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 18 

Abstract 19 

The glycogen content of muscle determines not only our capacity for exercise but also the 20 

signaling events that occur in response to exercise. The result of the shift in signaling is that 21 

frequent training in a low glycogen state results in improved fat oxidation during steady state 22 

submaximal exercise. This review will discuss how the amount or localization of glycogen 23 

particles can directly or indirectly result in this differential response to training. The key direct 24 

effect discussed is carbohydrate binding, whereas the indirect effects include the metabolic 25 

shift towards fat oxidation, the increase in catecholamines, and osmotic stress. Even though our 26 

understanding of the role of glycogen in response to training has expanded exponentially over 27 

the last 5 years, there are still many questions remaining as to how stored carbohydrate affects 28 

the muscular adaptation to exercise. 29 

30 



Introduction 31 

The study of glycogen has a long and storied history. From its discovery as the principal 32 

storage form of carbohydrate in 1858 (9), to the first signaling pathway regulating its mass 33 

(leading to the Nobel prize for medicine in 1947 (20)), to its implicit relationship with muscle 34 

contraction and fatigue (4), this sugar polymer has intrigued biologists for over a century and a 35 

half. From this intense research, it has become clear that glycogen is not only a vital form of 36 

energy for periods of metabolic stress, but also an important molecular signal that regulates 37 

enzyme activity, protein function, gene expression and adaptation to exercise.  38 

The interest in glycogen from an exercise perspective began with the seminal studies of 39 

Bergstrom, Hultman, and Saltin. They demonstrated that glycogen content was decreased 40 

following muscle contraction (5), that glycogen depletion was a key factor in skeletal muscle 41 

fatigue (4), that glycogen re-synthesis was enhanced following glycogen depletion (super-42 

compensation) (6), that glycogen was the primary carbohydrate used at high workloads (42), 43 

and that the glycogen content of the working muscle is a major determinant of the capacity to 44 

sustain long duration exercise (7). Importantly, Bergstrom et al., (4) also demonstrated that diet 45 

and exercise intensity could greatly vary the glycogen content in skeletal muscle, which then 46 

affected exercise capacity. Finally, they reported that ingestion of a high carbohydrate diet 47 

following exercise increased the recovery of muscle glycogen stores compared with a fat or 48 

protein diet, suggesting that dietary glucose could increase muscle glycogen (8, 47). 49 

In the last decade, the structure (82), subcellular localization (72) regulation (85) and 50 

components of the glycogen complex (34) have been described in detail. Recent identification 51 



of glycogen binding domains, regions within proteins that specifically interact with glycogen, 52 

and defined promoter regions in genes that are sensitive to glycogen levels or glucose derived 53 

from glycogen, termed carbohydrate response elements, has added additional complexity to 54 

glycogen’s regulatory roles (12). There is emerging evidence that these molecular regulatory 55 

mechanisms either directly, or indirectly link glycogen content to skeletal muscle adaptation in 56 

response to acute and chronic exercise. Accordingly, within this review we will highlight recent 57 

advances supporting the effect of glycogen on transcriptional and post-translational processes 58 

in skeletal muscle, while discussing the direct and indirect mechanisms that underlie the effects 59 

of glycogen on skeletal muscle adaptation to exercise. Given space constraints, we will not 60 

discuss the role of glycogen in the regulation of insulin sensitivity, which has been expertly 61 

reviewed elsewhere (50). 62 

Regulation, design, and localization of the glycogen granule 63 

The glycogen molecule is an elegant example of an optimized, highly efficient cellular 64 

energy storage system. The branched structure allows the dense compartmentalization of free 65 

glucose providing muscle or liver with a readily accessible form of energy (66). By accumulating 66 

the glucose into a polymer, the glycogen granule allows a large amount of glucose to be stored 67 

without significantly affecting cellular osmolarity (66). Approximately 400mM of glucose can be 68 

stored in 0.01μM of liver glycogen (41). In addition, glycogen branching means that each 69 

granule contains a large surface area, allowing for rapid degradation. Each glycogen molecule 70 

can contain ~55,000 glucose residues in an area of 8000nm3 (33). Indeed this branching design 71 

is critical, as a particle that is too dense would not degrade because phosphorylase, the protein 72 



that initiates degradation would not be able to access the proper branches. Thus, regulation of 73 

the branch length, number and density appears to be a highly regulated and conserved process 74 

(66).  75 

Beyond the amount and shape of the glycogen particle, its location within a muscle also 76 

appears to be important. The majority of exercise studies have measured total glycogen 77 

content in muscle using acid-based digestion of glycogen followed by enzymatic determination 78 

of free glucose. Even though this approach has been rewarding in studying glycogen-mediated 79 

regulation of whole muscle metabolism, it does not allow for examination of glycogen 80 

localization, or compartmentalization. Understanding glycogen localization has been achieved 81 

through the use of transmission electron microscopy (TEM) on muscle sections. This approach 82 

has led to the appreciation that glycogen is located in specific cellular regions (78). Within 83 

skeletal muscle, glycogen is distributed principally in: (i) the intermyofibrillar space, (ii) the 84 

intramyofibrillar space and (iii) the subsarcolemmal compartment (63). TEM also allows the 85 

quantification of glycogen particle size, number and density (63). These elegant studies have 86 

demonstrated that glycogen localization is highly ordered within muscle and forms an energy 87 

complex, associating with intramuscular triglyceride (IMTG) deposits and mitochondria (84, 93, 88 

95). Physiologically, this organization places muscular energy stores in close proximity to their 89 

site of utilization. This localization has also led to speculation that glycogen content (by physical 90 

interaction) may influence mitochondrial function and IMTG content, although at present this 91 

interaction has not been tested experimentally.  92 



Beyond the formation of an energy complex with IMTG, the subcellular localization of 93 

glycogen potentially provides a substrate for specific cellular functions. For example, the 94 

intramyofibrillar pool of glycogen is positioned to provide carbohydrate for cross-bridge cycling, 95 

is preferentially depleted during high-intensity exercise (71), and correlates with muscle fatigue 96 

(72). In contrast, depletion of the intermyofibrillar glycogen fraction (located close to the 97 

sarcoplasmic reticulum, t-tubules, and mitochondria) correlates with the half-relaxation time in 98 

fibers (72), suggesting that it is important in driving the repolarization of the t-tubules through 99 

the provision of energy for the Na/K/ATPase and the sarco(endo)plasmic reticulum calcium 100 

ATPase (SERCA). The role of the subsarcolemmal glycogen fraction in fatigue is less clear at 101 

present, however its localization and sensitivity to exercise and nutrition suggest that it could 102 

play a role in cellular signaling.  103 

Glycogen associated proteins, defining the ‘glycogen-proteome’. 104 

A number of proteins have been reported to directly associate and localize with 105 

glycogen (Table 1). The interaction and regulation of these proteins is complex. For simplicity 106 

we will categorize these as proteins that are either (i) involved directly in the generation or 107 

regulation of the glycogen granule, or (ii) metabolic proteins that appear to be regulated by 108 

glycogen content. Discussing this first subset of proteins is beyond the scope of the present 109 

review, instead we direct the reader to recent expert viewpoints on the subject (34, 78).  110 

The glycogen proteome, those proteins that directly interact with glycogen, was recently 111 

determined from rat and mouse liver (88). The authors identified ~70 proteins that associate 112 

with hepatic glycogen. As anticipated, proteins known to be involved in glycogen breakdown 113 



and synthesis (glycogen phosphorylase, glycogen synthase, glycogen branching enzyme) were 114 

identified in the screen. The screen also identified a number of novel glycogen interacting 115 

proteins (Table 1). When categorized by physiological function, these proteins had a diverse 116 

array of functions ranging from metabolism, to redox balance, RNA processing and protein 117 

synthesis. Of the metabolism subset, proteins involved in fat metabolism (long-chain-fatty-acid-118 

CoA ligase 1) and oxidative phosphorylation (ATP-synthase α/β, NADH-cytochrome b5 119 

reductase 3) were identified suggesting that glycogen may directly associate and potentially 120 

regulate process of substrate utilization. It will be interesting to see whether similar proteins 121 

associate with skeletal muscle glycogen preparations, and to determine whether glycogen 122 

regulates the activity of these proteins.  123 

Within the subset of metabolic proteins that are known to interact with glycogen, the 124 

mammalian AMP-activated protein kinase (AMPK) has received most attention with regard to 125 

glycogen content. AMPK is a αβγ heterotrimer with multiple genes encoding each of the 126 

subunits (94). AMPK activity appears to be regulated by three fundamental processes, (i) 127 

binding of AMP, ADP, or ATP to the γ-subunit (94), (ii) phosphorylation of the catalytic α-128 

subunit by a number of upstream kinases (90) and (iii) a glycogen-binding domain (GBD) located 129 

on the β-subunit (45, 76, 77). Whereas regulation of the α and γ subunits has been examined 130 

extensively, less is known about the physiological relevance of the GBD in the β-subunit (65).  131 

