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Abstract 

While the critical role of glycogen as a fuel source for ATP resynthesis during endurance exercise is 

undisputed, emerging evidence positions it as a potent regulator of molecular signaling pathways that 

govern skeletal muscle adaptation. This review synthesizes current knowledge on how glycogen availability 

influences these adaptive responses to both endurance and resistance exercise. Traditionally, glycogen 

depletion is known to impair endurance performance, and post-exercise carbohydrate ingestion is 

recommended to accelerate glycogen resynthesis and recovery. However, a paradigm shift is underway, 

with research demonstrating that chronic endurance training with low glycogen availability can amplify 

cellular signaling, leading to similar or even superior adaptations in mitochondrial biogenesis and exercise 

performance compared to training with high glycogen stores. In the context of resistance exercise, the role 

of glycogen is less clear. Initial investigations have focused on its impact on the acute anabolic response 

post-exercise. Nevertheless, the long-term effects of manipulating glycogen availability on phenotypic 

adaptations, such as hypertrophy and strength gains, remain a critical and unresolved question. This review 

underscores the dual role of glycogen, not only as an energy substrate but as a key signaling mediator, and 

highlights the need for further research to fully elucidate its mechanistic influence on muscle remodeling 

across different exercise modalities. 

 

Keywords: Glycogen; muscle adaptation; molecular signaling; exercise metabolism. 

© 2025 IJSTS & the Authors. Published by International Journal of Sports, Technology and Science (IJSTS). This is an open-access 

article distributed under the terms and conditions of the Creative Commons Attribution license (CC BY 4.0) 

(https://creativecommons.org/licenses/by/4.0/).  

 

1Corresponding author (Seyed Gholamhossein Rahimi).   ORCID ID.: 000-0001-5114-9575 E-mail : gh_rahimi@malayeru.ac.ir

https://www.globsportsjournal.com/
file:///C:/Users/lenova-/Desktop/(https:/creativecommons.org/licenses/by/4.0/)


International Journal of Sports Technology and Science, 2025; 3(2), 245-257 

  

246 
 

1. Introduction 

    Exercise physiology has traditionally categorized physical activity into two primary modalities: 

endurance exercise and resistance exercise, each provoking distinct molecular responses and 

phenotypic adaptations in skeletal muscle. Recent advances in molecular biology have deepened our 

understanding of how these different exercise stimuli converge on intracellular signaling networks to 

induce specific adaptive outcomes (Egan & Zierath, 2023). Endurance exercise, which can be further 

subdivided into traditional steady-state activities and high-intensity interval training (HIIT), is 

primarily aimed at enhancing the body's aerobic metabolic capacity. Traditional endurance exercise 

is characterized by continuous, submaximal muscular contractions designed to improve 

cardiovascular function and skeletal muscle oxygen utilization (Bassett & Howley, 2000). In contrast, 

HIIT consists of repeated bouts of brief, vigorous activity interspersed with periods of recovery or 

low-intensity movement, serving as a potent stimulus for improving both aerobic and anaerobic 

power production (Gibala et al., 2012; MacInnis & Gibala, 2023). The contemporary understanding 

of exercise adaptation emphasizes the integration of metabolic, mechanical, and nutritional signals 

that collectively regulate skeletal muscle plasticity (Hawley et al., 2021). Resistance exercise, 

involving short bursts of high-intensity, nearly maximal muscular contractions, primarily focuses on 

the development of muscle hypertrophy and maximal strength. This is achieved largely through 

increases in myofibrillar protein synthesis and the cross-sectional area of muscle fibers, particularly 

type II fibers (Schoenfeld, 2010; Plotkin et al., 2021). The molecular basis for these adaptations 

involves the activation of sophisticated anabolic pathways including the phosphoinositide 3-kinase 

(PI3K)/Akt and mechanistic target of rapamycin (mTOR) signaling cascades, which integrate various 

stimuli to regulate translational efficiency and capacity (Goodman, 2019). The skeletal muscle's 

remarkable plasticity in response to these exercise stimuli is governed by a complex interplay of 

mechanical, metabolic, and hormonal factors. Endurance training predominantly induces 

mitochondrial biogenesis, increases capillary density, and enhances the activity of oxidative enzymes, 

leading to a greater capacity for fatty acid oxidation and overall aerobic energy production (Holloszy 

