were observed in GS activity ratio in SOL or in TA, suggesting partial recovery of the age-

associated reduction.

Total GP activity (measured with AMP), as well as the active form of GP (measured without 

AMP), was not different in the young or old rats as a function of diet (Fig. 1C and D). Total 

GP activity and active GP levels were higher (1.5- to 3-fold) in the TA than in the SOL 

muscles in the young and old rats; these data are in accordance with previous results from 

our lab (Ferrer-Martínez et al., 2006).
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There was a significant effect of age on total and active GP activity levels in SOL. In the 

SOL of old rats, total GP activity (Fig. 1C) was lower in the AL (47%), ALF (33%) and CR 

(60%) groups compared to young rats receiving the same diets. Similar reductions were 

observed in the levels of active GP (Fig. 1D) for the AL (42%), ALF (40%) and CR (63%) 

groups. Statistically significant differences were only reached in the CR groups, suggesting a 

further negative effect of CR on GP activity. In TA muscle, neither total GP activity nor 

active GP levels were different between old and young rats, irrespective of diet. GP (−/+ 

AMP) activity ratio (Table 1) was not changed by diet in either SOL or TA muscles of the 

younger rats. Age influenced GP activity ratio in TA but not in SOL. GP was less active in 

the TA of the AL (22%), ALF (24%) and CR (8%) groups of old compared to young rats.

3.2. Glycogen synthase and glycogen phosphorylase protein content

In young rats, the GS protein levels were similar in SOL and TA between the AL and CR 

groups (Fig. 2A). Fasting, however, caused a reduction tendency in GS protein in the SOL of 

the ALF rats. We also analyzed the content of phospho-GS (Ser641/0) and the ratio between 

phospho-GS at site 3a and total GS protein. Only ALF showed a regulatory trend as 

measured by an increase in the phospho-GS content in SOL compared to the AL group (Fig. 

2B) and by an increase in the ratio between phospho-GS at site 3a and total GS protein (Fig. 

2C). This corresponded with a significant decrease in GS activity ratio (Table 1). CR did not 

change the levels of phospho-GS in young rats.

Age influenced GS protein content in SOL and TA. In the SOL of AL old rats, there was a 

reduction in the total GS protein content compared to AL young rats (more than 50%) (Fig. 

2A). No significant decrease was observed in the CR group. In the TA of old rats there was a 

reduction tendency in GS protein compared to young rats in the AL group. This reduction 

was not observed within the ALF or CR groups. All these changes corresponded with those 

of total GS activity. There were no changes in the level of phospho-GS (Ser641/0) by age in 

either SOL or TA (Fig. 2B). Age altered the ratio between phospho-GS at site 3a and total 

GS protein in SOL and TA causing an increase. A greater difference was observed in the AL 

group of old compared with young rats in SOL (Fig. 2C) and this corresponded with GS 

inactivation (Table 1). No difference was observed in the CR group, suggesting that CR 

hindered the age-associated increase in the phosphorylation ratio of GS at site 3a, and in 

correlation with its effect on GS activation state (Table 1).

Regarding GP, immunoblot analysis showed higher values of muscle GP protein (between 

3.5- and 5-fold) in TA than in SOL in all the studied conditions (Fig. 3A) in correspondence 

with values of total GP activity. The muscle GP protein pattern of expression was similar to 

that of the glycolytic protein glyceraldehyde-3-phosphate dehydrogenase whose content in 

young AL rats was higher (183 ± 38%, p < 0.01) in TA compared to that in SOL. Data were 

the opposite for immunoblotted B/M-GP protein content: values were about double in SOL 

compared to TA muscle, irrespective of diet or age (Fig. 3B), although the content was about 

3-fold lower than that in rat heart and 20-fold lower than that in rat brain (data not shown). 