The functionality of the GBD has recently been explored by McBride et al. (65) who 132 

demonstrated that incubation of AMPK with isomaltose, a carbohydrate that mimics the 133 

branch-points of glycogen, inhibited the AMPK activity by 33%. This observation led the authors 134 



to suggest that AMPK can sense the branching structure of glycogen, leading to suppression of 135 

the kinase. Recently, Koay et al., (58) demonstrated that AMPK can also associate with glycogen 136 

via a carbohydrate-binding module (CBM) in the β-2 subunit. Deletion of the AMPK β-2Thr101 137 

motif within the CBM reduced the affinity of AMPK for single α-1-6 branched oligosaccharides 138 

by 3-fold. Inserting the Thr101 motif into the AMPK β-1 subunit resulted in an increase in 139 

glycogen binding, confirming the functionality of the domain (58). However, whether the CBM 140 

can regulate AMPK signalling has yet to be determined. 141 

As would be suggested by the effect of glycogen on AMPK activity, both the basal and 142 

post-exercise activity of AMPK-α2 is higher in the glycogen-depleted state (103). The ingestion 143 

of sufficient glucose to spare glycogen attenuates AMPK activation ~50% compared to a 144 

placebo trial (1). However, when a similar glucose ingestion trial is performed, but glycogen 145 

sparing does not occur (i.e. cycling exercise where a similar feeding paradigm did not alter 146 

glycogen use), AMPK-α2 activity is not affected (59) suggesting that the amount of glycogen 147 

within the muscle directly modulates AMPK activity. Steinberg et al., (91) demonstrated that 148 

exercise in a glycogen-depleted state also leads to nuclear translocation of AMPK-α2 and 149 

subsequent increases in GLUT4 mRNA expression. Yeo et al. (104) also found that AMPKThr172 150 

phosphorylation was greater in trained cyclists when high intensity exercise was performed in a 151 

glycogen-depleted state. Taken together, these data suggest that AMPK may play an important 152 

role in the metabolic adaptations to low glycogen exercise. However, it should be noted that 153 

the training-induced increase in GLUT4, one of the key metabolic targets of AMPK, is decreased 154 

following low glycogen training, suggesting that AMPK-independent mechanisms are also 155 

important in the metabolic adaptation following exercise in a glycogen depleted state. 156 



Glycogen content, substrate turnover, and the adaptation to exercise. 157 

In the low glycogen state, whole body metabolism shifts drastically (11, 40, 100, 102). In 158 

humans, glycogen depletion results in increased systemic release of amino acids from muscle 159 

protein breakdown, increased fat metabolism (calculated from arterio-venous differences) and 160 

reduced pyruvate oxidation (11). Steensberg et al., (89) reported an increase in plasma free 161 

fatty acids, epinephrine, and cortisol concentrations between 90 and 120 minutes of exercise in 162 

a glycogen depleted state. This led Steensberg and colleagues (89) to postulate that lower 163 

glycogen per se altered whole body substrate metabolism and stimulated the activation of 164 

cellular signaling pathways that might be involved in the muscular adaptation to training.  165 

Hansen et al., (39) were amongst the first to directly test the effect of skeletal muscle 166 

glycogen content on training adaptations. To achieve this, the authors employed an elegant 167 

contralateral leg-kicking model in which one leg trains twice a day, every other day (low 168 

glycogen), compared to the contralateral leg that trained once daily (normal glycogen). The 169 

benefit of the twice a day model is that the second bout is performed in a low glycogen state. 170 

Utilizing this approach, Hansen and colleagues demonstrated that 10-weeks of training with low 171 

muscle glycogen increased endurance (time to exhaustion), oxidative capacity (citrate synthase 172 

(CS) activity), and tended to increase 3-hydroxyacyl-CoA dehydrogenase activity (β-HAD) 173 

compared with training with high muscle glycogen in all sessions. Two independent groups have 174 

extended this approach to a trained athlete model (46, 105). As in the Hansen study, the 175 

subjects performed 6 training bouts a week. However, in these studies half of the training bouts 176 

were long steady state rides at 70% VO2max and half were high-intensity interval workouts. In 177 



the high glycogen groups, the athletes exercised everyday alternating between steady state and 178 

HIT. In the low glycogen groups, the subjects trained every other day performing the HIT in a 179 

low glycogen state one hour after the steady state exercise (46, 105). As would be expected, 180 

athletes who undertook HIT with ~50% lower muscle glycogen showed significantly lower 181 

performance during these sessions [12, 13]. However, following the 3-week training period, 60-182 

minute time trial performance improved to the same extent in the low and high glycogen 183 

groups, indicating that relative to their exercise intensity the low glycogen group showed a 184 

greater adaptation. More interestingly, during steady state exercise at 70% VO2max, the low 185 

glycogen group showed greater lipid oxidation, which from tracer analysis, appears to be the 186 

result of increased IMTG utilization (46). Together with a shift towards fatty acid oxidation, 187 

there was glycogen sparing and a greater increase in succinate dehydrogenase (SDH) and β-188 

HAD enzyme activity (46, 105). Together, these data indicate that regardless of training state, 189 

high intensity exercise with low muscle glycogen improves the capacity for fatty acid oxidation 190 

to a greater degree than training with normal glycogen levels. 191 

The key question that remains unanswered is whether the pro-adaptive responses 192 

induced during these twice a day, every other day, training protocols are due to alterations in 193 

an altered cellular environment which ultimate leads to enhanced signalling, or simply due to 194 

having a greater load and increased recovery period on each training day. If we consider the 195 

first scenario, examination of exercise studies that have directly or indirectly manipulated 196 

glycogen content have showed that exercise in a low glycogen environment is associated with: 197 

(i) elevated plasma free fatty acids (FFA); (ii) increased sympathetic nervous system activity; (iii) 198 

hyperosmotic stress (which results in elevated cellular stress) due to the loss of water 199 



associated with glycogen; and (iv) increased myokine production (Figure 1). The potential 200 

effects of these changes to the cellular milieu will be discussed below. 201 

Exercise in a glycogen depleted state leads to increased whole body and skeletal muscle 202 

lipid metabolism. One of the reasons for this shift is the liberation of free fatty acids from 203 

adipose and intramuscular storage sites. The increased circulating FFA is important as it serves 204 

two roles. First, as substrates for β-oxidation in the mitochondria (55), and second as signaling 205 

intermediates for transcription factors and nuclear receptors that regulate the proteins 206 

involved in the transport and breakdown of lipids (55). Understanding the molecular crosstalk 207 

between the adipocyte and myocyte is an area of intense investigation. Two proteins that 208 

appear to be important in the initial breakdown of lipid droplets in both adipose and muscle are 209 

adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL). The complex regulation 210 

of these proteins has been expertly reviewed elsewhere (99), however the action of these 211 

proteins in the hydrolysis of lipid stores is important in the context of this review, as these 212 

liberated fatty acids can serve as endogenous ligands for the peroxisome proiferator activated 213 

receptor (PPAR) nuclear receptors alpha and beta/delta (PPARα/δ) (Figure 1).  214 

There is limited information regarding the role of PPARδ in skeletal muscle metabolic 215 

regulation. PPARδ is the most abundant PPAR in skeletal muscle and has been shown to be 216 

enriched in oxidative type I fibers (13). Given the association of PPARδ expression with skeletal 217 

muscle oxidative capacity, it is not surprising that both acute (62, 98) and chronic (30, 81) 218 

exercise increase PPARδ mRNA expression in both rodent and human skeletal muscle. These 219 

observations have therefore led to the suggestion that PPARδ activity is under the control of an 220 



exercise-derived factor (23). When PPARδ is activated it controls the transcription of fatty acid 221 

oxidation enzymes including: 1) carnitine palmitoyltransferase (CPT-1)(32); 2) forkhead box O1 222 

