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Abstract
Background  Exercising with low muscle glycogen content can improve training adaptation, but the mechanisms 
underlying the muscular adaptation are still largely unknown. In this study, we measured substrate utilization and cell 
signaling in different muscle fiber types during exercise and investigated a possible link between these variables.

Methods  Five subjects performed a single leg cycling exercise in the evening (day 1) with the purpose of reducing 
glycogen stores. The following morning (day 2), they performed two-legged cycling at ∼70% of VO2peak for 1 h. 
Muscle biopsies were taken from both legs pre- and post-exercise for enzymatic analyses of glycogen, metabolite 
concentrations using LC-MS/MS-based quantification, and protein signaling using Western blot in pools of type I or 
type II fibers.

Results  Glycogen content was 60–65% lower for both fiber types (P < 0.01) in the leg that exercised on day 1 (low 
leg) compared to the other leg with normal level of glycogen (normal leg) before the cycling exercise on day 2. 
Glycogen utilization during exercise was significantly less in both fiber types in the low compared to the normal leg 
(P < 0.05). In the low leg, there was a 14- and 6-fold increase in long-chain fatty acids conjugated to carnitine in type 
I and type II fibers, respectively, post-exercise. This increase was 3–4 times larger than in the normal leg (P < 0.05). 
Post-exercise, mTORSer2448 phosphorylation was increased in both fiber types in the normal leg (P < 0.05) but remained 
unchanged in both fiber types in the low leg together with an increase in eEF2Thr56 phosphorylation in type I fibers 
(P < 0.01). Exercise induced a reduction in the autophagy marker LC3B-II in both fiber types and legs, but the post-
exercise level was higher in both fiber types in the low leg (P < 0.05). Accordingly, the LC3B-II/I ratio decreased only in 
the normal leg (75% for type I and 87% for type II, P < 0.01).
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Background
Endurance exercise performed with low levels of muscle 
glycogen influences not only performance, but also sub-
strate utilization and protein metabolism, and has been 
reported to improve the muscular adaptation to training 
[1–4]. The rate of glycogen utilization is lower, glucose 
uptake is higher, and there is a significant net protein 
degradation during exercise when delivery of blood-
borne substrates and hormones are the same to both legs 
[5–7].

The rate of protein synthesis is regulated by the mecha-
nistic target of rapamycin complex 1 (mTORC1) and sub-
sequent activation of the downstream effector proteins 
p70 ribosomal protein S6 kinase 1 (S6K1), the eukaryotic 
initiation factor 4E-binding protein (4E-BP1) and the 
eukaryotic elongation factor 2 (eEF2) [8, 9]. There is some 
evidence that the rate of protein synthesis decreases dur-
ing aerobic exercise [10], which is reflected in elevated 
eEF2 and reduced 4E-BP1 phosphorylation [11], and 
then increases again during recovery to levels higher than 
before exercise [12–14].

Furthermore, the major systems involved in protein 
degradation are the ubiquitin-proteasome system and 
the autophagy-lysosome pathway [15]. Molecular mark-
ers for the former pathway, atrogin-1 and muscle ring-
fiber protein-1 (MuRF-1), are upregulated at the mRNA 
level following a session of endurance exercise [16]. The 
autophagy pathways appear to be intensity-dependent, 
activated by high-intensity exercise via the activation of 
AMP-activated protein kinase (AMPK) and its down-
stream protein unc-51 like autophagy-activating kinase-1 
(ULK1), whereas endurance exercise of moderate inten-
sity decreases the autophagosome content [17, 18].

Little is known about the impact of exercising with low 
glycogen levels on signaling pathways regulating mus-
cular adaptation [19–21]. In addition, these studies are 
commonly conducted on mixed muscle, whereas the 
adaptive response is likely to be influenced by the type 
of fibers that are activated [22]. A difference between the 
major muscle fiber types with regard to the expression of 
genes regulating muscle metabolism and protein signal-
ing, as well as a differential response to both endurance 
and resistance exercise, have previously been reported 
[23–27]. However, no studies have investigated a possible 
fiber type-specific response to aerobic exercise with lim-
ited availability of muscle glycogen. During this exercise, 
the recruitment of fibers may be changed compared to a 
normal nutritional condition. Measurements of substrate 

utilization and cell signaling in the various fiber types 
may therefore provide novel insights into muscle physi-
ology that are overlooked using conventional analyses on 
biopsies from whole muscle.