These data suggest that the SOL muscle contains higher brain GP protein than the TA. Both 

the muscle GP-specific and the B/M-GP antibodies could detect rabbit muscle GP protein in 

extracts of genetically engineered muscle cells (Baqué et al., 1996) (Fig. 3A and B).
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No significant diet or age effects were observed in muscle GP protein content (Fig. 3A) in 

SOL or TA. There were age effects on B/M-GP protein content in SOL (Fig. 3B), in which 

an increase in B/M-GP protein content compared to young rats was shown in each diet 

group: AL (27%), ALF (40%) and CR (40%). Of note, the increase in GP protein was 

opposite to the decrease in total GP enzyme activity (Fig. 1C and D). In the TA no effects of 

age were observed. None of the tested diets modified the content of the B/M-GP protein in 

either SOL or TA.

3.3. Glycogen synthase, glycogen phosphorylase and glycogen-targeting subunits of PP1 
gene expression

We assessed mRNA levels relative to the 18S rRNA control gene in the SOL and TA 

muscles of young AL rats. The mRNA levels of muscle GS were about 2-fold higher (p < 

0.05) in SOL (−554 ± 140) than in TA (−1073 ± 166), unlike the protein levels that were 

similar. The mRNA levels of muscle GP were 4-fold lower (p < 0.005) in SOL (−234 ± 74) 

than in TA (−41 ± 3), as has been previously shown (Ferrer-Martínez et al., 2006) and is in 

accordance with our results for muscle GP protein content. The mRNA levels of brain GP 

were low and equivalent in SOL (−230473 ± 78076) and TA (−216603 ± 81340), despite 

higher B/M protein content in SOL. We also analyzed the mRNA levels of the glycogen-

targeting subunits of PP1 expressed in rat skeletal muscle: GM/RGL-PP1 (Lannér et al., 

2001) and PTG/R5-PP1 (Printen et al., 1997). The PTG and GM genes were similarly 

expressed in both muscles (−215 ± 36 in SOL and −205 ± 36 in TA for PTG and −3369 

± 720 in SOL and −2261 ± 315 in TA for GM).

Age influenced muscle GS, muscle GP and GM gene expression in SOL only (Table 2), 

causing their down-regulation. Diet influenced muscle GS and GM gene expression in SOL 

and the interaction of diet and age also exerted a significant effect on muscle GP and GM 

genes in SOL. CR reduced in SOL of older rats the expression of muscle GS and GM genes 

and a negative tendency was observed for the muscle GP gene. Fasting significantly reduced 

the expression in SOL of muscle GP and GM and a negative tendency was observed for 

muscle GS. No effects of age or diet were observed on brain GP in either muscle.

Regarding PTG mRNA, a marked interaction between age and diet was observed in SOL 

and TA (Table 2). The CR diet increased by 4.6-fold (p < 0.01) PTG gene expression in SOL 

of old but not young rats; a positive tendency was also observed in TA. The changes in PTG 

mRNA in old rats correspond with the recovery of GS activation- site 3a phosphorylation in 

both muscle types. However, the content of PTG protein could not be established with the 

commercially available antibody as previously described (Jurczak et al., 2007).

3.4. Glycogen content

There was a significant interaction between the effects of age and diet in the glycogen 

content in SOL. A reduction tendency was observed in the glycogen content in SOL of 

young rats on CR (15% of reduction) compared to AL (Fig. 4) and a smaller reduction trend 

was observed in TA. Neither fasting nor age caused a significant effect on glycogen content 

in either muscle. CR increased glycogen content in SOL of old rats by 46% over the values 
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in CR young rats and by 25% over the values in AL young or old rats, which correlates with 

a positive effect on activation of GS by CR in this muscle.

4. Discussion

In this study we show that the activity levels of GS are decreased in the SOL muscle of old 

(24-mo-old) compared to young adult (6-mo-old) rats maintained on a standard diet and fed 

ad libitum. The reduction in GS activity corresponds with reduced GS protein content as 

detected by immunoblotting. This is in contrast to GS gene expression, where mRNA levels 

of muscle GS gene are unchanged. In TA there is only an age-related reduction in GS 

protein, with no change in muscle GS mRNA CR hinders the age-associated reduction in GS 

activity and protein levels in SOL, but is not linked to the regulation of muscle GS mRNA 

levels. Short-term fasting does not mimic CR effects in the SOL.