(FoxO1) (70); 3) fatty acid translocase (FAT/CD36) (43); and 4) hormone-sensitive ligase (HSL) 223 

(87).  Fyffe and coworkers have shown that long-chain FFA [Carbon length: C16:0, C16:1, C18:0 224 

and C18:1] can activate PPARδ via its protein ligand binding domain (31). However, simply 225 

treating C2C12 myotubes with long-chain FFA failed to increase PPARδ expression (44). In 226 

contrast, Kleiner and colleagues demonstrated that in primary mouse myoblasts the PPARδ 227 

synthetic ligand GW501516 increased fatty acid oxidation in a PPARδ-dependent manner via 228 

up-regulation of key lipid target genes (57). Collectively, these data would suggest that the 229 

exercise-induced increase in the activity of PPARδ target genes may be facilitated by binding of 230 

a long-chain FFA to PPARδ. Given that exercise in a low glycogen state increases circulating C16 231 

and C18 FFA, determining whether such FFA, or species derived from these FFA are the 232 

endogenous PPARδ ligand is a key question to be addressed. Further, if PPARδ activity was 233 

increased during low glycogen conditions, it could, in part explain aspects of the adaptive 234 

increase in lipid oxidation when training is performed in this cellular environment.  235 

As glycogenolysis is tightly regulated in skeletal muscle, when glycogen stores are low, 236 

the body responds to this metabolic stress and initiates response programs designed to 237 

maintain energy provision. An example of this is the elevation in circulating catecholamine 238 

(epinephrine and norepinephrine) levels observed during low glycogen exercise (97). Increased 239 

catecholamine levels promote an increase in fat metabolism by activating HSL through protein 240 

kinase A (PKA). HSL is phosphorylated by PKA on three sites (Ser563, Ser659 and Ser660) (56). Even 241 

though it is not clear how these sites regulate HSL activity, increased HSL activity drives lipolysis 242 



both in adipose tissue and skeletal muscle. The result is the liberation of free fatty acids from 243 

both adipose and intramuscular depots (56).  244 

An additional cellular target of catecholamine action is the cAMP response element 245 

binding protein (CREB). Exercise can increase the phosphorylation and activation of CREB in 246 

both exercised muscle and muscles that were not recruited during the exercise (101) due to the 247 

central effects of elevated sympathetic nervous system activity. One of the targets of CREB is 248 

the transcriptional co-activator, peroxisome proliferator activated receptor coactivator-1α 249 

(PGC-1α). PGC-1α has been suggested as a master regulator of mammalian mitochondrial 250 

biogenesis (37) due to its ability to interact with and facilitate transcriptional signaling in 251 

response to extrinsic stimuli. Akimoto et al (2) demonstrated that the CREB site within the PGC-252 

1α promoter is required for the exercise-induced increase in PGC-1α. Miura et al. (67) extended 253 

this work to show that blocking β-adrenergic receptors with ICI 118,551 prevented 69% of the 254 

exercise-induced increase in PGC-1α. Further, the induction of PGC-1α following exercise was 255 

lower in mice lacking β-receptors than in wild-type mice (67). Not only is PGC-1α mRNA 256 

increased by catecholamines, the PGC-1α mRNA that is made in response to catecholamines 257 

comes from a different promoter and may have a higher activity (17). Together these data 258 

suggest that catecholamines acting through β-adrenergic receptors may play a significant role 259 

in the increase in fatty acid oxidation following endurance training in the glycogen-depleted 260 

state. However, it should be noted that Mortensen et al. (68) showed that training in a low 261 

glycogen state did not alter the expression of PGC-1α, PGC-1β or PRC. It is not overly surprising 262 

that PGC-1α mRNA is not changed after training, where a new steady state has been achieved. 263 

It is after acute exercise where the low glycogen state would be expected to increase PGC-1α 264 



activity to a greater extent. In fact, Mathai et al. showed PGC-1α protein increased in direct 265 

proportion with the decrease in glycogen following acute exercise (64). However, Robinson et al 266 

(79) did not see an increase in PGC-1α expression or mitochondrial protein synthesis within the 267 

first 5 hours after a one hour infusion of isoproterenol. However, since isoproterenol is not a 268 

specific β-agonist (isoproterenol also activates α-adrenergic and this can antagonize β-269 

activation), whether catecholamines can acutely regulate PGC-1α in humans remains to be 270 

determined. 271 

Given the water content associated with glycogen, another potential ‘rheostat’ function 272 

of glycogen within the cell may be to influence cellular osmotic pressure. Changes in muscle 273 

osmotic pressure are extremely difficult to measure in vivo. As a result, the effect of glycogen 274 

on osmotic tension in muscle is not clear in vivo.  In vitro, where the osmolality of media can be 275 

changed and the effect on muscle glycogen can directly be measured, there is data to suggest 276 

that the amount of glycogen in a muscle can regulate osmotic tension (60). When the osmotic 277 

tension in the media is changed, cells respond in such a way as to equilibrate the osmolality 278 

inside the cell with that outside the cell. In muscle cells, decreasing the osmotic pressure in the 279 

media results in the synthesis of more glycogen in an effort to decrease osmolality, whereas 280 

glycogen is broken down occurs in hyperosmotic conditions in an attempt to increase 281 

osmolality in the muscle (60). Both of these responses are independent of changes in the rate 282 

of glucose transport. These data suggest that glycogen breakdown increases osmotic pressure 283 

within muscle. Mechanistically, hyperosmotic cellular stress is known to increase the activity of 284 

p38 MAPK (86). In glycogen-depleted muscle, p38 MAPK activity in the nucleus increases (16) 285 

suggesting that exercising with lower muscle glycogen could increase MAPK activation and 286 



could drive skeletal muscle adaptive responses. One target of p38 is PGC-1α. The gamma 287 

subunit of p38 (p38γ) is required for PGC-1α induction and mitochondrial adaptation to 288 

endurance exercise (75). This makes p38γ the only protein known to prevent endurance 289 

adaptation in muscle and therefore the regulation and function of p38γ should be a major focus 290 

of endurance research. Another target of p38 is the myokine interleukin 6 (IL-6; (16). Keller et 291 

al., (54) demonstrated that plasma IL-6 protein increased 16-fold during exercise in a glycogen-292 

depleted state, compared with a 10-fold induction during normal glycogen conditions, while the 293 

IL-6 mRNA increased by 100 and 30-fold, respectively. It needs to be mentioned however, that 294 

subsequent studies have shown that the IL-6 receptor is not influenced by glycogen content 295 

(53). One of the potential targets of IL-6 in muscle is AMPK (61, 80) and IL-6 knock-out mice 296 

have dramatically reduced AMPKThr172 (-50%) and ACCβSer221 (-90%) phosphorylation in response 297 

to 60min swimming exercise (55), suggesting that glycogen depletion not only has direct effects 298 

on AMPK activation but, through cell stress and myokines, may have indirect effects on AMPK 299 

activity as well. It would be extremely interesting to determine whether the positive effects of 300 

glycogen depletion would be lost in these animals. Other myokines such as IL-8 are also 301 

increased during exercise in a low glycogen state (16), suggesting that reduced glycogen may 302 

result in an altered myokine profile which may collectively serve to regulate skeletal muscle 303 

adaptation 304 

Glycogen sensitive transcription factors may mediate the adaptive response  305 

Exercise in a glycogen-depleted state dramatically alters the transcriptional profile in 306 

skeletal muscle (74). Even though considerable attention has been directed towards co-307 



activators such as PGC-1α, there is an emerging subset of transcription factors that appear 308 

capable of translating glycogen levels to altered gene expression. Even though none of these 309 

transcription factors are known to regulate metabolism in response to differing levels of 310 

glycogen in skeletal muscle, their role in other tissues warrants discussion and investigation in 311 

this process. One such transcription factor (TF) is the carbohydrate response element binding 312 

protein (ChREBP), a glucose sensitive basic helix-loop-helix leucine zipper (bHLH-LZ) 313 

transcription factor that is highly expressed in liver, fat, and skeletal muscle (48). When glucose 314 

rises, ChREBP localizes in the nucleus where it binds carbohydrate response elements (ChoRE, E 315 

boxes) in promoter regions of genes involved in metabolic regulation. In the liver, known 316 