The aim of the study was therefore to investigate the 
effect of endurance exercise with reduced initial glyco-
gen availability on muscle metabolism and cell signaling 
in type I and type II fibers. With this purpose, subjects 
performed one-legged cycling exercise in the evening to 
reduce the muscle glycogen content. The following morn-
ing, they performed cycling exercise with both legs. Mus-
cle biopsies were obtained before and after the morning 
exercise for analyzes of substrates and metabolites as 
well as cell signaling in pools of type I and type II fibers. 
We hypothesized that in a muscle that performs exercise 
with reduced muscle glycogen availability, markers for 
anabolic and catabolic pathways would be changed in 
such a way as to promote muscle protein degradation in 
the muscle that begins the exercise with reduced muscle 
glycogen, mainly in type II fibers because of their greater 
reliance on glycogen as a substrate.

Materials and methods
Subjects
Five healthy subjects (4 males and 1 female) participated 
in the study. They were all moderately trained, perform-
ing endurance and/or resistance exercise 3–4 times per 
week. Their mean (± standard error (SE)) age was 25 (± 1) 
years, height 183 (± 3) cm, body mass 74 (± 5) kg and 
maximal oxygen uptake (VO2peak) 3.89 (± 0.36) l min− 1. 
All participants were fully informed about the experi-
mental procedure and associated risks before giving their 
written consent. The study was approved by the Swedish 
Ethical Review Authority (2018/2186-31) and performed 
in accordance with the principles outlined in the Declara-
tion of Helsinki.

Experimental design
Preliminary tests
The preliminary exercise tests were performed on a 
mechanically braked cycle ergometer (Monark 828E, 
Vansbro, Sweden). One week before the experiment, the 
oxygen uptake of the subjects was determined at three 
submaximal work rates, along with their peak oxygen 
uptake (VO2peak) using an on-line system (Oxycon Pro, 
Jaeger, Hoechberg, Germany). The subjects exercised at 
a pedaling rate of 70 rpm. A work rate corresponding to 

Conclusions  Starting an endurance exercise session with low glycogen availability leads to profound changes in 
substrate utilization in both type I and type II fibers. This may reduce the mTORC1 signaling response, primarily in type 
I muscle fibers, and attenuate the normally observed reduction in autophagy.
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approximately 70% of VO2peak was calculated from these 
measurements.

Exercise for glycogen reduction (day 1)
A schematic overview of the experimental workflow is 
provided in Fig.  1. During the two days preceding the 
experiment, subjects were instructed to refrain from 
intensive exercise and keep a record of their dietary 
intake. The subjects came to the laboratory between 5 
and 6 PM on the evening before the experiment. They 
performed one-legged cycling on a mechanically braked 
ergometer (Monark 828E) equipped with a custom-made 
pedal that held a 5  kg counterweight to assist with the 
upward phase of the pedaling action [28, 29], with the 
other leg resting on a chair. The exercising leg was ran-
domly selected. The exercise protocol has been described 
in detail previously [6], and an overview of this proto-
col is provided in Fig. 2. Briefly, the subjects performed 
one-legged cycling for 45 min at 80 rpm at a work rate of 
111 ± 12 W (heart rate 144 ± 4 beats per minute (bpm)). 
After a 5 min rest, they then performed interval exercise, 
consisting of 5 × 2 min one-legged cycling at a work rate 

of 149 ± 16 W. This was followed by an interval exercise 
of 5 × 3  min of maximal arm cranking using both arms 
(Monark 891E Wingate) at a work rate of 94 ± 16 W. The 
protocol was designed to lower the glycogen content in 
both type I and type II fibers, and by adding arm exercise 
reduce the rate of glycogen resynthesis in the exercised 
leg during the rest period until the following morning [6]. 
After this exercise session, the subjects remained fasted 
until the experiment the next morning.

Experimental protocol (day 2)
The subjects reported to the laboratory in the morning 
at 8 AM after fasting overnight. After 30 min supine rest, 
muscle biopsies were taken from the vastus lateralis (∼ 
10 cm from patella) of both legs under local anaesthesia 
(2% Carbocain, Astra Zeneca, Södertälje, Sweden) using 
a Weil-Blakesley conchotome (AB Wisex, Mölndal, Swe-
den) as described by Henriksson (1979) [30].