The activity ratio of GS (−/+ glucose 6-P) is negatively affected by age in SOL and TA 

muscles. No decreases are observed in the CR group. Fasting is not equivalent to CR in this 

regard; in our old rats GS is still inactivated and in the young rats fasting inactivates GS in 

SOL. The activation state of muscle GS may be regulated by phosphorylation/

dephosphorylation at multiple sites. Phosphorylation at site 3a (Ser640 in rabbit muscle GS) 

in particular has a strong inhibitory effect on the enzyme (Skurat et al., 1994; Skurat and 

Dietrich, 2004; Wang and Roach, 1993). We show that the age-associated inactivation of GS 

in rats maintained on a standard diet corresponds with increased phosphorylation at site 3a 

in both SOL and TA while CR-mediated maintenance of GS activity ratio corresponds with 

normalization of phosphorylation at this site.

Our observation of decreased GS activity in aged rats agrees with previous data in SOL and 

fast-twitch biceps femoris of 24-versus 2-month-old rats (Dall’Aglio et al.1987). This is in 

contrast to the observations made in SOL of 12-compared to 1.5-month-old rats (Narimiya et 

al., 1984), in which GS activity ratio was slightly increased. No differences in GS activity 

were either observed in rectus abdominal muscle among 2-, 8- and 20-month-old rats after 

an hyperinsulinemic-euglycemic clamp (Gupta et al., 2000), what may be interpreted as that 

high-insulin has an effect. In the latter study, CR was shown to activate GS in 8- and 20-

month-old rats (Gupta et al., 2000) after the insulin infusion. We observe a positive effect on 

the activation state of GS by CR, but only in the aged (24-mo) rats.

The activity levels of GP are reduced in the SOL but not TA by age, irrespective of diet, 

although the reduction is stronger in the CR group. Compared with TA SOL has lower GP 

activity and increased B/M-GP immunoblotted protein. This suggests a higher content of the 

brain GP isoform, and as such may reflect the aerobic phenotype of the SOL muscle and its 

similarity to cardiac muscle, which also has a high content of the brain GP isoform (David 

and Crerar, 1986; Mair, 1998; Schmid et al., 2008). The lower total GP activity in SOL 

compared to TA may be due in part to differences between the brain and muscle isoenzyme 

kinetics. Although these two isoforms are highly activated by AMP, unlike the liver isoform, 

(Buchbinder et al., 2001), the brain nonphosphorylated b form is less responsive to 

activation by phosphorylation than the muscle isozyme and requires AMP for full activation 

(Crerar et al., 1995). Unexpectedly, the age-associated reduction in SOL GP activity occurs 
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despite preservation of muscle GP protein and increased content of the B/M-GP protein. 

Brain GP mRNA levels are unchanged by age in the SOL and TA. Our data indicates that the 

reduction in GP specific activity in SOL by age is not prevented by fasting and further 

impaired by CR.

The activity ratio of GP (−/+ AMP) is decreased in the TA muscle by age suggesting 

regulation of the phosphorylation state. However, age does not affect the GP activity ratio in 

the SOL. Therefore, post-translational mechanisms other than phosphorylation might be 

responsible for the age-associated changes in GP kinetics. Changes in GP kinetics have been 

noted in GP-b purified from skeletal muscle of aged rats, where a decrease in the specific 

activity was correlated with the accumulation of 3-nitrotyrosine (Sharov et al., 2006). 

Impairment of GP enzyme activity by exposure of purified muscle GP-b, or C2C12 

myotubes, to peroxynitrite has also been demonstrated and this corresponds with increased 

nitration of Tyr613, a key amino acid in the allosteric inhibitor site (Dairou et al., 2007). 