ChREBP targets include pyruvate kinase (PK), fatty acid synthase (FAS) and acetyl-CoA 317 

carboxylase (ACC) (48). ChREBP nuclear localization and ChoRE binding appears to be sensitive 318 

to cellular energy status, as energy depletion signals, such as increased catecholamines or an 319 

increase in the AMP to ATP ratio lead to PKA and AMPK mediated phosphorylation and 320 

suppression of ChREBP activity (48). Recently, Dentin and colleagues (22) demonstrated that 321 

hepatic ChREBP activity was negatively regulated by polyunsatured fatty acids (PUFAs), 322 

regardless of chain length. Interestingly, this observation suggests that ChREBP, via regulation 323 

of glycolysis may be an important signaling intermediate that allows rapid interchange between 324 

glucose and lipid metabolism (52). Ablation of the ChREBP gene in mice results in increased 325 

liver glycogen and decreased plasma FFA (48). The decrease in plasma FFA is possibly due to a 326 

shift from lipogenesis to lipolysis in the adipose tissue of these animals resulting in decreased 327 

adipose depots. Intriguingly, the skeletal muscle of these animals has yet to be anayzed. In 328 

genetically intact animals, the increase in catecholamines and metabolic stress associated with 329 



glycogen depletion should have a similar effect, decreasing the activity of ChREBP, shifting the 330 

body from a lipogenic to a lipolytic state, and increasing plasma FFA (49). In one of the first 331 

reports to study the role of ChREBP in skeletal muscle, Hanke et al (38) found that the 332 

upregulation of glycolytic/fast myosin in C2C12 myotubes following a shift from low to high 333 

glucose media was partly dependent on ChREBP. Collectively these data suggest that energy 334 

depletion or glucose restriction leads to suppression of ChREBP activity and a coordinated 335 

increase in lipid metabolism. However, the role of ChREBP in the regulation of skeletal muscle 336 

adaptations with different levels/localization of glycogen has yet to be addressed 337 

experimentally. 338 

In addition to ChREBP, alteration in cellular nutrient availability has also been reported 339 

to alter the activity of the sterol response element-binding protein (SREBP) family, a group of 340 

endoplasmic reticulum bound bHLH-LZ transcription factors that regulate the expression of a 341 

large subset of genes involved in lipid and cholesterol synthesis and utilization (51). To date, 342 

three isoforms of SREBP proteins have been characterized, termed SREBP-1a, SREBP-1c and 343 

SREBP-2 (51). SREBP-1a appears capable of activating all SREBP targets via binding of sterol 344 

response elements (SREs) within specific promoters. In contrast, SREBP-1c appears selective for 345 

genes involved in fatty acid synthesis and SREBP-2 activates a program of cholesterol synthesis 346 

(28). SREBP activity is altered in skeletal muscle in response to acute and chronic exercise (69), 347 

acute fasting (10) and prolonged calorie restriction (69). In addition, SREBP activity may be 348 

associated with alterations in IMTG content and IMTG breakdown in skeletal muscle (69). 349 

SREBPs are potently activated by insulin, and their phosphorylation inhibits their transcriptional 350 

activity. Kinases known to suppress SREBP function include the extracellular receptor kinase 351 



(ERK1/2), PKA and glycogen synthase kinase-3β (GSK-3β) (52). In addition, n-3 and n-6 PUFAs 352 

suppress SREBP activity and nuclear abundance (52), apparently via increasing 26S proteosome 353 

mediated ubiquitination of SREBP. The fact that factors associated with energy depletion 354 

reduce SREBP function (synthesis of IMTG), has led a number of investigators to speculate that 355 

the increased IMTG breakdown during exercise in a low glycogen state may, be associated with 356 

reduced SREBP function, thus switching IMTG turnover in favor of net breakdown. However, 357 

this has yet to be tested. 358 

Heat shock protein-72 (HSP72) has also been suggested to regulate gene transcription in 359 

response to altered cellular substrate flux. Febbraio and Koukoulas (24) were the first to 360 

demonstrate that HSP72 activation paralleled muscle glycogen depletion in human skeletal 361 

muscle during prolonged endurance exercise. In a subsequent study, Febbraio et al., (27) 362 

showed that HSP72 activation following concentric exercise only occurred in a glycogen 363 

depleted state, indicating that glycogen directly regulates HSP72 activity. Further, the same 364 

group showed that increased glucose availability suppressed systemic HSP72 release following 365 

exercise (25), and that IL-6 could be the mechanistic link to increased HSP72 expression (26). 366 

This purported mechanism of activation is important as IL-6 gene expression and plasma 367 

abundance have been reported to be increased in a glycogen depleted state post-exercise 368 

compared with exercise in a normal glycogen state (53). Over-expression of HSP72 in skeletal 369 

muscle protects mice from high-fat diet induced obesity, increases insulin sensitivity and 370 

increases the enzyme activity of citrate synthase and B-HAD (18). Collectively, this data 371 

supports the hypothesis that HSP72 could potentially convey some of the adaptive responses 372 

reported in a low glycogen state. 373 



Post-translation modifications (PTM) convey the cellular environment to altered protein 374 

function 375 

Cellular energy stress is also emerging as a key regulator of PTM in skeletal muscle. As 376 

discussed above, considerable attention has been given to the regulation of protein 377 

phosphorylation by glycogen content, whereas recent research also suggests that substrate 378 

provision may also influence alternate PTM such as lysine acetylation (the addition of acetyl 379 

groups to lysine residues) and O-GlcNAcylation (the addition of oligosaccharide groups to 380 

proteins).   381 

A role for acetylation in the regulation of gene transcription was first suggested by 382 

Allfrey and colleagues who demonstrated that RNA synthesis may be regulated by the addition 383 

of acetyl groups to core histone tails (3). Recently, two independent studies demonstrated that 384 

almost every enzyme involved in glycolysis, gluconeogenesis, fatty acid oxidation, glycogen 385 

metabolism, and the TCA cycle are acetylated and that the levels of acetylation varied when 386 

substrate flux through these pathways was manipulated (96, 107). To date, 2200 proteins have 387 

been shown to be differentially acetylated (35). Lysine acetylation appears to shunt metabolism 388 

between metabolic pathways, as differential acetylation increased the activity of some 389 

enzymes, and blunted the activity of others. Importantly, the activity of proteins that add 390 

(lysine acetyl transferases; KAT) or remove (deacetylases; DAC) acetyl moieties to lysine 391 

residues on proteins are directly regulated by cellular energy status (36). KATs appear to be 392 

active when substrate supply is high, as substrate excess results in an increase in cellular acetyl-393 

CoA, the substrate for increased acetyltransferase activity (21). In contrast, reduced cellular 394 



energy status increases cellular NAD+ and activates members of the sirtuin (SIRT) deacetyase 395 

family in skeletal muscle (29). SIRT1 has been implicated in a number of fundamental cellular 396 

processes (reviewed by Schenk et al in this review series). It is currently unknown whether 397 

SIRT1 activity is directly related to cellular glycogen content, however exercise induced 398 

glycogen depletion certainly occurs in parallel with increased SIRT1 activity (15), whether this is 399 

causal, or direct in relation to glycogen content remains to be determined. 400 

The role of O-GlcNAcylation in skeletal muscle is poorly understood (14). In a similar 401 

manner to acetylation, glycosylation appears to work in unison with phosphorylation to alter 402 

protein and enzyme activity (14). Importantly, glucose concentrations regulate glycosylation, 403 

providing the substrate for the hexosamine biosynthetic pathway (19). Key kinases for skeletal 404 

muscle metabolic adaptation (PKA, PKC and p38 MAPK) have been shown to be glycosylated 405 

(106), and this modification appears to, in parallel with phosphorylation, alter metabolic 406 

function. Nearly 1000 O-GlcNAc modified proteins have been characterized to date (14), 407 

however the physiological relevance of this process has yet to be determined (106). Given that 408 

glucose availability is known to alter enzyme activity, protein function and substrate utilization, 409 

future investigation into the role of glucose driven O-GlcNac modification is clearly an 410 

important avenue of research.   411 

Future directions and practical applications 412 

We have tried to summarize some of the recent advances in the field of glycogen 413 

metabolism, but there are a number of questions that remained unanswered. The majority of 414 

the glycoproteomic data that we discussed was related to hepatic glycogen, in a basal state. It 415 



will be fundamentally important to examine whether a similar glycoproteome exists in skeletal 416 

muscle or whether different proteins interact with glycogen in muscle. Further, determining 417 

whether depletion of glycogen in skeletal muscle alters protein association with the glycogen 418 

granule and whether this can contribute to the improvement in fat oxidation following training 419 

in the low glycogen state is a key question. Finally, once these protein groups have been 420 

determined, biochemical analysis will be required to examine how altering the glycogen-protein 421 

interaction effects individual protein/enzyme activity and function.  422 

The hypothesis that manipulating glycogen can optimize training adaptations is 423 

relatively new and as a result, there are a number of important questions that remain to be 424 

answered. Mechanistically we need to determine whether individual molecular targets such as 425 