The subjects then exercised for 60  min at 70  rpm on 
a cycle ergometer (Monark 828E) at a work rate cor-
responding to ~ 70% of VO2peak, see Fig.  2. Pulmonary 
oxygen uptake was measured after 10–15 and 40–45 min 

Fig. 1  Workflow of the one- and two-legged exercise and muscle fiber isolation, identification, and analysis. A. Subject characteristics and schematic 
description of the exercise protocol, B. Individual fibers were separated from freeze-dried muscle biopsies, classified by dot-blotting and pooled into 
groups of type I and type II fibers. The fiber pools were weighed and homogenized in western blot buffer (~ 1 µg µl− 1) and analyzed with regard to pro-
teins in the mTORC1 pathway as well as substrate and metabolites using metabolomics, C. Number and proportion of type I and type II fibers dissected 
out from biopsies obtained from the low and normal leg pre- and post-exercise, D. The purity of type I and type II fiber pools confirmed by analyzing the 
homogenates with antibodies against MyHC I or MyHC II, E. The one-legged exercise resulted in a 60–65% reduction in muscle glycogen the following 
morning, #P < 0.001 for low versus normal leg, and F. Fiber-type specific differences in protein and metabolite levels in biopsies from the normal leg pre-
exercise, *P < 0.05 for type II versus type I fibers
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of exercise using an on-line system (Oxycon Pro, Jaeger) 
and heart rate was monitored continuously by a portable 
device (Polar Electro Oy, Kempele, Finland). The aver-
age left/right power balance was recorded during exer-
cise using a pedal-based power meter system (Vector 2, 
Garmin, Kansas USA), and the data were processed with 
publicly available cycling performance software (Gold-
enCheetah, version 3.3). Immediately after exercise the 
subjects lay down and a second muscle biopsy was taken 
from both legs, beginning with the low leg, using the 
same procedure as pre-exercise. The second biopsy was 
taken 2–3 cm proximal to the first one and both biopsies 
were taken at approximately the same position in both 
legs. The post-exercise biopsy was taken an average of 
2.4 min (low leg) and 4.1 min (normal leg) after the end 
of exercise. The muscle samples were freed from blood 
and quickly frozen (within 10  s) in liquid nitrogen and 
stored at − 80 °C.

Single fiber dissection and type identification
The muscle samples were freeze-dried overnight and sub-
sequently dissected free of blood and connective tissue. 
Thereafter, single fibers were dissected out using needles 
and a fine forceps under a stereo microscope (Carl Zeiss 
MicroImaging, Jena, Germany).

In order to determine muscle fiber type, one fragment 
of the isolated single fibers was cut off and dissolved in 
5  µl western blot (WB) buffer (2 mM HEPES (pH 7.4), 
1 mM EDTA, 5 mM EGTA, 10 mM MgCl2, 1% Triton 
X-100, 1 mM Na3VO4, 2 mM dithiothreitol, 1% phos-
phatase inhibitor cocktail (Sigma P-2850) and 1% (vol/
vol) Halt Protease Inhibitor Cocktail (Thermo Scientific, 
Rockford, IL)) and 5  µl 2X Laemmli sample buffer (Bio 
Rad Laboratories, Richmond, CA) and heated at 95 °C for 
5 min. The fibers were then identified as either type I or 
type II using a modified version of the dot blotting proce-
dure described by Christiansen et al. (2019) [31]. Briefly, 
polyvinylidene fluoride (PVDF) membranes were acti-
vated in 95% ethanol for 15–60  s and then equilibrated 

for 2  min in transfer buffer (25 mM Tris, 192 mM gly-
cine, pH 8.3 and 20% methanol). 1 µl of each sample was 
applied to a specific part of two membranes. After com-
plete absorption of samples, the membrane was left to 
dry for 2–5 min before being reactivated in 95% ethanol 
for 15–60 s and equilibrated in transfer buffer for 2 min. 
After washing in Tris-buffered saline-Tween (TBST), the 
membranes were blocked in 5% non-fat milk in TBST 
(blocking buffer) for 5  min at room temperature. Fol-
lowing blocking, the membranes were rinsed with TBST 
and then incubated with antibodies against MyHC I 
(Abcam #ab11083, diluted 1:10,000) or MyHC II (Abcam 
#ab91506, diluted 1:10,000) at room temperature for 2 h. 
Membranes were washed and incubated with second-
ary antibodies, anti-mouse (Cell Signaling Technology 
#7076S; 1:10,000) or anti-rabbit (Cell Signaling Technol-
ogy #7074; 1:10,000) for 1  h at room temperature fol-
lowed by washing in TBST. Proteins were visualized by 
applying Super Signal West Femto Chemiluminescent 
Substrate (Thermo Scientific) to the membranes, fol-
lowed by detection on a Molecular Imager ChemiDoc™ 
MP system. A representative picture of the dot-blot 
image is provided in Fig. 1B.