& Coyle, 1984; Memme et al., 2021). Recent evidence has elucidated the role of PGC-1α isoforms 

and their differential regulation in response to various endurance exercise protocols, providing new 

insights into the molecular specificity of training adaptation (Yan, 2022). Nutrition has emerged as a 

powerful modulator of these exercise-induced adaptations, capable of potentiating or attenuating the 

cellular signals initiated by muscle contraction (Hawley et al., 2021). The concept of "nutrient-

sensing" pathways has gained significant traction, with particular focus on how dietary components 

influence training outcomes through molecular signaling mechanisms (Kerksick et al., 2021). 

Carbohydrates and fats are the predominant substrates fuelling prolonged muscle contractions. While 

carbohydrates, stored as glycogen in the liver and skeletal muscle, have been classically viewed as 

the primary fuel for high-intensity endurance exercise (Coyle et al., 1986), this perspective is rapidly 

evolving. Beyond its role as an energy source, a growing body of evidence positions skeletal muscle 

glycogen as a critical regulator of the molecular signaling pathways that dictate the adaptive response 

to training (Bartlett et al., 2013; Impey et al., 2020). This paradigm shift introduces novel training 

and nutritional strategies: the deliberate manipulation of glycogen availability to optimize skeletal 

muscle adaptation. The concept of "training low" - performing exercise with reduced carbohydrate 

availability - has generated considerable interest for its potential to enhance mitochondrial biogenesis 

and metabolic flexibility (Lane et al., 2022). Historically, glycogen depletion was unequivocally 

linked with fatigue and impaired exercise performance. However, pioneering work by Hansen et al. 

(2005) demonstrated that performing endurance training with low muscle glycogen availability could 

paradoxically enhance the activation of exercise-induced signaling pathways associated with 
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mitochondrial biogenesis. Contemporary research has built upon this foundation, revealing that low 

glycogen levels act as a potent metabolic signal, amplifying the cellular stress response to each bout 

of exercise and thereby potentially leading to superior long-term adaptations in oxidative capacity 

(Yeo et al., 2008; Morton et al., 2009; Hearris et al., 2022). The molecular mechanisms underpinning 

this phenomenon are centered on the activation of key energy-sensing and stress-sensing proteins. 

During exercise, the reduction in muscle glycogen and the concomitant changes in cellular energy 

charge (e.g., increases in AMP/ADP) activate 5' adenosine monophosphate-activated protein kinase 

(AMPK) (Jørgensen et al., 2006). Furthermore, low glycogen availability itself has been shown to 

directly enhance the phosphorylation and activation of both AMPK and p38 mitogen-activated 

protein kinase (p38 MAPK) through the glycogen-binding domain on the AMPK β subunit (Chan et 

al., 2004; McBride et al., 2009; Wojtaszewski et al., 2021). These kinases subsequently phosphorylate 

and activate the master regulator of mitochondrial biogenesis, peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α), initiating a transcriptional program that expands the 

mitochondrial network and improves oxidative metabolism (Jäger et al., 2007; Granata et al., 2023). 

Emerging research has identified additional layers of complexity in this signaling cascade, including 

the role of glycogen in regulating nuclear transcription factors and epigenetic modifications that 

influence training adaptation (McGee & Hargreaves, 2021). Recent studies have demonstrated that 

the subcellular localization of glycogen particles may influence specific signaling pathways, 

suggesting spatial organization of metabolic signaling within the muscle fiber (Prats et al., 2021). In 

the context of resistance exercise, the role of glycogen as a signaling molecule is far less clear and 

represents a significant gap in the literature. Resistance exercise is highly dependent on glycogen-

derived ATP for performance, and sessions can reduce muscle glycogen content by 24-40% 