PPARα/δ, AMPK and PGC-1α mediate the improvement in fatty acid oxidation following low 426 

glycogen training, or whether changes in combinations of these factors, as well as many others, 427 

are required for a concerted adaptive response. If individual proteins are identified then the 428 

endogenous substrates that target and activate these proteins during glycogen depletion 429 

potentially hold great relevance for understanding skeletal muscle adaptation to exercise.  430 

With regard to performing exercise in a glycogen-depleted state, it is still unknown 431 

whether a specific threshold exists at which point glycogen depletion increases cellular 432 

signaling. Given the decrements in force production with glycogen depletion (45, 103), 433 

understanding the trade-off between performance and signaling could be extremely beneficial 434 

in designing exercise regimes to maximize the ‘pro-signaling’ environment initiated by glycogen 435 

depletion (73). On a similar theme, determining whether nutritional strategies could be used to 436 



alleviate the decline in power production, or further amplify the signaling environment 437 

observed during exercise in a glycogen depleted state is also an important, under-investigated 438 

area of research (73).   439 

 Finally, given the recent suggestion that glycogen structure may be altered in rodent 440 

models of type 2 diabetes (92) and that glycogen depletion is important for the beneficial 441 

effects of exercise training in obese individuals (83), research examining the structure and 442 

partitioning of glycogen in clinical models of substrate excess and insulin resistance could 443 

potentially yield important answers regarding pathological substrate metabolism. With all of 444 

these questions remaining, the great history of glycogen research has many more chapters 445 

before we can close the book on glycogen in skeletal muscle. 446 

 447 

448 



Figure Legend 449 

Figure 1. Graphic representation of some of the signalling events that are differentially 450 

activated by exercise in either a (A) high glycogen or (B) low glycogen state. In a low glycogen 451 

state (B), the greater catecholamine response results in the activation of protein kinase A (PKA) 452 

and the phosphorylation and removal of the carbohydrate response element binding protein 453 

(ChREBP) and the sterol response element-binding protein (SREBP) from the nucleus. In 454 

addition, exercise in a low glycogen state leads to the phosphorylation and activation of 455 

hormone sensitive lipase (HSL), adipose triglyceride lipase (ATGL), and the activation of 456 

peroxisome proliferator activated receptor coactivator-1α (PGC-1α). The increase in circulating 457 

fatty acids (FA) and the breakdown of intramuscular triglycerides (IMTG) bind to and activate 458 

the peroxisome proiferator activated receptor (PPAR) delta resulting in an increase in the 459 

synthesis of mRNA associated with greater fat oxidation such as carnitine palmitoyltransferase 460 

(CPT-1), fatty acid translocase (FAT/CD36), and HSL. The decrease in glycogen content also 461 

results in the release of the AMP-activated protein kinase (AMPK) from the glycogen particle, 462 

resulting in greater activity and altered localization. Lastly, the osmotic stress associated with a 463 

rapid change in glycogen content can activate the mitogen activated protein kinases (MAPK) 464 

such as p38, which can phosphorylate and activate PGC-1α. Together, these alterations in 465 

muscle signaling result in improved fatty acid utilization that ultimately results in glycogen 466 

sparing during steady state exercise. 467 

468 



References 469 

1. Akerstrom TC, Birk JB, Klein DK, Erikstrup C, Plomgaard P, Pedersen BK, and Wojtaszewski J. 470 
Oral glucose ingestion attenuates exercise-induced activation of 5'-AMP-activated protein kinase in 471 
human skeletal muscle. Biochem Biophys Res Commun 342: 949-955, 2006. 472 
2. Akimoto T, Sorg BS, and Yan Z. Real-time imaging of peroxisome proliferator-activated 473 
receptor-gamma coactivator-1alpha promoter activity in skeletal muscles of living mice. Am J Physiol 474 
Cell Physiol 287: C790-796, 2004. 475 
3. Allfrey VG, Faulkner R, and Mirsky AE. Acetylation and Methylation of Histones and Their 476 
Possible Role in the Regulation of Rna Synthesis. Proceedings of the National Academy of Sciences of 477 
the United States of America 51: 786-794, 1964. 478 
4. Bergstrom J, Hermansen L, Hultman E, and Saltin B. Diet, muscle glycogen and physical 479 
performance. Acta Physiol Scand 71: 140-150, 1967. 480 
5. Bergstrom J and Hultman E. The effect of exercise on muscle glycogen and electrolytes in 481 
normals. Scand J Clin Lab Invest 18: 16-20, 1966. 482 
6. Bergstrom J and Hultman E. Muscle glycogen synthesis after exercise: an enhancing factor 483 
localized to the muscle cells in man. Nature 210: 309-310, 1966. 484 
7. Bergstrom J and Hultman E. A study of the glycogen metabolism during exercise in man. Scand 485 
J Clin Lab Invest 19: 218-228, 1967. 486 
8. Bergstrom J and Hultman E. Synthesis of muscle glycogen in man after glucose and fructose 487 
infusion. Acta Med Scand 182: 93-107, 1967. 488 
9. Bernard C. Nouvelles recherches expérimentales sur les phénomènes glycogeniques du foie. . 489 
Comptes rendus de la Société de biologie 2: 1-7, 1858. 490 
10. Bizeau ME, MacLean PS, Johnson GC, and Wei Y. Skeletal muscle sterol regulatory element 491 
binding protein-1c decreases with food deprivation and increases with feeding in rats. The Journal of 492 
nutrition 133: 1787-1792, 2003. 493 
11. Blomstrand E and Saltin B. Effect of muscle glycogen on glucose, lactate and amino acid 494 
metabolism during exercise and recovery in human subjects. J Physiol 514 ( Pt 1): 293-302, 1999. 495 
12. Boraston AB, Bolam DN, Gilbert HJ, and Davies GJ. Carbohydrate-binding modules: fine-tuning 496 
polysaccharide recognition. The Biochemical journal 382: 769-781, 2004. 497 
13. Braissant O, Foufelle F, Scotto C, Dauca M, and Wahli W. Differential expression of 498 
peroxisome proliferator-activated receptors (PPARs): tissue distribution of PPAR-alpha, -beta, and -499 
gamma in the adult rat. Endocrinology 137: 354-366, 1996. 500 
14. Butkinaree C, Park K, and Hart GW. O-linked beta-N-acetylglucosamine (O-GlcNAc): Extensive 501 
crosstalk with phosphorylation to regulate signaling and transcription in response to nutrients and 502 
stress. Biochimica et biophysica acta 1800: 96-106, 2010. 503 
15. Canto C, Jiang LQ, Deshmukh AS, Mataki C, Coste A, Lagouge M, Zierath JR, and Auwerx J. 504 
Interdependence of AMPK and SIRT1 for metabolic adaptation to fasting and exercise in skeletal 505 
muscle. Cell metabolism 11: 213-219, 2010. 506 
16. Chan MH, McGee SL, Watt MJ, Hargreaves M, and Febbraio MA. Altering dietary nutrient 507 
intake that reduces glycogen content leads to phosphorylation of nuclear p38 MAP kinase in human 508 
skeletal muscle: association with IL-6 gene transcription during contraction. Faseb J 18: 1785-1787, 509 
2004. 510 
17. Chinsomboon J, Ruas J, Gupta RK, Thom R, Shoag J, Rowe GC, Sawada N, Raghuram S, and 511 
Arany Z. The transcriptional coactivator PGC-1alpha mediates exercise-induced angiogenesis in 512 
skeletal muscle. Proc Natl Acad Sci U S A 106: 21401-21406, 2009. 513 
18. Chung J, Nguyen AK, Henstridge DC, Holmes AG, Chan MH, Mesa JL, Lancaster GI, Southgate 514 
RJ, Bruce CR, Duffy SJ, Horvath I, Mestril R, Watt MJ, Hooper PL, Kingwell BA, Vigh L, Hevener A, and 515 



