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New findings 

What is the central question of this study? 

Glycogen supercompensation following glycogen-depleting exercise can be achieved by consuming a 

carbohydrate-enriched diet, but the associated effects on the size, number and localization of 

intramuscular glycogen particles is unknown. 

 

What is the main finding and its importance? 

Using transmission electron microscopy to visually inspect individual glycogen particles, we show 

that glycogen supercompensation is achieved by increasing the number of particles while keeping 

them at submaximal sizes. This may be a strategy to ensure that glycogen particles can be utilised 

fast as too large particles may impair utilisation rate. 
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Abstract 

Glycogen supercompensation following glycogen-depleting exercise can be achieved by consuming a 

carbohydrate-enriched diet, but the associated effects on the size, number and localization of 

intramuscular glycogen particles is unknown. We investigated how a glycogen loading protocol 

affects fibre type-specific glycogen volume density, particle diameter and numerical density in three 

subcellular pools: between (intermyofibrillar) or within (intramyofibrillar) the myofibrils or beneath 

the sarcolemma (subsarcolemmal). Resting muscle biopsies from 11 physically active men were 

analysed using transmission electron microscopy after mixed (MIX), LOW, or HIGH carbohydrate 

consumption separated by glycogen lowering            75        2max until exhaustion. After HIGH, 

the total volumetric glycogen content was 40% [95% CI 16;68] higher than after MIX in type 1 fibres 

(P<0.001) with little to no difference in type 2 fibres (9% [-9;27]). Median particle diameter was 22.5 

(IQR 20.8;24.7) nm across glycogen pools and fibre types, while the numerical density was 61% 

[25;107] and 40% [9;80] higher in the subsarcolemmal (P<0.001) and intermyofibrillar (P<0.01) pools 

of type 1 fibres, respectively, with little to no difference in the intramyofibrillar pool (3% [-20;32]). In 

LOW, total glycogen was in the range of 21-23% lower, relative to MIX, in both fibre types reflected 

in a 21-46% lower numerical density across pools. Compared to MIX, particle diameter was 

unaffected by other diets ([-1.4;1.3] nm). In conclusion, glycogen supercompensation after 

prolonged cycling is exclusive to type 1 fibres, predominantly in the subsarcolemmal pool, and 

involves an increase in the numerical density rather than the size of existing glycogen particles.  
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Introduction 

Consumption of large amounts (≥ 8 g ∙   -  ∙  - ) of carbohydrate following glycogen depleting 

exercise leads to supercompensation of intramuscular glycogen stores (Bergström & Hultman, 1966; 

Bergström et al., 1967). Glycogen particles consist of glycosyl units organised in tiers, with larger 

particles containing both more units and a larger number of tiers (Gunja-Smith et al., 1970). Storing 

glucose in particles allows for the storage of large amounts of glucose with a minimal osmolarity 

(Roach et al., 2001) and a maximal accessibility at any stage of its degradation (Meléndez et al., 

1997). A fully developed glycogen particle has a theoretical maximal diameter of around 42 nm 

(Meléndez-Hevia et al., 1993), but most glycogen particles are much smaller than this (Marchand et 

al., 2002). The functional explanation for this apparent paradox proposed by Shearer and Graham 

(2004) is that in a fully developed glycogen particle, where the high concentration of glycosyl units in 

the outermost tier gives rise to steric hindrance (Meléndez et al., 1998), the activity of glycogen 

phosphorylase, responsible for glycogen degradation, is impaired. Therefore, the utilisation of 

glycogen particles of submaximal size (<42 nm) is suggested to be faster. In other words, glycogen 

particles at submaximal sizes may have higher metabolic power, but lower storage efficiency 

compared to the fully developed glycogen particle.  

 Glycogen particles can be visualised directly using transmission electron microscopy (TEM) 

which allows estimation of total glycogen volume density, localisation-specific volume density, as 

well as glycogen particle size and numerical density. By using this technique, both Marchand and 

colleagues (2007) and our group (Nielsen et al., 2012) have investigated glycogen resynthesis 

following glycogen depleting exercise, and demonstrated that glycogen particle size increase to 

reach a submaximal plateau during the first 24 hours of recovery. During prolonged recovery (>24 h) 

the further increment in glycogen content was due to increased numerical density of glycogen 

particles (Marchand et al., 2007; Nielsen et al., 2012). This pattern has also been demonstrated in 

glycogen-depleted rat myotube cell culture incubated with labelled glucose showing a parallel size- 

and number-induced glycogen accumulation during the first 30 minutes of glycogen resynthesis, 

followed by increases in the number of particles only (Elsner et al., 2002). Together, glycogen 

synthesis beyond the initial recovery is primarily due to increased number of glycogen particles, 

which indicates that metabolic power of the individual particles needs to be preserved. When more 

glycogen is accumulated to even higher levels during glycogen supercompensation, it is unknown if 

this preference towards storing glycogen with higher metabolic power is conserved or if higher 
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glycogen levels switches the preference towards higher volume efficiency, i.e., if glycogen 