Pooling of single fibers
Based on the dot blot, fibers were classified and pooled 
into groups of type I and type II fibers. The pools of fibers 
were then weighed on a Cubis® high-capacity micro bal-
ance (Sartorius Lab Instruments, Göttingen, Germany). 
The average weight of the fiber pools was 144.1 µg (range 
33.3–359.8 µg). The fiber pools were homogenized in ice-
cooled WB buffer (1 µl/µg of tissue) using a ground glass 
homogenizer, and stored at -80 °C.

Analysis of fiber pools
Determination of glycogen content
The glycogen concentration in the homogenate was mea-
sured according to the method described by Leighton 
et al. (1989) [32]. 10 µl homogenate was digested in 1 M 

Fig. 2  A schematic overview of the one-legged exercise session on the evening of day 1 performed to reduce glycogen levels, and the two-legged 
exercise session performed in the morning of day 2
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KOH at 70 °C for 15 min. After cooling, pH was adjusted 
to 4.8 with glacial acetic acid followed by addition of 10 µl 
acetate buffer (pH 4.8) containing amyloglucosidase and 
incubated at 40  °C for 2  h. Glucose concentration was 
then analyzed photometrically in a plate reader (Tecan 
Infinite F200, Männedorf, Switzerland). All samples were 
analyzed in triplicate.

Metabolomic analysis
On the day of analyses, 10  µl of sample homogenates 
and blanks (homogenizing buffer) were reconstituted in 
400  µl of LC-MS methanol, vortexed for 10  s and soni-
cated for 15 min on ultrasound bath on ice. Samples were 
then centrifuged at 10,000 g for 15  min. Finally, 80  µl 
were transferred to an LC-MS vial equipped with a 150 µl 
insert. Samples were injected in randomized order of 
fiber type within the same individual.

LC-MS/MS analysis
Samples were analyzed on an ACQUITY UPLC System 
coupled to a Waters Xevo® TQ-S triple quadrupole sys-
tem (both from Waters Corporation (Milford, MA)), 
equipped with an electrospray ion source. For all metab-
olites, at least one specific selected reaction monitoring 
(SRM) transition was analyzed. Two independent injec-
tions were performed in positive and negative ionization 
mode. In positive mode, metabolites were separated on 
an Acquity Premier BEH Amide Vanguard FIT column 
(100 × 2.1  mm, 1.7  μm). Aqueous mobile phase (MPA) 
consisted of 20 mM ammonium formate + 0.1% formic 
acid in double-deionized water. Organic mobile phase 
(MPB) consisted of 0.1% formic acid in acetonitrile. The 
following chromatographic gradient was used: 0  min, 
95% B; time range 0 → 1.5  min, 95% B (constant); time 
range 1.5 → 14 min, 95 → 55% B (linear decrease); time 
range 14 to 14.2 min, 55 → 45% B (linear decrease); time 
range 14.2 → 16.0  min, 45% B (isocratic range); time 
range 16.0 → 16.2 min, 45 → 95% B (linear increase). The 
column was then equilibrated at 95% B for 7 additional 
minutes. The flowrate was 400  µl/min and the column 
temperature was held at 30  °C. The volume of injection 
was set at 2.5 µl.

In negative mode, metabolites were separated on an 
Acquity Premier BEH Z-HILIC Vanguard FIT column 
(100 × 2.1  mm, 1.7  μm). Aqueous mobile phase (MPA) 
consisted of 20 mM ammonium acetate in double-deion-
ized water adjusted to pH 9.1 with acetic acid. Organic 
mobile phase (MPB) consisted of acetonitrile. The fol-
lowing chromatographic gradient was used: 0  min, 90% 
B; time range 0 → 6 min, 90 → 65% B (linear decrease); 
time range 6.0 → 7.0 min, 65 → 55%B (linear decrease); 
time range 7 to 7.5  min, 55 → 45% B (linear decrease); 
time range 7.5 → 9.5 min, 45% B (isocratic range); time 
range 9.5 → 10  min, 45 → 90% B (linear increase). The 

column was then equilibrated at 90% B for 4 additional 
minutes. The flowrate was 500  µl/min and the column 
temperature was held at 30  °C. The volume of injection 
was set at 2.5 µl.