Febbraio MA. HSP72 protects against obesity-induced insulin resistance. Proceedings of the National 516 
Academy of Sciences of the United States of America 105: 1739-1744, 2008. 517 
19. Copeland RJ, Bullen JW, and Hart GW. Cross-talk between GlcNAcylation and phosphorylation: 518 
roles in insulin resistance and glucose toxicity. American journal of physiology Endocrinology and 519 
metabolism 295: E17-28, 2008. 520 
20. Cori GT and Cori CF. The Kinetics Of The Enzymatic Synthesis Of Glycogen From Glucose-1-521 
Phosphate. J Biol Chem 135: 733-756, 1940. 522 
21. Coste A, Louet JF, Lagouge M, Lerin C, Antal MC, Meziane H, Schoonjans K, Puigserver P, 523 
O'Malley BW, and Auwerx J. The genetic ablation of SRC-3 protects against obesity and improves 524 
insulin sensitivity by reducing the acetylation of PGC-1{alpha}. Proceedings of the National Academy 525 
of Sciences of the United States of America 105: 17187-17192, 2008. 526 
22. Dentin R, Benhamed F, Pegorier JP, Foufelle F, Viollet B, Vaulont S, Girard J, and Postic C. 527 
Polyunsaturated fatty acids suppress glycolytic and lipogenic genes through the inhibition of ChREBP 528 
nuclear protein translocation. The Journal of clinical investigation 115: 2843-2854, 2005. 529 
23. Ehrenborg E and Krook A. Regulation of skeletal muscle physiology and metabolism by 530 
peroxisome proliferator-activated receptor delta. Pharmacol Rev 61: 373-393, 2009. 531 
24. Febbraio MA and Koukoulas I. HSP72 gene expression progressively increases in human 532 
skeletal muscle during prolonged, exhaustive exercise. Journal of applied physiology 89: 1055-1060, 533 
2000. 534 
25. Febbraio MA, Mesa JL, Chung J, Steensberg A, Keller C, Nielsen HB, Krustrup P, Ott P, Secher 535 
NH, and Pedersen BK. Glucose ingestion attenuates the exercise-induced increase in circulating heat 536 
shock protein 72 and heat shock protein 60 in humans. Cell Stress Chaperones 9: 390-396, 2004. 537 
26. Febbraio MA, Steensberg A, Fischer CP, Keller C, Hiscock N, and Pedersen BK. IL-6 activates 538 
HSP72 gene expression in human skeletal muscle. Biochemical and biophysical research 539 
communications 296: 1264-1266, 2002. 540 
27. Febbraio MA, Steensberg A, Walsh R, Koukoulas I, van Hall G, Saltin B, and Pedersen BK. 541 
Reduced glycogen availability is associated with an elevation in HSP72 in contracting human skeletal 542 
muscle. The Journal of physiology 538: 911-917, 2002. 543 
28. Ferre P and Foufelle F. Hepatic steatosis: a role for de novo lipogenesis and the transcription 544 
factor SREBP-1c. Diabetes, obesity & metabolism 12 Suppl 2: 83-92, 2010. 545 
29. Finkel T, Deng CX, and Mostoslavsky R. Recent progress in the biology and physiology of 546 
sirtuins. Nature 460: 587-591, 2009. 547 
30. Fritz T, Kramer DK, Karlsson HK, Galuska D, Engfeldt P, Zierath JR, and Krook A. Low-intensity 548 
exercise increases skeletal muscle protein expression of PPARdelta and UCP3 in type 2 diabetic 549 
patients. Diabetes Metab Res Rev 22: 492-498, 2006. 550 
31. Fyffe SA, Alphey MS, Buetow L, Smith TK, Ferguson MA, Sorensen MD, Bjorkling F, and Hunter 551 
WN. Recombinant human PPAR-beta/delta ligand-binding domain is locked in an activated 552 
conformation by endogenous fatty acids. Journal of molecular biology 356: 1005-1013, 2006. 553 
32. Garcia-Roves P, Huss JM, Han DH, Hancock CR, Iglesias-Gutierrez E, Chen M, and Holloszy JO. 554 
Raising plasma fatty acid concentration induces increased biogenesis of mitochondria in skeletal 555 
muscle. Proceedings of the National Academy of Sciences of the United States of America 104: 10709-556 
10713, 2007. 557 
33. Goldsmith E, Sprang S, and Fletterick R. Structure of maltoheptaose by difference Fourier 558 
methods and a model for glycogen. Journal of molecular biology 156: 411-427, 1982. 559 
34. Graham TE, Yuan Z, Hill AK, and Wilson RJ. The regulation of muscle glycogen: the granule and 560 
its proteins. Acta physiologica 199: 489-498, 2010. 561 
35. Guan KL and Xiong Y. Regulation of intermediary metabolism by protein acetylation. Trends in 562 
biochemical sciences 36: 108-116, 2011. 563 



36. Guarente L. The logic linking protein acetylation and metabolism. Cell metabolism 14: 151-564 
153, 2011. 565 
37. Handschin C and Spiegelman BM. The role of exercise and PGC1alpha in inflammation and 566 
chronic disease. Nature 454: 463-469, 2008. 567 
38. Hanke N, Scheibe RJ, Manukjan G, Ewers D, Umeda PK, Chang KC, Kubis HP, Gros G, and 568 
Meissner JD. Gene regulation mediating fiber-type transformation in skeletal muscle cells is partly 569 
glucose- and ChREBP-dependent. Biochimica et biophysica acta 1813: 377-389, 2011. 570 
39. Hansen AK, Fischer CP, Plomgaard P, Andersen JL, Saltin B, and Pedersen BK. Skeletal muscle 571 
adaptation: training twice every second day vs. training once daily. J Appl Physiol 98: 93-99, 2005. 572 
40. Hargreaves M, McConell G, and Proietto J. Influence of muscle glycogen on glycogenolysis and 573 
glucose uptake during exercise in humans. Journal of applied physiology 78: 288-292, 1995. 574 
41. Harris RA. Carbohydrate metabolism I. Major metabolic pathways and their control. In: 575 
Textbook of Biochemistry with Clinical Correlations, edited by Devlin TM. New York: Wiley-Liss, 1992, 576 
p. 291–358. 577 
42. Hermansen L, Hultman E, and Saltin B. Muscle glycogen during prolonged severe exercise. 578 
Acta physiologica Scandinavica 71: 129-139, 1967. 579 
43. Holst D, Luquet S, Nogueira V, Kristiansen K, Leverve X, and Grimaldi PA. Nutritional 580 
regulation and role of peroxisome proliferator-activated receptor delta in fatty acid catabolism in 581 
skeletal muscle. Biochimica et biophysica acta 1633: 43-50, 2003. 582 
44. Holst D, Luquet S, Nogueira V, Kristiansen K, Leverve X, and Grimaldi PA. Nutritional 583 
regulation and role of peroxisome proliferator-activated receptor delta in fatty acid catabolism in 584 
skeletal muscle. Biochim Biophys Acta 1633: 43-50, 2003. 585 
45. Hudson ER, Pan DA, James J, Lucocq JM, Hawley SA, Green KA, Baba O, Terashima T, and 586 
Hardie DG. A novel domain in AMP-activated protein kinase causes glycogen storage bodies similar to 587 
those seen in hereditary cardiac arrhythmias. Curr Biol 13: 861-866, 2003. 588 
46. Hulston CJ, Venables MC, Mann CH, Martin C, Philp A, Baar K, and Jeukendrup AE. Training 589 
with Low Muscle Glycogen Enhances Fat Metabolism in Well-Trained Cyclists. Med Sci Sports Exerc, 590 
2010. 591 
47. Hultman E and Bergstrom J. Muscle glycogen synthesis in relation to diet studied in normal 592 
subjects. Acta Med Scand 182: 109-117, 1967. 593 
48. Iizuka K, Bruick RK, Liang G, Horton JD, and Uyeda K. Deficiency of carbohydrate response 594 
element-binding protein (ChREBP) reduces lipogenesis as well as glycolysis. Proc Natl Acad Sci U S A 595 
101: 7281-7286, 2004. 596 
49. Ishii S, Iizuka K, Miller BC, and Uyeda K. Carbohydrate response element binding protein 597 
directly promotes lipogenic enzyme gene transcription. Proc Natl Acad Sci U S A 101: 15597-15602, 598 
2004. 599 
50. Jensen J, Rustad PI, Kolnes AJ, and Lai YC. The role of skeletal muscle glycogen breakdown for 600 
regulation of insulin sensitivity by exercise. Front Physiol 2: 112, 2011. 601 
51. Jeon TI and Osborne TF. SREBPs: metabolic integrators in physiology and metabolism. Trends 602 
in endocrinology and metabolism: TEM, 2011. 603 
52. Jump DB, Botolin D, Wang Y, Xu J, Demeure O, and Christian B. Docosahexaenoic acid (DHA) 604 
and hepatic gene transcription. Chem Phys Lipids 153: 3-13, 2008. 605 
53. Keller C, Steensberg A, Hansen AK, Fischer CP, Plomgaard P, and Pedersen BK. Effect of 606 
exercise, training, and glycogen availability on IL-6 receptor expression in human skeletal muscle. J 607 
Appl Physiol 99: 2075-2079, 2005. 608 
54. Keller C, Steensberg A, Pilegaard H, Osada T, Saltin B, Pedersen BK, and Neufer PD. 609 
Transcriptional activation of the IL-6 gene in human contracting skeletal muscle: influence of muscle 610 
glycogen content. Faseb J 15: 2748-2750, 2001. 611 