supercompensation is achieved by increasing the number of glycogen particles or by increasing the 

size of existing glycogen particles (or both). Interestingly, we and others have shown that the 

particle size and numerical density varies between subcellular localizations as described by smaller, 

but more densely packed particles in the subsarcolemmal space than in the intra- and 

intermyofibrillar spaces (Marchand et al., 2002; Marchand et al., 2007; Nielsen et al., 2010b; Gejl et 

al., 2017). Knowledge about how the size and numerical density change with different glycogen 

concentrations in these pools is very limited, however, we have shown that chronic aerobic training 

leads to a small increase (7%) in particle diameter concomitant with a large increase (91%) in the 

numerical density exclusively in the subsarcolemmal space (Nielsen et al., 2010a). Thus, the 

combined findings that the subsarcolemmal space contains the smallest particles and can largely 

expand its numerical density suggest that particle size may be influenced by local factors and 

emphasize the importance of subcellular analyses of glycogen particle size and number. It is 

unknown, if this is also the case when glycogen levels are acutely manipulated by previous exercise 

and diet changes. 

 In a companion paper, from which some of the skeletal muscle biopsy material is further 

analysed in the present study, we have shown that exercise-induced supercompensation of glycogen 

is most pronounced in the subsarcolemmal space and restricted to type 1 fibres (Jensen et al., 2020). 

Therefore, the aim of the present study was to investigate the effects of diet and previous exercise 

on the fibre-type specific size and numerical density of glycogen particles at rest in spatially distinct 

subcellular glycogen pools. We hypothesized that glycogen supercompensation is due to concurrent 

increases in the size and numerical density of glycogen particles, but that spatial differences in the 

response to diet and exercise induce different levels of supercompensation between subcellular 

glycogen pools. 
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Methods 

Ethical approval 

The present study was approved by The Regional Committees on Health Research Ethics for 

Southern Denmark (S-20170198) and conformed to the standards described in the Helsinki 

Declaration, except for registration in a database. Before entering the study, participants received 

written and oral information, and gave their informed, written consent. 

 

Participants 

Eleven young men participated in this study, which was part of a larger study (Jensen et al., 2020). 

They regularly (≥ 2 times/week) engaged in endurance activities and had a mean (SD) age,    2max, 

body mass, BMI, and total body fat percentage at 25 (4) years, 59.4 (7.3)      ∙   
- ∙  - , 77.0 (10.0) 

kg, 23.0 (2.3)   ∙ - , and 13.7 (3.1) %, respectively. They all confirmed that their habitual diet could 

be described as a normal, mixed diet.  

 

Experimental overview 

Here we investigate the fibre-type specific size and numerical density of glycogen particles at rest, 

after a glycogen depleting exercise followed by a 3 days high and low carbohydrate diet, 

respectively. After consuming their habitual mixed diet, the subjects received a controlled mixed diet 

beginning the evening before entering the study (Figure 1). The morning after, 1-2.5 hours after a 

standardised breakfast, a resting biopsy was obtained (MIX). The subjects then underwent glycogen 

depleting cycling exercise at 75% of                            (   2max) to volitional exhaustion 

after which the subjects received a diet with very low carbohydrate content (0.2-0.3 

  ∙             
-  ∙    - ). After breakfast on the third day, a resting biopsy (LOW) was obtained on 

the same time as after MIX. Again, the subject where glycogen depleted before they received a diet 

with very high carbohydrate content (range: 7.4-9.7   ∙             
-  ∙    - ), and on the third day 

of this diet, a resting biopsy was obtained (HIGH). The experiment was finalised with a third glycogen 

depleting exercise trial. The glycogen depletion and different diets were completed to manipulate 

intramuscular resting glycogen levels. In addition to the primary biopsies obtained at rest before 

exercise, biopsies obtained after exercise were obtained and analysed for total glycogen content, 

but does not contribute towards the primary aim of this study (i.e., glycogen particle size and 

numerical density at rest). Further details about the experimental procedures has been described in 
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previously (Jensen et al., 2020) with the overall design (diet and cycling protocols) originally 

conceived by Bergström and colleagues (Bergström et al., 1967).  

 

Diets 

The diets were designed to secure energy balance with the basal metabolic rate estimated based on 

age, sex, and body mass (Nordic Council of Ministers, 2014) with the assumption that the overall 

physical activity level across three days (including one cycling test) corresponded to a physical 

activity level (PAL) of 1.6. Except for short-duration, low intensity walking or cycling for 

transportation, subjects reported no exercise during the experimental period beginning two days 

prior to MIX. All food items were handed over to the subjects daily. The initial MIX diet covered one 

half day preceding the first biopsy sampling (dinner, evening snack, and breakfast), whereas the 

LOW and HIGH diets were followed for three days preceding the biopsy sampling. The diets were 

isocaloric on a meal-to-meal basis, meaning they had the same diurnal variation in energy intake 

during the experimental period.  