Western blotting
Aliquots of the homogenates were diluted with 4X Laem-
mli sample buffer (Bio-Rad Laboratories) to a concentra-
tion of 0.25 µg muscle/µl and heated at 95 °C for 5 min. 
Proteins were separated by SDS-PAGE, 15 µl from each 
sample was loaded onto 26-well Criterion TGX gradient 
gels (4–20% acrylamide, Bio Rad Laboratories) and elec-
trophoresis run as previously described [33, 34]. Proteins 
were transferred to PVDF membranes (Bio Rad Labora-
tories) and stained with MemCode Reversible Protein 
Stain Kit (Thermo Scientific). All samples from each 
subject were loaded onto the same gel and all gels were 
run simultaneously. After destaining, the membranes 
were blocked in Tris-buffered saline (TBS; 20 mM Tris 
base, 137 mM NaCl, pH 7.6) containing 5% nonfat dry 
milk for 1  h at room temperature and incubated over-
night with primary antibody. After incubation with pri-
mary antibody, membranes were washed and incubated 
with a secondary anti-rabbit or anti-mouse antibody for 
1  h at room temperature followed by washing in TBST. 
Proteins were visualized by applying Super Signal West 
Femto Chemiluminescent Substrate (Thermo Scientific) 
to the membranes, followed by detection on a Molecu-
lar Imager ChemiDoc™ MP system and quantification of 
the resulting bands with Image Lab™ Software (Bio-Rad 
Laboratories). All protein targets (total protein and the 
phosphorylated form) were normalized to the total pro-
tein stain (MemCode™).

The purity of the type I and type II fiber pools was 
confirmed by analyzing the homogenates as described 
above and incubated with antibodies against MyHC I 
(Abcam #ab11083, diluted 1:10,000) or MyHC II (Abcam 
#ab91506, diluted 1:10,000). A representative immunob-
lot is presented in Fig. 1D.

Antibodies
For immunoblotting, primary antibodies against mTOR 
(Ser2448, #2971; total, #2983), 4E-BP1 (Thr37/46, #2855; 
total, #9644), eEF2 (Thr56, #2331; total, #2332), S6K1 
(Thr389, #9234; total #2708), ACC (Ser79, #3661; total, 
#3676), AMPK (Thr172, #4188; total, #2532), ULK1 
(Ser555, #5869; total, #8054), LC3B (#2775), and COX IV 
(#4860) were purchased from Cell Signaling Technology 
(Beverly, MA, USA). Primary antibody for total MuRF-1 
(#sc-398608) and UBR5 (#sc-515494) were purchased 
from Santa Cruz Biotechnology (Heidelberg, Germany).

All primary antibodies were diluted 1:1,000 except for 
total eEF2 and total 4E-BP1, which were diluted 1:2,000, 
and total UBR5 and MuRF-1 which were diluted 1:500. 
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Secondary anti-rabbit (#7074; 1:10,000) and secondary 
anti-mouse (#7076; 1:10,000) were purchased from Cell 
Signaling Technology.

Statistics
Conventional methods were employed to calculate 
means and SE of the mean. A three-way repeated mea-
sures ANOVA was employed to compare substrate, 
metabolite, and protein levels in type I and type II fibers 
in the low- and normal-glycogen leg pre-exercise as well 
as changes during exercise in both fiber types in the low- 
and normal-glycogen leg (leg, fiber type, time). When a 
significant main effect and/or interaction was observed 
in the ANOVA, Fisher´s LSD post hoc test was employed 
to identify where these differences occurred. For vari-
ables with missing values, linear mixed-effects models 
were created with protein levels and interactions as fixed 
effects, while variation between individuals was treated 
as random effects. The emmeans package was used to 
estimate marginal means between leg, time and fiber 
type.

Pearson´s correlation coefficient (r) was calculated to 
evaluate a possible relationship between parameters ana-
lyzed in the muscle biopsies.