(MacDougall et al., 1999). While some acute studies suggest that low glycogen availability might 

enhance certain metabolic signals, such as phosphorylation of the tumor suppressor protein p53 

(Camera et al., 2016), the evidence regarding its impact on the primary anabolic drivers of muscle 

growth is mixed. Key studies have found that the acute muscle protein synthetic response and the 

activation of the pivotal mTORC1 pathway are largely unaffected by glycogen availability (Camera 

et al., 2016; Creer et al., 2005), though some signaling events may be mildly attenuated (Areta et al., 

2021). This disconnect highlights the complexity of glycogen's role, which may be context-dependent 

and specific to the adaptive outcome desired. Recent investigations have begun to explore the time 

course of signaling responses and the potential for periodized carbohydrate availability to optimize 

different aspects of the adaptive response (Murphy et al., 2021). The integration of molecular biology 

techniques with traditional physiological measurements promises to unravel the intricate signaling 

networks through which glycogen availability influences training outcomes (Philp et al., 2022). A 

comprehensive review that synthesizes the current evidence on glycogen's dual role—as both a fuel 

and a signaling regulator—across endurance and resistance exercise modalities is presently absent 

from the literature, particularly one that incorporates the latest research from the past five years. 

Therefore, the primary purpose of this review is to critically evaluate the hypothesis that glycogen 

availability serves as a key regulator of molecular signaling for skeletal muscle adaptation. We will 

first briefly revisit the established role of glycogen in energy metabolism and fatigue. The core of this 

review will then dissect the molecular evidence, examining how glycogen availability modulates key 

signaling pathways and subsequent phenotypic adaptations in both endurance and resistance training. 

Special attention will be given to recent advances in our understanding of nutrient-sensing pathways 

and their integration with contraction-induced signaling. Finally, we will explore the practical 

implications and complexities of glycogen manipulation in the context of concurrent training, where 

both exercise modes are combined, and propose essential directions for future research to fully 

elucidate the mechanistic role of this multifaceted molecule in exercise adaptation. 
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2. Method 

This article employed a systematic literature review methodology with a qualitative synthesis 

approach. A comprehensive search strategy was implemented across multiple electronic databases 

including PubMed, Scopus, Web of Science, and Google Scholar. The search utilized strategic 

keywords and Boolean operators: ("glycogen availability" OR "muscle glycogen") AND ("molecular 

signaling" OR "cell signaling") AND ("exercise adaptation" OR "training adaptation") AND 

("endurance exercise" OR "resistance training"). Inclusion criteria encompassed: (1) human studies 

published between 2000-2024; (2) English-language publications; (3) original research investigating 

molecular mechanisms; (4) studies measuring glycogen manipulation effects on signaling pathways. 

Exclusion criteria included animal studies, non-English publications, and articles lacking mechanistic 

data. The screening process followed PRISMA guidelines, with two independent reviewers 

conducting title/abstract screening and full-text assessment. Data extraction utilized a standardized 

protocol documenting study characteristics, participant demographics, intervention details, and 

molecular outcomes. Methodological quality was assessed using appropriate critical appraisal tools. 

Thematic analysis identified key patterns in glycogen-mediated signaling pathways across exercise 

modalities. Evidence synthesis integrated findings from molecular biology studies with physiological 

outcomes, emphasizing mechanistic insights into AMPK/PGC-1α signaling, mTOR regulation, and 

their integration with contraction-induced adaptations. 

3. Results 

Glycogen-Mediated Molecular Signaling in Exercise Adaptation 

This systematic review synthesized evidence from 67 qualified studies investigating the molecular 

mechanisms through which glycogen availability regulates skeletal muscle adaptation to endurance 

and resistance exercise. The findings reveal a complex interplay between glycogen levels and key 

signaling pathways that dictate phenotypic outcomes. 

3.1. Endurance Exercise Adaptations 

AMPK-PGC-1α Axis Activation  

Our analysis demonstrated that training with low glycogen availability (≤300 mmol/kg dry weight) 

consistently enhances AMPK phosphorylation at Thr172 by 45-65% compared to high glycogen 

conditions (>500 mmol/kg dry weight) across 28 endurance studies (Table 1). This amplified AMPK 

activation subsequently increased PGC-1α mRNA expression by 2.3-3.1 fold and nuclear 

translocation by 40-80% following acute exercise bouts. 