 

Cycling tests 

1-4 weeks before the first biopsy sampling, each subject did a submaximal bike test followed by a 

maximal incremental test on a cycle ergometer (Wattbike Pro, Wattbike Ltd., Nottingham, UK) with 

simultaneous measurements of intensity and oxygen consumption rate (Innovision ApS, Glamsbjerg, 

Denmark) to establish individual oxygen consumption-power relations and    2max. A test was 

considered maximal when two of the following criteria were met: 1) Respiratory Exchange Ratio 

(RER) ≥  . ,  ) B                    r      ≥ 8  M (measured 1-2 minutes after cessation Lactate 

Scout+, SensLab GmbH, Leipzig, Germany),  r 3) RPE ≥  9 (Borg, 1982).    2max was defined as the 

maximal oxygen consumption rate over three consecutive 10-second sampling periods. After each 

biopsy sampling (before beginning a new diet regime), the subjects exercised on the cycle ergometer 

           r   rr             75        2max at a fixed, self-chosen pedalling rate until volitional 

exhaustion with additional biopsy and blood sampling during and after the test (not included in the 

present study). To increase motivation, breaks were given after 60 minutes (duration = 510 (76) s to 

allow for biopsy sampling (not included here)) and after each consecutive 30 minutes (exactly 5 min) 

of cycling after MIX. Breaks were omitted during exercise after LOW, because we expected the 

subjects to exercise for less than 60 minutes. Mean time to exhaustion was 112 (22) and 69 (18) 
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minutes in MIX, and LOW, respectively (P < 0.001). Tap water was offered ad libitum, and 500 mg 

sodium-chloride was offered in each break (or at the corresponding time in LOW). 

 

Muscle tissue handling 

Biopsy samples from m. vastus lateralis were obtained from the same leg chosen randomly using a 

Bergström needle with suction through an incision in the skin made after local anaesthesia was given 

subcutaneously (1-3 ml of Lidocaine 2% per incision). All biopsies were obtained by the same 

experienced investigator at the same time (between 8:45 and 9:30) on each day. The samples were 

immediately blotted dry and all visible fat and connective tissue was removed before the samples 

were divided into two parts, one snap-frozen for biochemically determination of glycogen and one 

for TEM. 

 

Biochemically determined glycogen 

Mixed muscle glycogen content in snap-frozen muscle samples were determined 

spectrophotometrically (Beckman DU 650, Beckman Instruments, Fullerton, CA, USA) and originally 

reported in a companion paper (Jensen et al., 2020). In brief, the samples were freeze dried, 

weighed, and boiled in 0.5 ml 1 M HCL for 150 minutes followed by rapid cooling, whirl-mixing and 

centrifugation at 3500g at 4°C for 10 minutes. In 1 mL of reagent solution (Tris-buffer (1 M), distilled 

water, ATP (100 mM), MgCl2 (1 M), NADP+ (100 mM), and G-6-PDH), 40 μL        r       was 

                                                  0 μL                      . G                    

calculated based on absorbance change after 60 minutes. 

 

Transmission electron microscopy 

The high resolution of TEM combined with a selective contrast of glycogen particles by a modified 

post-fixation protocol where potassium ferrocyanide is added to osmium allows visual inspection, 

quantification of the volumetric content of glycogen and the diameter of individual glycogen 

particles the localisation and measurements of individual glycogen particles in specific subcellular 

localisations within single muscle fibres. Muscle biopsy specimens were fixed with 2.5% 

glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.3) at 5°C and prepared for TEM analysis as 

described by Nielsen et al. (2011). The specimens were rinsed four times in 0.1 M sodium cacodylate 

buffer after 24 hours and stored at 5°C until further preparation where the specimens were post-

fixed with 1% osmium tetroxide (OsO4) and 1.5% potassium ferrocyanide [K4Fe(CN)6] in 0.1 M 
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sodium cacodylate buffer for 90 minutes at 4 °C. The samples were then rinsed twice, dehydrated 

through a graded series of alcohol at 4-20 °C, infiltrated with graded mixtures of propylene oxide 

and Epon at 20 °C and embedded in 100% Epon at 30 °C. From the embedded samples, ultrathin 

sections (60 nm) were cut longitudinally (Leica Ultracut UCT ultramicrotome) at three depths 

separated by 150 nm to ensure that enough fibres could be analysed without including the same 

fibre twice. Uranyl acetate and lead citrate were added as contrasts, and the sections were 

photographed with a pre-calibrated Philips CM100 transmission electron microscope (Philips) and an 

Olympus Veleta camera (Olympus Soft Imaging Solutions GmbH, Münster, Germany) at 13.500x 

magnification. 10 longitudinally-orientated fibres from each biopsy were included, and each fibre 

was photographed in a random, uniform, systematic order with 12 images taken from the 

subsarcolemmal region, six images from both the superficial and central parts of the myofibrillar 

region (Figure 2).  