Statistical analyses were performed in Statistica version 
13 (StatSoft Inc., Tulsa, USA) and in R version 4.3.0 with 
a P-value < 0.05 being considered statistically significant. 
Figures were created using GraphPad Prism version 9.1.2 
for Windows (GraphPad Software, San Diego), with the 
exception of Figs. 1 and 2 that were created with BioRen-
der.com.

Results
Effects of the glycogen reduction exercise on pre-exercise 
variables (day 2)
Substrates and metabolites
Glycogen content in type I and type II fibers in the leg 
with reduced muscle glycogen (low leg) was 35% and 
40%, respectively, of the content in the leg with normal 
glycogen level (normal leg) (P < 0.001 for both fiber types, 

Fig. 3A). The levels of the glycolytic metabolites glucose-
6-phosphate (G-6-P) and fructose-6-phosphate (F-6-P) 
were three times higher in type II compared to type I 
fibers (P < 0.05) in the low leg (Fig. 3B, C). The levels of 
fatty acids conjugated to carnitine did not differ between 
conditions or fiber types. Acetylcarnitine was consider-
ably higher in both type I (2.8-fold) and type II fibers (3.4-
fold) in the low leg (P < 0.05 for both fiber types), whereas 
carnitine levels did not differ significantly between the 
low and normal leg (Fig. 3D, E).

Cell signaling
The level of mTORSer2448 phosphorylation was signifi-
cantly elevated pre-exercise in both fiber types (150% 
higher in type I and 75% in type II) in the low com-
pared to the normal leg (P < 0.01 for type I and P < 0.05 
for type II fibers) (Fig. 4A). The phosphorylated levels of 
4E-BP1Thr37/46, eEF2Thr56, AMPKThr172, acetyl-CoA car-
boxylase (ACCSer79) and ULK1Ser555 were similar in the 
low and normal leg. S6K1Thr389 phosphorylation was not 
measurable due to weak antibody signal.

The content of the autophagy protein LC3B-I was sig-
nificantly higher in the low compared to the normal leg 
(P < 0.05), 55% higher in type I and 120% in type II fibers, 
whereas the content of LC3B-II was similar in both legs 
(Fig. 4B, C). Accordingly, the LC3B-II/LC3B-I ratio in the 
low leg was reduced by 61% and 53% in type I and type 
II fibers, respectively (P < 0.05 for low vs. normal leg), 
with no difference between the fiber types (Fig. 4D). The 
expression of the ubiquitin ligase MuRF-1 was signifi-
cantly upregulated in both fiber types, although to larger 
extent in type II fibers (56% in type I and 123% in type II) 
in the low leg (P < 0.05 for leg and fiber type, Fig. 4E).

Effects of two-legged exercise with reduced and normal 
muscle glycogen content (day 2)
Physiological parameters
All subjects completed the 60 min cycling exercise at an 
average work rate of 197 ± 21  W. Oxygen uptake during 
exercise averaged 2.83 ± 0.29  l min− 1, corresponding to 

Fig. 3  Levels of substrates and metabolites in type I and type II fibers in the low and normal glycogen leg pre-exercise on day 2. (A) muscle glycogen, 
(B) glucose-6-phosphate, (C) fructose-6-phosphate, (D) acetylcarnitine, and (E) carnitine. Individual values from 5 subjects as well as mean values are 
presented, except for type II fibers in the low leg pre-exercise and type I fibers in the normal leg post exercise where n = 4 in figures B to E. Filled circles 
indicate male subjects and open circles the female subject, however, some values are masked due to overlap. A 3-way ANOVA was employed (A) or linear 
mixed effects models for variables with missing values (B-E) to compare levels in the low and normal leg as well as between fiber types
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73 ± 1% of VO2peak, respiratory exchange ratio (RER) aver-
aged 0.87 ± 0.01, and heart rate 159 ± 4 bpm. The average 
power in the stroke cycle was evenly balanced between 
the two legs and the relative contribution was 51 ± 1% for 
the low and 49 ± 1% for the normal leg, with no signifi-
cant difference between the two.