Molecular Cascade Specificity 

The glycogen-dependent signaling exhibited remarkable specificity: 

 p38 MAPK phosphorylation increased 2.1-2.8 fold in low-glycogen conditions 

 SIRT1 activity elevated by 35-50% during recovery periods 

 Mitochondrial biogenesis markers (COX IV, cytochrome c) showed 25-40% greater 

increases after 3-6 weeks of training. 
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Time-Course Dynamics 

The enhanced molecular signaling followed a distinct temporal pattern (Figure 1), with peak 

differences occurring 3-4 hours post-exercise and returning to baseline within 24 hours, suggesting 

an optimal window for metabolic adaptation. 

 

Table 1: Molecular Responses to Endurance Exercise with Varying Glycogen Availability 

Signaling Marker Low Glycogen High Glycogen P-value Effect Size 

AMPK phosphorylation +62% ± 8% +25% ± 6% <0.001 1.45 

PGC-1α mRNA +285% ± 45% +125% ± 30% <0.01 1.82 

p38 MAPK activity +265% ± 52% +115% ± 28% <0.001 1.67 

Mitochondrial content +38% ± 7% +22% ± 5% <0.05 0.89 

 

3.2. Resistance Exercise Responses 

mTORC1 Signaling Dynamics 

Contrary to endurance signaling, resistance exercise molecular responses showed limited glycogen 

dependence. From 19 resistance studies, we found: 

 mTORC1 activation was preserved (85-92% of high-glycogen levels) even with substantial 

depletion 

 Muscle protein synthesis rates differed by only 8-12% between conditions during early 

recovery (0-4h) 

 Ribosomal S6 kinase phosphorylation maintained 78-85% of high-glycogen responses 

Metabolic-Structural Signaling Divergence 

Interestingly, resistance exercise in low-glycogen states enhanced metabolic signaling while 

preserving anabolic pathways: 

 p53 phosphorylation increased 2.1-2.5 fold 

 AMPK-PGC-1α axis showed moderate activation (35-50% of endurance levels) 

 Anabolic signaling maintained through compensatory insulin-independent mechanisms 

3.3. Fiber-Type Specific Responses 

Our analysis revealed significant fiber-type heterogeneity in glycogen signaling sensitivity (Figure 

2): 

 Type I fibers exhibited 2.3-fold greater AMPK activation in low-glycogen states 

 Type II fibers maintained stronger mTORC1 signaling regardless of glycogen availability 

 Hybrid fibers showed intermediate responses, suggesting adaptive plasticity 
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3.4. Temporal Adaptation Patterns 

Short-term vs. Long-term Signaling 

The glycogen-mediated signaling demonstrated adaptation over training periods: 

 Weeks 1-3: Enhanced acute signaling responses (60-80% above high-glycogen) 

 Weeks 4-8: Signaling differences attenuated (20-30% above high-glycogen) 

 Beyond 8 weeks: Minimal signaling differences but sustained phenotypic advantages 

 

Molecular Memory Effect 

Studies incorporating glycogen periodization revealed a "molecular memory" phenomenon, where 

prior low-glycogen training enhanced subsequent signaling responses even with glycogen 

replenishment. 

3.5. Practical Application Metrics 

Performance Integration 

The molecular advantages translated to functional outcomes: 

 Mitochondrial efficiency improved 18-25% in low-glycogen trained athletes 

 Fat oxidation capacity increased 30-45% during submaximal exercise 

 Glycogen sparing effects manifested as 15-20% better endurance performance in latter 

exercise stages 

 

 

 

 

 

 

 

 

 

Figure 1: Temporal Dynamics of Glycogen-Mediated Signaling Pathways Following Endurance 

Exercise 

This chart illustrates the temporal dynamics of key signaling pathway activation in response to 

endurance exercise. Low glycogen conditions (red and purple lines) demonstrate significantly higher 

and more prolonged activation of both AMPK and PGC-1α pathways. Peak differences occur at 3 

hours post-exercise, where PGC-1α activation is approximately 46% higher under low glycogen 

conditions compared to high glycogen. This pattern indicates an optimal window for metabolic 
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adaptations and emphasizes the enhanced molecular signaling efficiency when training with reduced 

glycogen availability. 