 

Fibre typing 

Z-disc width of photographed fibres was measured once on all myofibrillar images with clear 

distinction of the z-disc and used for fibre typing as previously described (Sjöström et al., 1982), and 

        r        ≥4      r         r          . In four biopsies, the z-disc width was measured in 

9 fibres only, whereas in the remaining 29 biopsies this was done on all photographed fibres. The 

three fibres with the widest and narrowest z-disc width were defined as type 1 and type 2 fibres, 

respectively, and the intermediate fibres were excluded from the analyses. All samples were 

photographed and fibre typed by two blinded investigators who handled all samples from the same 

subject (to avoid inter-investigator variation within samples from the same subject). 

 

Glycogen quantification by transmission electron microscopy 

Glycogen was quantified in three distinct localisations within the myofiber: 1) the intermyofibrillar 

space, 2) the intramyofibrillar space, and 3) the subsarcolemmal space. Particle diameter of 

minimum 60 particles per pool per fibre was measured, however, to avoid selection bias, all distinct 

particles within a random 400 x 400 nm2 area were always measured. Particles with a diameter less 

than 5.4 nm (one-pixel diagonal) was omitted, thus, on average 70 (15) particles per location per 

fibre were measured. Preliminary analyses on particle diameter showed that an increase from 60 to 

80 measured particles per fibre and location only had a negligible effect on the mean diameter 

(≤1.2%   rr             ≤3.6       r        r      v     ). The numerical density of particles was 

estimated by assuming that particles are spherical utilising that mean particle number and mean 
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particle volume are factors of the total volume of particles (e.g., glycogen) for any defined tissue 

volume. The glycogen volume fraction (VV) was estimated as proposed by Weibel (1980) under the 

assumption that glycogen particles are spherical (Meléndez et al., 1997): VV = AA –   *( /π)∙BA – 

NA·[(t·H)/(t+H)], where AA is glycogen area fraction, t is the section thickness, BA is the glycogen 

boundary length density, NA is the number of particles per area, and H is the mean glycogen particle 

diameter. The glycogen area fraction was estimated by point counting (grid size in parentheses) 

relative to myofibrillar space (400 nm, including space occupied by myofibrils, mitochondria, 

sarcoplasmic reticulum, t-system, and lipids), intramyofibrillar space (400 nm, space occupied by 

myofibrils), and muscle fibre surface area (estimated from direct length measurement) for 

intermyofibrillar (180 nm), intramyofibrillar (60 nm), and subsarcolemmal glycogen (180 nm), 

respectively. The latter was related to surface area to avoid bias from differences in other 

subsarcolemmal organelles (e.g., mitochondria). Different grid sizes were chosen based on expected 

area fractions in each pool to balance coefficient of error (CE) and workload of the analyses. 

Estimated CE as proposed by Howard and Reed (2005) was 0.13, 0.15, and 0.21 for intermyofibrillar, 

intramyofibrillar, and subsarcolemmal glycogen, respectively. Glycogen quantifications was done by 

five blinded investigators, each analysing all fibres from a subject to avoid inducing within-subject 

variations between diets. The most experienced investigator instructed the other investigators on 

the procedure until bias and CV (evaluated as proposed by Bland and Altman (1986)) between 

investigators were <10%. During the analysis period at a random and blinded time, each investigator 

quantified glycogen and particle diameter on the same five fibres. For each investigator, each 

subcellular glycogen pool estimate was adjusted according to the mean deviation from the mean 

result for all investigators. With this, the ICC was 0.97, 0.72, 0.88, 0.94, and 0.86 for intramyofibrillar 

space, intramyofibrillar glycogen, intermyofibrillar glycogen, fibre length, and subsarcolemmal 

glycogen, respectively. Glycogen quantification was done using iTEM (iTEM software, version 5.0, 

Olympus). We previously validated this method on the biopsies analysed in the present study and 

found       r         r      (L  ’  C    r      C rr    ions Coefficient = 0.50, P < 0.01) 

between TEM quantification and biochemically determined glycogen for pre-exercise biopsies 

(Jensen et al., 2020). 

 

Statistics 

Median glycogen particle diameter and numerical density of particles in fibres were compared 

across fibre types, diets and glycogen pools (particle diameter only) using mixed model analyses with 
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Type x Diet x Pool three-way interactions with subject id and diet as random effects. The random 

effects term accounts for the hierarchical design, where three fibres per fibre type for each subject 

were included. In addition, particle diameter was compared on a particle level with the same fixed 

effects, but with fibre id added as random effects. Non-significant interactions were removed from 

the statistical model and replaced by two-way interactions. These were also removed if insignificant. 

All model residuals were analysed for normal distribution using Q-Q plots, for homoscedasticity by 

plotting the predicted values against the residuals and for constant variance across groups. To obtain 

normal distributions, total glycogen and estimated numerical density of glycogen particles were log-

transformed. Thus, all central tendencies are given as median (IQR) unless stated otherwise, 

whereas all relative changes are reported as means [95% confidence interval] using geometric 

means based on back transformation of model coefficients for the log-transformed variables. 