More recently, however it has been shown that enzymatic activity of muscle GP-b does not 

directly correlate with protein nitration levels (Sharov et al., 2008). In his context, we show 

decreased GP specific activity not in the TA muscle, where the muscle GP isoform 

predominates, but in the oxidative SOL muscle that displays higher B/M-GP protein.

Previous studies have shown no differences in total GP activity in the fast-twitch rectus 

abdominal muscle of 20- versus 2-month-old rats after an hyperinsulinemic-euglycemic 

clamp (Gupta et al., 2000), similar to our data in TA. In SOL of 12-compared to 1.5-month-

old rats no differences were found (Narimiya et al., 1984) unlike in our study, although GP 

was more inactive as in our study.

We assessed the effects of aging and CR on the gene expression of GS, GP and key 

glycogen-targeting subunits of PP1 in skeletal muscle such as GM and PTG. Both GM (Lerin 

et al., 2003) and PTG (Lerin et al., 2000) promote GS activation in cultured muscle cells and 

GM inactivates GP (Lerin et al., 2003). We found that age, fasting and CR can negatively 

affect, muscle GS, muscle GP and GM mRNA levels in SOL, while having no effect in TA In 

contrast, the PTG mRNA levels are positively regulated by CR, with a marked upregulation 

in SOL. Short-term fasting does not mimic this effect on PTG mRNA levels. Therefore, 

upregulation by CR of PTG gene expression corresponds with recovery of GS activity/

phosphorylation in both muscle types. The importance of PTG in the regulation of skeletal 

muscle glycogen metabolism has been revealed by heterozygous deletion of the PTG gene in 

mice; young mice (1–2 months) exhibited a small reduction of glycogen stores in white fiber 

epitrochlearis muscle corresponding with GS inactivation and no change in mixed fiber 

gastrocnemius, while older mice (18 months) showed inhibition of the IRS-1/Akt insulin 

signaling pathway involved in glucose transport and glycogen synthesis (Crosson et al, 

2003).

Glycogen content is not changed in the SOL or TA by age despite considerably decreased 

GS and GP activities in SOL, suggesting than an impairment of total GS activity of more 

than 40% is required before defects in glycogen synthesis are seen. Similar to our data, mice 

heterozygous for the disruption of GYS1, the gene encoding the muscle isoform of GS, and 

allowed food ad libitum showed about 50% reduction in GS activity with only a tendency 
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toward lower glycogen levels (Pederson et al., 2004); whereas homozygous mice lacked 

muscle glycogen. In addition, patients with glycogenosis type V have mutations in both 

alleles of the PYGM gene that result in a lack of functional mature protein (Lucia et al., 

2008). Maintenance of skeletal muscle glycogen content in aged rats is a consistent finding. 

No change in glycogen content was also observed in the gastrocnemius-plantaris muscles of 

aged (22 months) versus young adult (6–8 months) fed rats (Meynial-Denis et al., 2005) or 

in SOL and vastus lateralis muscle of aged (24 month or older) versus 4-month-old fed rats 

(Poland et al., 1982). Although, these are in contrast with the progressive fell in glycogen 

levels found in SOL and biceps femoris muscles with aging in rats (Dall’Aglio et al., 1987). 

Furthermore, no differences in glycogen content, phosphate content of glycogen and 

branching have been noted between 9- to 12-month-old and 3-month-old mice, but an 

increased average diameter of glycogen particles (Tag-liabracci et al. (2008)).