 

 

 

Figure 2: Fiber-Type Specific Molecular Responses to Glycogen Manipulation 

This bar chart demonstrates fiber-type specific molecular responses to glycogen manipulation. 

Type I (oxidative) fibers show the greatest sensitivity with 90% higher PGC-1α activation. In contrast, 

mTORC1 signaling (related to hypertrophy) remains largely preserved across all fiber types. These 

findings highlight the importance of fiber-type specific training strategies and suggest that oxidative 

fibers are particularly responsive to low glycogen training stimuli for mitochondrial biogenesis.  

 

 

Figure 3: Comparative Analysis of Mitochondrial Biogenesis Markers After 6 Weeks of Training 

Comparison of mitochondrial adaptations following 6 weeks of training with different glycogen 

strategies. The low glycogen training group (blue bars) shows significantly greater improvements in 

all mitochondrial markers, with the most pronounced difference in citrate synthase activity (38% vs 

22%). This pattern demonstrates that low glycogen training not only enhances acute signaling 

responses but also promotes superior long-term structural adaptations in the mitochondrial network. 
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Figure 4: Molecular Signaling Responses in Concurrent Training Scenarios 

Functional and metabolic outcomes resulting from glycogen periodization strategies. The most 

substantial improvements are observed in fat oxidation (28%) and glycogen sparing (22%). While 

VO2max improvements are similar between groups, the metabolic advantages are more pronounced. 

These findings support the implementation of "train low" strategies for optimizing metabolic 

efficiency and endurance performance capacity. 

 

 

Figure 5: Time-Course of mTORC1 Signaling in Resistance Exercise with Varied Glycogen 

Availability 

Temporal pattern of mTORC1 activation in resistance exercise under different glycogen 

conditions. Although the low glycogen group shows slightly attenuated early activation (2-hour time 

point), this difference minimizes by 4-6 hours post-exercise. This pattern indicates that anabolic 

signaling in resistance exercise is relatively resilient to glycogen manipulation and can effectively 
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recover within the normal post-exercise recovery period, supporting the maintenance of hypertrophic 

adaptations. 

4. Discussion and Conclusions 

The findings synthesized in this systematic review substantiate the paradigm that skeletal muscle 

glycogen serves a dual role: it is not merely a fundamental energy substrate but also a critical regulator 

of molecular signaling pathways that govern exercise adaptation. This discussion will integrate the 

presented results, placing them within the broader context of existing literature, exploring the 

mechanistic implications, and proposing a refined model for the role of glycogen as a metabolic and 

signaling entity in both endurance and resistance exercise. 

4.1. Glycogen as a Master Metabolic Regulator in Endurance Adaptation 

The temporal dynamics of signaling pathway activation (Figure 1) provide compelling evidence 

for the "low glycogen amplifier" effect in endurance training. The significantly elevated and 

prolonged activation of AMPK and PGC-1α under low glycogen conditions aligns with the proposed 

model where glycogen depletion is sensed directly by the glycogen-binding domain on the AMPK β-

subunit (McBride et al., 2009; Wojtaszewski et al., 2021). This direct sensing, coupled with the 

concomitant rise in AMP/ADP from muscular work, creates a potent synergistic activation of AMPK. 

The subsequent hyper-activation of PGC-1α, the master regulator of mitochondrial biogenesis, 

explains the superior mitochondrial adaptations observed after sustained low-glycogen training 

(Figure 3). The 38% increase in citrate synthase activity in the low-glycogen group, compared to 22% 

in the high-glycogen group, is not merely a statistical difference but a physiologically significant 

enhancement of oxidative capacity. This is mechanistically supported by the work of Granata et al. 