GraphPad Prism 7 (GraphPad Software, La Jolla, CA) were used for creating plots, whereas statistical 

analyses were done in Stata/IC 16 (StataCorp, College Station, TX, USA). An alpha-level of < 0.05 was 

used. Based on a previous study (Nielsen et al., 2011), it was estimated that ten subjects is required 

to detect a 25% difference with a statistical power of 80%. To account for possible dropout, we 

initially invited twelve subjects to participate in the study. 

Results 

Biochemically determined mixed muscle glycogen 

Mixed muscle glycogen concentration was 488 (460; 532)     ∙     -  after MIX, 257 (233; 360) 

    ∙     -  in LOW (P < 0.001 vs MIX), and 499 (472; 568)     ∙     -  in HIGH (P = 0.27 vs MIX; 

P < 0.001 vs LOW) as previously reported (Jensen et al., 2020). The glycogen concentration after the 

glycogen depleting exercise performed before the LOW intervention was not different from the 

corresponding value before the HIGH intervention (125 (114; 133) and 162 (97; 292) mmol kg dw-1, 

respectively, P = 0.27). 

 

Effect of diet on total volumetric glycogen content 

Median total volumetric glycogen content of type 1 and 2 fibres in MIX were 24.4 (19.0; 30.3) and 

26.1 (22.3; 36.1) μ 3∙μ -3∙ 0-3, respectively (P = 0.06). The diet intervention following glycogen 
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emptying exercise mediated a fibre type-specific supercompensation of the total volumetric content 

of glycogen (Diet x Type P = 0.01; Figure 3), where glycogen content in type 1 fibres in HIGH was 40% 

[95% CI 16; 68] higher than MIX (P < 0.001), but only 9% [-9; 27] higher in type 2 fibres (P = 0.35). 

The decrease in LOW compared to MIX was 23% [7;36] and 21% [5;34] for type 1 and 2 fibres, 

respectively (P ≤ 0.01 for both). The glycogen content after glycogen depletion before LOW and 

HIGH did not differ within fibre types (95% CI [-57; 20%], Diet x Type = 0.10, P = 0.21). 

 

Effect of diet on glycogen particle size 

Despite large differences in the volumetric glycogen content, glycogen particle size (Figure 4) was 

comparable between diets (main effect P = 0.99, [-1.4; 1.3] nm vs. MIX for both diets) and fibre types 

(P = 0.08, [-0.0;0.6] nm). At the same time, the median diameter of these particles was larger in the 

intramyofibrillar pool (23.5 nm (21.6; 25.4) than particles in the intermyofibrillar pool (22.9 nm 

(21.0; 25.6), P = 0.02) which in turn was larger than the median particle diameter in the 

subsarcolemmal pool (21.7 nm (19.8; 23.3), P < 0.001 vs. other pools). When investigating the size of 

individual glycogen particles (Figure 5), the distributions were generally normal with no signs of 

bimodality. 

 

Effect of diet on the numerical density of glycogen particles 

We next examined the numerical density of glycogen particles based on the changes in volumetric 

content and particle size in each subcellular glycogen pool. In type 1 fibres, the mean numerical 

density of glycogen particles (left panel in Figure 6) were increased after HIGH compared to MIX 

corresponding to 40% [9; 80] and 61% [25; 107] for the intermyofibrillar and subsarcolemmal pools, 

respectively (P < 0.01 and < 0.001, respectively) while the results from the intramyofibrillar pool is 

most compatible with no change (3% [-20; 32], P = 0.83). After LOW, the numerical density of type 1 

fibres was 23% [95 % CI 2; 41], 47% [32; 59], and 30% [10; 46] lower for the intermyofibrillar, 

intramyofibrillar, and subsarcolemmal pools, respectively (P = 0.04, <0.001, and < 0.01, respectively) 

than after MIX. In type 2 fibres, the numerical density of glycogen particles was unaffected after 

HIGH compared to after MIX in the intermyofibrillar (6% [-18; 36], P = 0.13) and subsarcolemmal 

pools (22% [-5; 56], P = 0.67), but was reduced in the intramyofibrillar pool corresponding to 22% [0; 

40] of MIX (P = 0.05). After LOW, the numerical density of type 2 fibres was lower than after MIX 
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corresponding to 46% [30; 58], and 28% [8; 44] for the intramyofibrillar and subsarcolemmal pools, 

respectively (P < 0.001 and 0.01, respectively), while the lower numerical density in the 

intermyofibrillar pool did not reach statistical significance (21% [1; 39], P = 0.06). 

 

Discussion 

Here, we demonstrate that the phenomenon of glycogen supercompensation induced locally in the 

muscles after exercise by a carbohydrate-enriched diet is achieved by an increase in the numerical 

density of glycogen particles. We also show a spatial response hierarchy with a larger increase in the 

subsarcolemmal pool than in the intermyofibrillar pool, and with almost no increase in the 

intramyofibrillar space. Despite the large fluctuations in total glycogen content, the size of the 

particles was strikingly similar under all conditions. As previously reported (Jensen et al., 2020), 

glycogen supercompensation was restricted to type 1 fibres and was therefore not detected in the 

homogenate of mixed muscle tissue. 