In the current study we show a significant interaction between the effects of diet and age on 

muscle glycogen content. In young rats, CR causes a reduction tendency in glycogen content 

in SOL and TA Short-term fasting does not exert the same effect as CR. In a previous rat 

study (Holness and Sugden, 1991), 6 h of fasting slightly reduced TA glycogen and did not 

change SOL glycogen content while fasting for 24 h led to markedly reduced glycogen 

content in both muscle types. Other studies have also found that fasting, whether for 24 h 

(Jensen et al., 2006) or 5 days (Meynial-Denis et al., 2005), depletes muscle glycogen 

content in young rats. Therefore, according to our data in young rats CR resembles long-

term fasting in that muscle glycogen is reduced and the CR effect is not related to regulation 

of GS or GP activity ratio or total activity levels. We also demonstrate that in SOL of older 

rats CR does not cause glycogen depletion; indeed the levels attained are even higher than in 

rats fed a standard diet. A previous study in accordance with our data (Wetter et al., 1999) 

showed increased glycogen concentration in muscle from 12-month-old rats subjected to CR 

(from 4 months of age) compared to those fed ad libitum, and this effect was greater in the 

SOL than in gastrocnemius. Likewise, 5 days of food deprivation in aged (22 months) rats 

did not reduce gastrocnemius-plantaris muscles glycogen content as it did in young rats 

(Meynial-Denis et al., 2005). Overall these data suggest a differential response of skeletal 

muscle glycogen to food restriction or deprivation in aged and young rats. In our study, 

enhancement of glycogen content by CR in older rats corresponds with a positive effect on 

the activation of GS, the effects being more significant in SOL than in TA Besides increased 

glycogen synthesis, it is however also possible that glycogen is spared in older rats in favor 

of other substrates. In this regard a marked rise in triglyceride content in skeletal muscle of 

aged rats, particularly in SOL, has been shown (Poland et al., 1982).

In summary, age exerts negative robust effects on GS and GP activities in SOL muscle. The 

loss of GS activity is due to a reduction in protein content and the decrease in GP activity to 

a reduction in its specific activity. GS is inactivated-phosphorylated at site 3a by effect of 

age in both muscles SOL and TA Glycogen accumulation is well preserved in older rats on a 

standard diet despite reduced GS activity. CR tends to decrease muscle glycogen content in 

muscle of young rats without affecting GS or GP activity/protein levels, suggesting an effect 

of limited nutrient availability. In old rats, however, CR hinders age-associated reduction in 

GS activity/protein and activity ratio and decreases the phosphorylation ratio at site 3a, 

mainly in SOL and this corresponds with an increase in glycogen content, suggesting an 
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important role for GS activity in these conditions. To conclude, a failing in GS activity and 

activation occurs in aged rats in skeletal muscle mostly in the slow-twitch oxidative SOL 

rather than in the fast-twitch glycolytic TA. CR, which is known to exert beneficial effects 

on age-associated tissue oxidative damage, hinders such changes, but not short-term fasting. 

Glycogen storage is enhanced in old rats on the CR diet despite restricted nutrient 

availability. The positive effects of the CR diet on skeletal muscle glycogen metabolism in 

aged rats may contribute to improve glucose disposal and sustain exercise performance.
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Fig. 1. 
Activity of glycogen-metabolizing enzymes. Rats were maintained from weaning to 6-

months (h) or 24-months (j) on a standard, ad libitum (AL) or calorie restricted (CR) diet. 

AL rats were sacrificed in either a fed state (AL) or after an 18 h fasting period (ALF). All 

CR rats were sacrificed in the fed state. Enzyme activities were assessed in extracts from 

SOL and TA muscles: (A and B) GS activity measured (A) with or (B) without glucose 6-P 

and (C and D) GP activity measured (C) with or (D) without AMP. Means ± SEM from at 

least 5 rats in each group are shown. Age influenced: total GS activity (F 29.1, p < 0.0001), 

active GS activity (F 38.6, p < 0.0001), total GP activity (F 25.0, p < 0.0001) and active GP 

activity (F 17.2, p < 0.001) in SOL. Diet influenced: total GS activity (F 4.52, p < 0.05) and 

active GS (F 6.10, p < 0.01) in SOL. The significance of the differences is versus 6-month 

rats comparing equivalent diet and muscle *p < 0.05, **p < 0.01 and ***p < 0.001. The 

significance of the Student’s t-test for total and active GP activity in TA versus SOL muscle 

is p < 0.0001.
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Fig. 2. 
Immunoblot analysis of GS protein content. Western blot analyses were performed on total 

extracts (20 μg protein) from SOL and TA muscle samples and membranes hybridized with 

antibodies against (A) GS, (B) phospho-GS (Ser641/0). (C) phospho-GS/GS ratio was 

calculated. For each age group, muscle and dietary treatment a representative image is 

shown and bands were quantified with a LAS-3000 (FujiFilm). Means ± SEM from at least 