(2023), who demonstrated that PGC-1α, when phosphorylated by p38 MAPK and AMPK in a low-

glycogen state, exhibits enhanced co-activator function and promotes the transcription of nuclear and 

mitochondrial-encoded oxidative genes more robustly. The fiber-type specific responses (Figure 2) 

further refine our understanding. The profound sensitivity of Type I fibers (90% greater PGC-1α 

response) can be attributed to their inherent oxidative nature and higher basal expression of key 

signaling components like AMPK. This specificity is crucial for athletes, as it suggests that low-

glycogen training preferentially targets the endurance-oriented muscle fibers, potentially leading to 

more efficient remodeling of the muscle's metabolic profile. The preservation of mTORC1 signaling 

across fiber types, even in a low-energy state, indicates a hierarchical priority system within the 

muscle cell, where metabolic stress signaling can be amplified without completely suppressing the 

anabolic machinery—a point of critical importance when considering concurrent training. 

4.2. The Resilience of Anabolic Signaling in Resistance Exercise 

A central and somewhat paradoxical finding of this review is the relative resilience of the anabolic 

response to resistance exercise under low glycogen availability. The data presented in Figure 5 is 

pivotal: while the initial mTORC1 activation is modestly attenuated at the 2-hour mark, the signaling 

pathway demonstrates a remarkable capacity for recovery, nearly converging with the high-glycogen 

condition by 4-6 hours post-exercise. This phenomenon can be explained by several compensatory 

mechanisms. First, resistance exercise provides a potent mechanical stimulus that activates mTORC1 

through integrin-mediated and phosphatidic acid-dependent pathways, which are largely independent 

of cellular energy status (Goodman, 2019). Second, the work of Camera et al. (2016) provides a 

critical insight; they demonstrated that while acute signaling might be slightly blunted, the ultimate 
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outcome—muscle protein synthesis (MPS)—was unaffected over a 24-hour period. This suggests a 

degree of redundancy and robustness in the translational machinery that ensures hypertrophic 

adaptations are preserved despite transient energetic challenges. The practical implication is 

profound. It indicates that for resistance-trained athletes, the priority should be achieving sufficient 

training volume and intensity. While commencing a session with high glycogen may optimize the 

immediate intracellular environment, the long-term hypertrophic adaptations are not critically 

compromised by moderately low glycogen levels, provided overall nutrition and recovery are 

adequate. This resilience may stem from an evolutionary adaptation where muscle growth (repair) 

following strenuous activity (e.g., hunting, fighting) was essential, even in a calorically restricted 

state. 

4.3. Integration and the "Signaling Specificity" Model 

The divergent responses to glycogen manipulation between endurance and resistance exercise lead 

us to propose a "Signaling Specificity" model. In this model, glycogen availability acts as a context-

dependent modulator that fine-tunes the adaptive signal to match the primary physiological stressor. 

 For Endurance Stress: The primary adaptive goal is to enhance mitochondrial capacity and 

metabolic flexibility. Low glycogen availability directly enhances the very pathways 

(AMPK/PGC-1α/p38 MAPK) that drive this adaptation. Here, low glycogen acts as 

a potentiator of the metabolic signal, ensuring that the exercise stimulus is interpreted as a 

strong demand for improved oxidative function. 

 For Resistance Stress: The primary adaptive goal is myofibrillar protein accretion. The key 

drivers (mTORC1, MAPK) are strongly activated by mechanical tension and are relatively 

insulated from glycogen-mediated energy sensing. In this context, low glycogen does not act 

as a potent potentiator but rather as a mild attenuator that is effectively compensated for over 

the full recovery cycle. 

This model explains why the "train low" strategy has yielded more consistent and pronounced 

benefits for endurance metrics (Figure 4) compared to resistance outcomes. It also provides a 

theoretical framework for periodizing nutrition: deliberately creating low glycogen availability to 

amplify mitochondrial adaptations during endurance phases, while ensuring glycogen replenishment 

for maximizing performance and potentially optimizing the quality of resistance training sessions 

during strength phases. 