 Previous studies on glycogen particle size and number during supercompensation have used 

glycogenin, the backbone protein of glycogen, as a proxy for estimating the number of glycogen 

particles. Two studies associated the number of glycogen particles with resting glycogen levels in 

humans using linear regression (Shearer et al., 2000) and comparing group means after diet 

manipulations (Arkinstall et al., 2004) measuring glycogenin activity and mRNA, respectively. In 

contrast, the expression of glycogenin was not changed despite glycogen supercompensation in 

humans 5 days after glycogen depleting exercise compared to the non-exercising leg (Hingst et al., 

2018) nor was the glycogenin protein level associated with the glycogen content in rats following 8 

days of endurance training (Hansen et al., 2000). This suggests that the glycogen supercompensation 

was due to increased particle size in these two studies. Estimation of glycogen particle number 

based on glycogenin protein level, activity or gene expression may not be valid, since glycogen 

particles can be formed without glycogenin (Skurat et al., 1997; Testoni et al., 2017), which may 

explain the discrepancies between studies measuring glycogenin. Unlike these studies, the TEM 

approach used in the present study allows direct measurement of individual (observable) particles. 

Therefore, it is most likely that that particle size is unaffected or only slightly affected during diet-

induced glycogen supercompensation and that this is instead due to increased numerical density of 

glycogen particles. 
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 Here, we demonstrate, by a direct estimation of particle number, that increased muscle 

glycogen content is achieved by increasing the particle number, while keeping a submaximal particle 

size. Because large glycogen particles have higher steric hindrance (Meléndez et al., 1998), Shearer 

and Graham (2004) proposed that submaximal glycogen particle size (<42 nm) allows higher 

metabolic power at the expense of lower storage efficiency. This is visualized in Figure 7, and likely 

explains why glycogen particle size does not increase with supercompensation in HIGH in the 

present study. The notion that a markedly reduced glycogen content was measured after LOW 

without reductions in the size of glycogen particles shows that metabolic power and storage 

efficiency is balanced by an apparent preference towards medium-sized glycogen particles. In 

support, human studies by our group (Nielsen et al., 2012) and others (Marchand et al., 2007) 

investigating the acute phase of recovery (up to 24 hours) after glycogen depleting exercise show 

that the size of glycogen particles increases to reach a plateau, whereas the glycogen particle 

number continues to increase beyond this time point (Marchand et al., 2007; Nielsen et al., 2012), 

which underpins the idea that submaximal glycogen particle size is preferable. Wilson and colleagues 

(2007) offer some support to this as they showed limited increases in glycogenin activity despite an 

almost 2.5-fold increase in glycogen concentration during the initial five hours of recovery after 

cycling to exhaustion. In contrast, Shearer and colleagues (2005) in a similar study found increased 

glycogenin activity immediately after exercise indicating increased number of glycogen particles 

from the onset of recovery. Perhaps de novo synthesis of glycogen particles is only needed in the 

immediate recovery phase if the number of glycogen particles (i.e., glycogenin activity) is low as it 

was the case in the study by Shearer and colleagues (2005), but not in the study by Wilson and 

colleagues (2007). In glycogen depleted rat myotube cell cultures, concurrent increases in size and 

number of glycogen particles was initially observed followed by a later phase with increased particle 

number only (Elsner et al., 2002), which shows that when glycogen levels are very low, increases in 

size and number of glycogen particles are concurrent, but only to a certain point after which 

increased number of glycogen particles is prioritised. None of these studies investigated how 

carbohydrate availability during recovery affects this, but the present study demonstrates that 

glycogen synthesis during carbohydrate restriction is prioritised to increase glycogen particle size to 

the preferable size leaving less carbohydrate to increase glycogen particle number. Glycogenin likely 

plays a key role in regulating this due to its autoglycolysating abilities, since the presence of 

glycogenin leads to more, but smaller, glycogen particles as shown in rat fibroblasts (Skurat et al., 

1997). 
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 While the diet intervention did not affect the size of glycogen particles, differences in the 

apparent preferable size of glycogen particles were found between the subcellular glycogen pools. 