55. Kelly M, Keller C, Avilucea PR, Keller P, Luo Z, Xiang X, Giralt M, Hidalgo J, Saha AK, Pedersen 612 
BK, and Ruderman NB. AMPK activity is diminished in tissues of IL-6 knockout mice: the effect of 613 
exercise. Biochem Biophys Res Commun 320: 449-454, 2004. 614 
56. Kiens B. Skeletal muscle lipid metabolism in exercise and insulin resistance. Physiological 615 
reviews 86: 205-243, 2006. 616 
57. Kleiner S, Nguyen-Tran V, Bare O, Huang X, Spiegelman B, and Wu Z. PPAR{delta} agonism 617 
activates fatty acid oxidation via PGC-1{alpha} but does not increase mitochondrial gene expression 618 
and function. J Biol Chem 284: 18624-18633, 2009. 619 
58. Koay A, Woodcroft B, Petrie EJ, Yue H, Emanuelle S, Bieri M, Bailey MF, Hargreaves M, Park JT, 620 
Park KH, Ralph S, Neumann D, Stapleton D, and Gooley PR. AMPK beta subunits display isoform 621 
specific affinities for carbohydrates. FEBS letters 584: 3499-3503, 2010. 622 
59. Lee-Young RS, Palmer MJ, Linden KC, LePlastrier K, Canny BJ, Hargreaves M, Wadley GD, Kemp 623 
BE, and McConell GK. Carbohydrate ingestion does not alter skeletal muscle AMPK signaling during 624 
exercise in humans. Am J Physiol Endocrinol Metab 291: E566-573, 2006. 625 
60. Low SY, Rennie MJ, and Taylor PM. Modulation of glycogen synthesis in rat skeletal muscle by 626 
changes in cell volume. The Journal of physiology 495 ( Pt 2): 299-303, 1996. 627 
61. MacDonald C, Wojtaszewski JF, Pedersen BK, Kiens B, and Richter EA. Interleukin-6 release 628 
from human skeletal muscle during exercise: relation to AMPK activity. J Appl Physiol 95: 2273-2277, 629 
2003. 630 
62. Mahoney DJ, Parise G, Melov S, Safdar A, and Tarnopolsky MA. Analysis of global mRNA 631 
expression in human skeletal muscle during recovery from endurance exercise. Faseb J 19: 1498-1500, 632 
2005. 633 
63. Marchand I, Tarnopolsky M, Adamo KB, Bourgeois JM, Chorneyko K, and Graham TE. 634 
Quantitative assessment of human muscle glycogen granules size and number in subcellular locations 635 
during recovery from prolonged exercise. The Journal of physiology 580: 617-628, 2007. 636 
64. Mathai AS, Bonen A, Benton CR, Robinson DL, and Graham TE. Rapid exercise-induced changes 637 
in PGC-1alpha mRNA and protein in human skeletal muscle. Journal of applied physiology 105: 1098-638 
1105, 2008. 639 
65. McBride A, Ghilagaber S, Nikolaev A, and Hardie DG. The glycogen-binding domain on the 640 
AMPK beta subunit allows the kinase to act as a glycogen sensor. Cell Metab 9: 23-34, 2009. 641 
66. Melendez-Hevia E, Waddell TG, and Shelton ED. Optimization of molecular design in the 642 
evolution of metabolism: the glycogen molecule. The Biochemical journal 295 ( Pt 2): 477-483, 1993. 643 
67. Miura S, Kawanaka K, Kai Y, Tamura M, Goto M, Shiuchi T, Minokoshi Y, and Ezaki O. An 644 
Increase in Murine Skeletal Muscle PGC-1{alpha} mRNA in Response to Exercise is Mediated by {beta}-645 
Adrenergic Receptor Activation. Endocrinology, 2007. 646 
68. Mortensen OH, Plomgaard P, Fischer CP, Hansen AK, Pilegaard H, and Pedersen BK. PGC-1beta 647 
is downregulated by training in human skeletal muscle: no effect of training twice every second day 648 
vs. once daily on expression of the PGC-1 family. J Appl Physiol 103: 1536-1542, 2007. 649 
69. Nadeau KJ, Ehlers LB, Aguirre LE, Moore RL, Jew KN, Ortmeyer HK, Hansen BC, Reusch JE, and 650 
Draznin B. Exercise training and calorie restriction increase SREBP-1 expression and intramuscular 651 
triglyceride in skeletal muscle. American journal of physiology Endocrinology and metabolism 291: 652 
E90-98, 2006. 653 
70. Nahle Z, Hsieh M, Pietka T, Coburn CT, Grimaldi PA, Zhang MQ, Das D, and Abumrad NA. 654 
CD36-dependent regulation of muscle FoxO1 and PDK4 in the PPAR delta/beta-mediated adaptation 655 
to metabolic stress. The Journal of biological chemistry 283: 14317-14326, 2008. 656 
71. Nielsen J, Holmberg HC, Schroder HD, Saltin B, and Ortenblad N. Human skeletal muscle 657 
glycogen utilization in exhaustive exercise: role of subcellular localization and fibre type. The Journal 658 
of physiology 589: 2871-2885, 2011. 659 