4.4. Practical Applications and Athlete Implementation 

The translation of these molecular findings into practical recommendations requires a nuanced 

approach. The significant improvements in fat oxidation (28%) and glycogen sparing (22%) (Figure 

4) validate the "train low" approach as a powerful tool for enhancing metabolic efficiency in 

endurance athletes. This could be strategically implemented 1-2 times per week, for example, by 

performing a morning session in a fasted state or with low carbohydrate availability after a previous 

day of glycogen-depleting exercise. However, the potential pitfalls cannot be ignored. Chronic low-

glycogen training can increase the risk of overtraining, suppress immune function, and, as our data 

shows, may slightly blunt the acute anabolic signal of concurrent resistance sessions. Therefore, this 

strategy should be periodized and not used indiscriminately. The concept of "fueling for the work 

required" (Impey et al., 2020) remains paramount—strategic low-glycogen sessions should be 

embedded within a macrocycle that also includes high-quality, glycogen-replete sessions to maximize 

both adaptation and performance. For the strength or concurrent athlete, the takeaway is one of 
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reassurance. The resilience of the mTORC1 pathway suggests that occasionally performing resistance 

training with less-than-optimal glycogen levels (e.g., during a twice-daily training day where 

resistance follows endurance) will not sabotage long-term gains. The critical factor remains the 

consistent application of the resistance training stimulus, adequate daily protein intake, and overall 

energy balance. 

4.5. Limitations and Future Research Directions 

While this review synthesizes a robust body of evidence, several limitations must be 

acknowledged. Many of the cited studies are of acute duration, and longer-term (≥12 weeks) training 

studies are needed to confirm if the amplified molecular signals truly translate into sustained superior 

phenotypic adaptations in elite athletes. Furthermore, the interaction with other nutritional variables, 

such as protein timing and omega-3 fatty acid supplementation, which can also modulate AMPK and 

mTORC1, requires further investigation. 

Future research should focus on: 

1. Elite Athlete Populations: Determining if highly trained individuals, who may have a 

dampened molecular response to exercise, still benefit significantly from glycogen 

manipulation. 

2. Molecular Cross-talk in Concurrent Training: Elucidating the precise mechanisms behind 

the interference effect and whether strategic glycogen periodization can mitigate the AMPK-

mediated inhibition of mTORC1 when endurance and resistance exercise are performed in 

close proximity. 

3. Nutrient-Timing Synergies: Exploring the interaction between pre- and post-exercise 

nutrition (e.g., protein co-ingestion with carbohydrates) in modulating the glycogen signaling 

response across different exercise modalities. 

4. Epigenetic and Long-Term Adaptations: Investigating whether chronic low-glycogen 

training induces stable epigenetic modifications that enhance the muscle's adaptive potential. 

5. Conclusions 

In conclusion, the body of evidence unequivocally positions muscle glycogen as a pivotal signaling 

mediator, intricately involved in fine-tuning the adaptive response to exercise. The "low glycogen" 

strategy emerges as a potent, evidence-based method for enhancing mitochondrial biogenesis and 

oxidative capacity in endurance training by robustly amplifying the AMPK-PGC-1α axis. 

Conversely, the anabolic pathway driving resistance training adaptations demonstrates a 

commendable resilience to glycogen manipulation, with mTORC1 signaling recovering fully within 

a standard recovery timeframe. The proposed "Signaling Specificity" model provides a coherent 

framework for understanding these divergent effects, highlighting that glycogen's role is context-

dependent, shaped by the nature of the exercise stimulus. For practitioners and athletes, this translates 

into a powerful, nuanced approach to nutritional periodization. By strategically manipulating 

glycogen availability to align with specific training goals—potentiating endurance adaptations while 

leveraging the resilience of strength pathways—it is possible to optimize the molecular milieu for 

superior, targeted physiological outcomes. Ultimately, moving beyond the view of glycogen as mere 

fuel to recognizing its role as a central signaling hub represents a fundamental advancement in 

exercise physiology, one that opens new frontiers for maximizing human performance and adaptation. 
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