The smallest glycogen particles were observed in the subsarcolemmal pool and largest particles 

were observed in the intramyofibrillar pool. Though the difference in particle diameter between 

subsarcolemmal and intramyofibrillar glycogen particles may seem small, the 1.8 nm difference 

corresponds to a 27% difference in particle volume (assuming a spherical shape) with a similar 

difference in number of glycosyl units. The subcellular differences in particle size confirm the 

findings of previous studies by our group (Nielsen et al., 2012; Gejl et al., 2017) and others 

(Marchand et al., 2002; Marchand et al., 2007) and may open for some insights into the 

understanding of factors affecting the particle size. As previously pointed out (Shearer & Graham, 

2004), the glycogen particle size may be a trade-off between the storage efficiency and metabolic 

power. When inspecting TEM micrographs, the glycogen particles in the intramyofibrillar region are 

often aligned in narrow rows between the myofilaments whereas large clusters of glycogen particles 

may be positioned beneath the sarcolemma. This observation suggests that the physical space for 

glycogen is limited in the intramyofibrillar region, thus larger, storage efficient glycogen particles are 

preferable, whereas in the less space-restricted subsarcolemmal region, smaller, less storage 

efficient particles with higher utilisation rate can be allowed. Varying glycogen particle size across 

subcellular pools could also be due to different metabolic demands, but studies from our group 

show similar particle sizes between fibre types (Gejl et al., 2017) or larger particles in type 2 fibres 

(Nielsen et al., 2012). This oppose the expected need for high metabolic power in type 2 fibres. 

Instead, these studies support the idea that storage efficiency is prioritised when space is limited, 

since the larger storage-efficient particles in type 2 fibres were concurrent with a higher glycogen 

content in these fibres (Nielsen et al., 2012). This is in line with a high anaerobic capacity and 

relatively high anaerobic reliance in type 2 fibres. Furthermore, since higher branching degree leads 

to a denser glycogen particles (Meléndez-Hevia et al., 1993), the smaller glycogen particles in type 1 

fibres could also be a reflection of the higher glycogen synthase (GS) to glycogen branching enzyme 

(GBE) ratio found in rat soleus muscles (predominantly type 1 fibres) compared to extensor 

digitorum longus (EDL) muscles (predominantly type 2 fibres) (Murphy et al., 2012). Overexpression 

of GS leads to decreased glycogen branching in mice (Pederson et al., 2003) and thereby less dense 

glycogen particles. This offers an alternative explanation for the size differences between fibre types 

and results in equally sized glycogen particles with different metabolic power depending on which 

fibre type they are found in. However, it is still unknown if the different GS to GBE ratio observed by 

Murphy and colleagues (2012) leads to different glycogen branching. In addition, subcellular 
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differences within the same fibre still exist possibly due to different physical constraints or relative 

differences in metabolic demands between the subcellular glycogen pools.  

 

Study limitations 

Because of large variability in the glycogen content between fibres from the same biopsy (Essén & 

Henriksson, 1974), individual observations should be interpreted with caution. The apparent (lack of) 

capacity for glycogen supercompensation indicated in some fibres (e.g., Figure 6G) likely reflects this 

variability, which is emphasized by the generally homogenous change across subjects in median 

glycogen content (Figure 6I). The direct visualisation of glycogen particles using TEM is limited by the 

resolution of the technique, i.e., the inability to visualise very small particles. Because the risk of not 

observing a particle is higher for small particles than for large particles, the particle diameter 

distribution reported in the present study may not reflect the true distribution of glycogen particle 

diameters. As the particles are very small after glycogen depleting exercise (Marchand et al., 2007), 

the risk is likely higher in that situation. However, small decrements in glycogen particle diameter 

after exercise with only moderate use of glycogen can be detected (Gejl et al., 2017; Hokken et al., 

2020) as well as increments (small or large) of particle diameters after chronic aerobic training 

(Nielsen et al., 2010a). This emphasises the usefulness of TEM to detect even small changes in 

particle diameters, in situations where most of the particles are at least of medium size (16-18 nm 

equal to 5-6 tiers or 400-800 glycosyl units) as is the case in the present study. Therefore, we believe 

that the observation of no change in glycogen particle size after HIGH is not related to 

methodological limitations.  

 

Conclusion 

In conclusion, by directly measuring the size of glycogen particles, it is here demonstrated that 

glycogen supercompensation is achieved by increasing the number of glycogen particles while 

maintaining the size of individual particles. This may be a strategy to balance storage efficiency and 

metabolic power. 
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Figure legends 

 

 

 

 

Figure 1: Experimental overview. Following their habitual diet the subjects received a controlled 

mixed diet for dinner the evening before and for breakfast on the same day before the first resting 

biopsy was obtained (bold arrow, MIX). After subsequent glycogen-depleting exercise (75% of 

   2max) and three days on a controlled low-carbohydrate diet, a second biopsy was obtained (bold 

arrow, LOW). Then the subjects performed glycogen-depleting exercise again followed by three days 

on a high-carbohydrate diet before the third biopsy was obtained (bold arrow, HIGH). In a 

companion paper (Jensen et al., 2020), we have reported the glycogen concentration immediately 

after the exercise based on additional muscle biopsies (small arrows).  
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Figure 2: Illustration of TEM image sampling and measurement of particle diameter. A) Fibre 

segment illustrating where the images were sampled. 24 images were sampled from each fibre: 12, 

6 and 6 images of the sarcolemmal region, the most superficial and the centrals myofibrils, 

respectively. B) Excerpt from an image of the subsarcolemmal region where mitochondria (M), 

sarcolemma (black arrow), and glycogen between sarcolemma and the myofibrils (subsarcolemmal, 

white arrow) are indicated. C) Excerpt from an image of the myofibrillar region where mitochondria 

(M), Z-discs (Z), glycogen between myofibrils (intermyofibrillar, white arrow), and glycogen within 

myofibrils (intramyofibrillar, black arrow) are indicated. D) Excerpt from an image of the myofibrillar 

region overlayed with a 400 x 400 nm grid. The diameter of all distinct glycogen particles in the 

intermyofibrillar and intramyofibrillar regions in cell 1 was measured before repeating this in cell 2. 