5 rats for each group are shown. Data were compared using percentages with the mean value 

of the young AL group in the SOL Age influenced: total GS in SOL (F 15.8, p < 0.001) and 

in TA (F 11.3, p < 0.005); phospho-GS/GS ratio (F 5.16, p < 0.05) in SOL and in TA (F 
6.63, p < 0.05). Diet influenced: total GS (F 5.36, p < 0.05) in SOL The significance of the 

differences is versus young rats comparing equivalent diet and muscle *p < 0.05.
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Fig. 3. 
Immunoblot analysis of muscle and brain/muscle GP protein content. Western blot analyses 

were performed on total extracts from SOL and TA muscle samples (20 μg of protein) and 

on extracts from cultured human muscles cells transfected with an adenovirus encoding GFP 

(Ctr) or an adenovirus encoding rabbit muscle GP cDNA (MGP) at increasing multiplicity of 

infection (10×) (20 μg (A) or 5 μg (B) of protein). Membranes hybridized with antibodies 

against (A) muscle GP, (B) brain/muscle GP. For each age group, muscle and dietary 

treatment a representative image is shown and bands were quantified with a LAS-3000 

(FujiFilm). Means ± SEM from at least 5 rats for each group are shown. Data were 

compared using percentages with the mean value of the young AL group in the SOL Age 

influenced the brain/muscle GP protein in SOL (F 14.8, p < 0.001). The significance of 

Student’s t-test for muscle and brain/muscle GP protein in TA versus SOL muscle is p < 

0.0001.
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Fig. 4. 
Glycogen content. Glycogen content was measured in extracts from SOL and TA muscles. 

Means ± SEM from at least 5 rats for each group are shown. There was an influence of diet 

(F 4.0, p < 0.05). The interaction of diet and age was also significative (F 4.4, p < 0.05) in 

SOL The significance of differences is versus young rats comparing equivalent diet and 

muscle *p < 0.05.
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Table 1

Activity ratio of GS and GP.

6-mo 24-mo

Soleus Tibialis Soleus Tibialis

Glycogen synthase activity ratio (−G6P/+G6P)

Diet

AL 0.24 ± 0.02 0.28 ± 0.02 0.12 ± 0.02** 0.23 ± 0.01

ALF 0.16 ± 0.01† 0.32 ± 0.02 0.11 ± 0.01 0.23 ± 0.03*

CR 0.20 ± 0.03 0.27 ± 0.02 0.17 ± 0.01 0.27 ± 0.01

Glycogen phosphorylase activity ratio (−AMP/+AMP)

Diet

AL 0.69 ± 0.08 0.84 ± 0.04 0.58 ± 0.03 0.66 ± 0.09

ALF 0.74 ± 0.02 0.85 ± 0.03 0.65 ± 0.07 0.65 ± 0.06

CR 0.71 ± 0.05 0.85 ± 0.03 0.59 ± 0.06 0.79 ± 0.15

Enzyme activities were assessed in extracts from SOL and TA muscles and expressed as the activity ratio. Means ± SEM from at least 5 rats in each 
group are shown. Age influenced: GS activity ratio (F 17.4, p < 0.001) in SOL and (F 8.40, p < 0.01) in TA and GP activity ratio (F 11.3, p < 0.005) 
in TA. Diet influenced: GS activity ratio (F 5.57, p < 0.01) in SOL. The significance of the differences is: versus AL within same muscle and 

age †p < 0.05; versus 6-mo rats comparing equivalent diet and muscle *p < 0.05 and **p < 0.001.
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