72. Nielsen J, Suetta C, Hvid LG, Schroder HD, Aagaard P, and Ortenblad N. Subcellular 660 
localization-dependent decrements in skeletal muscle glycogen and mitochondria content following 661 
short-term disuse in young and old men. American journal of physiology Endocrinology and 662 
metabolism 299: E1053-1060, 2010. 663 
73. Philp A, Burke LM, and Baar K. Altering endogenous carbohydrate availability to support 664 
training adaptations. Nestle Nutr Inst Workshop Ser 69: 19-37, 2011. 665 
74. Pilegaard H, Keller C, Steensberg A, Helge JW, Pedersen BK, Saltin B, and Neufer PD. Influence 666 
of pre-exercise muscle glycogen content on exercise-induced transcriptional regulation of metabolic 667 
genes. The Journal of physiology 541: 261-271, 2002. 668 
75. Pogozelski AR, Geng T, Li P, Yin X, Lira VA, Zhang M, Chi JT, and Yan Z. p38gamma mitogen-669 
activated protein kinase is a key regulator in skeletal muscle metabolic adaptation in mice. PLoS ONE 670 
4: e7934, 2009. 671 
76. Polekhina G, Gupta A, Michell BJ, van Denderen B, Murthy S, Feil SC, Jennings IG, Campbell DJ, 672 
Witters LA, Parker MW, Kemp BE, and Stapleton D. AMPK beta subunit targets metabolic stress 673 
sensing to glycogen. Curr Biol 13: 867-871, 2003. 674 
77. Polekhina G, Gupta A, van Denderen BJ, Feil SC, Kemp BE, Stapleton D, and Parker MW. 675 
Structural basis for glycogen recognition by AMP-activated protein kinase. Structure 13: 1453-1462, 676 
2005. 677 
78. Prats C, Gomez-Cabello A, and Hansen AV. Intracellular compartmentalization of skeletal 678 
muscle glycogen metabolism and insulin signalling. Experimental physiology 96: 385-390, 2011. 679 
79. Robinson MM, Richards JC, Hickey MS, Moore DR, Phillips SM, Bell C, and Miller BF. Acute 680 
{beta}-adrenergic stimulation does not alter mitochondrial protein synthesis or markers of 681 
mitochondrial biogenesis in adult men. Am J Physiol Regul Integr Comp Physiol 298: R25-33, 2010. 682 
80. Ruderman NB, Keller C, Richard AM, Saha AK, Luo Z, Xiang X, Giralt M, Ritov VB, Menshikova 683 
EV, Kelley DE, Hidalgo J, Pedersen BK, and Kelly M. Interleukin-6 regulation of AMP-activated protein 684 
kinase. Potential role in the systemic response to exercise and prevention of the metabolic syndrome. 685 
Diabetes 55 Suppl 2: S48-54, 2006. 686 
81. Russell AP, Feilchenfeldt J, Schreiber S, Praz M, Crettenand A, Gobelet C, Meier CA, Bell DR, 687 
Kralli A, Giacobino JP, and Deriaz O. Endurance training in humans leads to fiber type-specific 688 
increases in levels of peroxisome proliferator-activated receptor-gamma coactivator-1 and 689 
peroxisome proliferator-activated receptor-alpha in skeletal muscle. Diabetes 52: 2874-2881, 2003. 690 
82. Rybicka KK. Glycosomes--the organelles of glycogen metabolism. Tissue & cell 28: 253-265, 691 
1996. 692 
83. Schrauwen P, Lichtenbelt WD, Saris WH, and Westerterp KR. Fat balance in obese subjects: 693 
role of glycogen stores. The American journal of physiology 274: E1027-1033, 1998. 694 
84. Shaw CS, Jones DA, and Wagenmakers AJ. Network distribution of mitochondria and lipid 695 
droplets in human muscle fibres. Histochem Cell Biol 129: 65-72, 2008. 696 
85. Shearer J and Graham TE. Novel aspects of skeletal muscle glycogen and its regulation during 697 
rest and exercise. Exercise and sport sciences reviews 32: 120-126, 2004. 698 
86. Sheikh-Hamad D and Gustin MC. MAP kinases and the adaptive response to hypertonicity: 699 
functional preservation from yeast to mammals. Am J Physiol Renal Physiol 287: F1102-1110, 2004. 700 
87. Staiger H, Haas C, Machann J, Werner R, Weisser M, Schick F, Machicao F, Stefan N, Fritsche A, 701 
and Haring HU. Muscle-derived angiopoietin-like protein 4 is induced by fatty acids via peroxisome 702 
proliferator-activated receptor (PPAR)-delta and is of metabolic relevance in humans. Diabetes 58: 703 
579-589, 2009. 704 
88. Stapleton D, Nelson C, Parsawar K, McClain D, Gilbert-Wilson R, Barker E, Rudd B, Brown K, 705 
Hendrix W, O'Donnell P, and Parker G. Analysis of hepatic glycogen-associated proteins. Proteomics 706 
10: 2320-2329, 2010. 707 



89. Steensberg A, van Hall G, Keller C, Osada T, Schjerling P, Pedersen BK, Saltin B, and Febbraio 708 
MA. Muscle glycogen content and glucose uptake during exercise in humans: influence of prior 709 
exercise and dietary manipulation. J Physiol 541: 273-281, 2002. 710 
90. Steinberg GR and Kemp BE. AMPK in Health and Disease. Physiological reviews 89: 1025-1078, 711 
2009. 712 
91. Steinberg GR, Watt MJ, McGee SL, Chan S, Hargreaves M, Febbraio MA, Stapleton D, and 713 
Kemp BE. Reduced glycogen availability is associated with increased AMPKalpha2 activity, nuclear 714 
AMPKalpha2 protein abundance, and GLUT4 mRNA expression in contracting human skeletal muscle. 715 
Appl Physiol Nutr Metab 31: 302-312, 2006. 716 
92. Sullivan MA, Li J, Li C, Vilaplana F, Stapleton D, Gray-Weale AA, Bowen S, Zheng L, and Gilbert 717 
RG. Molecular structural differences between type-2-diabetic and healthy glycogen. 718 
Biomacromolecules 12: 1983-1986, 2011. 719 
93. Tarnopolsky MA, Rennie CD, Robertshaw HA, Fedak-Tarnopolsky SN, Devries MC, and 720 
Hamadeh MJ. Influence of endurance exercise training and sex on intramyocellular lipid and 721 
mitochondrial ultrastructure, substrate use, and mitochondrial enzyme activity. American journal of 722 
physiology Regulatory, integrative and comparative physiology 292: R1271-1278, 2007. 723 
94. Towler MC and Hardie DG. AMP-activated protein kinase in metabolic control and insulin 724 
signaling. Circ Res 100: 328-341, 2007. 725 
95. van Loon LJ and Goodpaster BH. Increased intramuscular lipid storage in the insulin-resistant 726 
and endurance-trained state. Pflugers Archiv : European journal of physiology 451: 606-616, 2006. 727 
96. Wang Q, Zhang Y, Yang C, Xiong H, Lin Y, Yao J, Li H, Xie L, Zhao W, Yao Y, Ning ZB, Zeng R, 728 
Xiong Y, Guan KL, Zhao S, and Zhao GP. Acetylation of metabolic enzymes coordinates carbon source 729 
utilization and metabolic flux. Science 327: 1004-1007, 2010. 730 
97. Watt MJ and Hargreaves M. Effect of epinephrine on glucose disposal during exercise in 731 
humans: role of muscle glycogen. American journal of physiology Endocrinology and metabolism 283: 732 
E578-583, 2002. 733 
98. Watt MJ, Southgate RJ, Holmes AG, and Febbraio MA. Suppression of plasma free fatty acids 734 
upregulates peroxisome proliferator-activated receptor (PPAR) alpha and delta and PPAR coactivator 735 
1alpha in human skeletal muscle, but not lipid regulatory genes. J Mol Endocrinol 33: 533-544, 2004. 736 
99. Watt MJ and Spriet LL. Triacylglycerol lipases and metabolic control: implications for health 737 
and disease. American journal of physiology Endocrinology and metabolism 299: E162-168, 2010. 738 
100. Weltan SM, Bosch AN, Dennis SC, and Noakes TD. Preexercise muscle glycogen content affects 739 
metabolism during exercise despite maintenance of hyperglycemia. The American journal of 740 
physiology 274: E83-88, 1998. 741 
101. Widegren U, Jiang XJ, Krook A, Chibalin AV, Bjornholm M, Tally M, Roth RA, Henriksson J, 742 
Wallberg-henriksson H, and Zierath JR. Divergent effects of exercise on metabolic and mitogenic 743 
signaling pathways in human skeletal muscle. Faseb J 12: 1379-1389, 1998. 744 
102. Wojtaszewski JF, Jorgensen SB, Hellsten Y, Hardie DG, and Richter EA. Glycogen-dependent 745 
effects of 5-aminoimidazole-4-carboxamide (AICA)-riboside on AMP-activated protein kinase and 746 
glycogen synthase activities in rat skeletal muscle. Diabetes 51: 284-292, 2002. 747 
103. Wojtaszewski JF, MacDonald C, Nielsen JN, Hellsten Y, Hardie DG, Kemp BE, Kiens B, and 748 
Richter EA. Regulation of 5'AMP-activated protein kinase activity and substrate utilization in 749 
exercising human skeletal muscle. Am J Physiol Endocrinol Metab 284: E813-822, 2003. 750 
104. Yeo WK, McGee SL, Carey AL, Paton CD, Garnham AP, Hargreaves M, and Hawley JA. Acute 751 
signalling responses to intense endurance training commenced with low or normal muscle glycogen. 752 
Experimental physiology 95: 351-358, 2010. 753 



105. Yeo WK, Paton CD, Garnham AP, Burke LM, Carey AL, and Hawley JA. Skeletal muscle 754 
adaptation and performance responses to once a day versus twice every second day endurance 755 
training regimens. J Appl Physiol 105: 1462-1470, 2008. 756 
106. Zeidan Q and Hart GW. The intersections between O-GlcNAcylation and phosphorylation: 757 
implications for multiple signaling pathways. Journal of cell science 123: 13-22, 2010. 758 
107. Zhao S, Xu W, Jiang W, Yu W, Lin Y, Zhang T, Yao J, Zhou L, Zeng Y, Li H, Li Y, Shi J, An W, 759 
Hancock SM, He F, Qin L, Chin J, Yang P, Chen X, Lei Q, Xiong Y, and Guan KL. Regulation of cellular 760 
metabolism by protein lysine acetylation. Science 327: 1000-1004, 2010. 761 

 762 

 763 

 764 






	Article File
	Figure 1
	Table 1