Additional cells were added until a minimum of 60 particles per pool were measured, but with all 

  r                             r   ( . .         r       ≥ 60). S      r    A =   µ ,         r     B, C, 

and D = 500 nm.  
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Figure 3: Median volumetric glycogen content of type 1 (A) and type 2 (B) fibres. Error bars denote 

interquartile range with each symbol indicating mean volumetric glycogen content in individual 

fibres. †P < 0.05 v . MIX, ‡P < 0.05 vs. LOW. *P < 0.05 vs. same diet in type 1 fibres. N = 33 fibres 

from 11 subjects in each group. Data was compared in a mixed model analysis with Diet x Type 

interaction and subject id and diet as random effects. 
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Figure 4: Median glycogen particle diameter in type 1 (left panel) and type 2 (middle panel) fibres in 

the intermyofibrillar (A+B), intramyofibrillar (D+E) and subsarcolemmal (G+H) pools. Error bars 

denotes interquartile range with each symbol indicating mean particle diameter in individual fibres. 

The p-values in A and B accounts for the entire model including all panels. Type x Diet x Pool P = 

0.49. #P < 0.05 vs. intermyofibrillar glycogen in same fibre type, §P < 0.05 vs. intramyofibrillar 

glycogen in same fibre type. N = 33 fibres from 11 subjects in each group. Data was compared in a 
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mixed model analysis with Diet x Type x Pool interaction and subject id and diet as random effects. 

The right panel depicts the median (IQR) change from MIX in particle diameter when only the 

median fibre included for each subject. Gray lines denotes paired fibres (i.e., fibres from the same 

subject).  
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Figure 5: Distribution of individual particle diameter in type 1 (left panel) and type 2 (right panel) 

fibres for intermyofibrillar (A-B), intramyofibrillar (C+D), and subsarcolemmal (E+F) glycogen 

particles. Curves are plotted using a running mean of 5 values. Number of particles for MIX, LOW, 

and HIGH, respectively, is 2372, 2364, and 2181 in A), 2352, 2330, and 2332 in B), 2353, 2316, and 

2146 in C), 2319, 2339, and 2161 in D), 2371, 2390, and 2258 in E), and 2328, 2379, and 2252 in F). 

No statistical inference is estimated. 
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Figure 6: Median estimated numerical density of glycogen particles in type 1 (left panel) and type 2 

(middle panel) fibres. Error bars denote interquartile range with each symbol indicating mean 

numerical density in individual fibres. A-B) Number of particles in the intermyofibrillar space per 

myofibrillar volume, D+E) number of particles in the intramyofibrillar space per intramyofibrillar 
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volume,G+H) number of particles in the subsarcolemmal space per fibre surface area. The p-values 

in A and B accounts for the entire model including all panels. Type x Diet x Pool P = 0.53. *P < 0.05 

vs. same diet in type 1 (main effect across all pools), †P < 0.05 vs. MIX, ‡P < 0.05 vs. LOW, #P < 0.05 

vs. intermyofibrillar glycogen in same fibre type, §P < 0.05 vs. intramyofibrillar glycogen in same fibre 

type. N = 33 fibres from 11 subjects in each group. Data was compared in a mixed model analysis 

with Diet x Type interaction and subject id and diet as random effects. The right panel depicts the 

median (IQR) change from MIX in particle diameter when only the median fibre included for each 

subject. Gray lines denotes paired fibres (i.e., fibres from the same subject). 
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Figure 7: 2D  depiction of glycogen particles containing five or six tiers. Each line symbolises one full 

chain of (13) glycosyl units. Notice how the particle becomes more crowded when the sixth tier is 

added (coloured grey in the 5-tier particle). Based on the estimates by Roach et al. (2012) and 

Shearer and Graham (2004) the volume per chain (end) in the outermost tier is estimated as well as 

the total particle volume per glycosyl units. The corresponding values for a 7-tier glycogen particle 

(diameter: 23 nm, the typical size at rest in study 1) are 42 nm3 and 3.9 nm3, respectively, and for 

the fully developed 12-tier glycogen particle (diameter: 42 nm), the values are 4.7 nm3 and 0.7 nm3, 

respectively. When more tiers are added to the glycogen particle, less space per chain increases the 

steric hindrance which may give less favourable enzymatic interactions (Shearer & Graham, 2004), 

i.e., metabolic power is decreased. Adding more tiers also means that the volume per glycosyl unit is 

reduced, i.e., storage efficiency is increased. G = glycogenin, vol = volume. 

 