Muscle metabolism
The cycling exercise reduced the muscle glycogen level 
in both fiber types in both legs. However, the decrease 
was larger in the normal than in the low leg for both 
fiber types (Fig.  5A). Glycogen content in type I fibers 
decreased from 146 ± 45 to 77 ± 42 mmol/kg dry weight 
(dw) in the low (P < 0.05) and from 438 ± 51 to 92 ± 37 
mmol/kg dw in the normal leg (P < 0.001). In type II 
fibers, glycogen content decreased from 189 ± 28 to 
90 ± 48 mmol/kg dw in the low (P < 0.01) and 456 ± 63 to 
225 ± 86 mmol/kg dw in the normal leg (P < 0.001). The 
rate of glycogen utilization did not differ between the 
two fiber types in the low leg, whereas in the normal leg, 
the rate was 50% higher in type I than in type II fibers 
(P < 0.01 for type I vs. type II) (Fig. 5A, B). The decrease in 
glycogen during exercise was positively correlated to the 
initial content of glycogen in the type I fibers, whereas no 
such correlation was found in type II fibers (Fig. 5C, D).

Exercise led to pronounced increases in carnitine-con-
jugated long-chain fatty acids, namely, a 14-fold increase 
in type I fibers (P < 0.001), and a 6-fold increase in type II 
fibers in the low leg (P < 0.001, Fig. 6A shows palmitoyl-
carnitine). In the normal leg, there was a 7-fold increase 
in type I fibers (P < 0.05), but no change in the type II 
fibers after exercise (Fig. 6A). The increase in palmitoyl-
carnitine was related to the initial muscle glycogen level 
in an inverse curve linear way (Fig.  6B). A similar pat-
tern of exercise-induced change was found for medium-
chain fatty acids conjugated to carnitine (Fig.  6C shows 
decanoyl-carnitine), whereas short-chain fatty acids con-
jugated to carnitine increased similarly in type I and type 
II fibers in both legs, although the increase was larger 
in the low leg (Fig.  6D shows propionyl-carnitine). The 

remaining long, medium, and short-chain fatty acids con-
jugated to carnitine that were analyzed are presented in 
Supplementary Fig. 1.

The levels of glucose-6-phosphate and fructose-6-phos-
phate did not change significantly in any leg or fiber type 
during exercise, although in the normal leg, both metab-
olites increased in 4 of the 5 subjects in the type II fibers 
(Supplementary Fig. 2A, B).

The level of acetylcarnitine increased in both fiber types 
in the normal leg, 7 to 10-fold during exercise (P < 0.001 
for both fiber types), with a corresponding decrease in 
carnitine (P < 0.001). In the low leg, there was an increase 
in acetylcarnitine (P < 0.01) as well as a decrease in carni-
tine only in the type I fibers (P < 0.05). The level of acetyl-
carnitine post exercise was higher in type I than in type 
II fibers in both legs (P < 0.01), whereas that of carnitine 
was lower in type I fibers post exercise (P < 0.05) only in 
the low leg (Supplementary Fig. 2C, D).

Cell signaling
The cycling exercise did not affect mTORSer2448 phos-
phorylation in the low leg but led to an increase in the 
normal leg, 2.9- and 2.3-fold increase in type I and type 
II fibers, respectively (P < 0.05, Fig.  7A). The increase in 
mTORSer2448 phosphorylation correlated significantly 
with the initial muscle glycogen content in type II fibers 
(r = 0.81, P < 0.05), but not in type I fibers (r = 0.33, n.s.). 
The phosphorylation of 4E-BP1Thr37/46 decreased by 
60–70% in both fiber types in both legs (P < 0.05 for time) 
(Fig. 7B), whereas the total protein remained unchanged 
in the normal leg but decreased by 33% (P < 0.01) in both 
fiber types in the low leg (Supplementary Fig.  3C). The 
phosphorylation of eEF2Thr56 increased by 145% in type I 
fibers in the low leg (P < 0.01), but there was no effect on 
this fiber type in the normal leg or in the type II fibers of 
either leg (Fig. 7C). The change in eEF2Thr56 phosphoryla-
tion in type I fibers was negatively correlated to the initial 
content of muscle glycogen (Fig. 7D), while no such cor-
relation was found for type II fibers.

Fig. 4  Levels of phosphorylated (p) or total protein of enzymes involved in synthesis and breakdown in type I and type II fibers in the low and normal 
glycogen leg pre-exercise on day 2. (A) p-mTOR, (B) LC3B-1, (C) LC3B-II, (D) LC3B-II/I ratio and (E) MuRF-1. Individual values from 5 subjects as well as 
mean values are presented. Filled circles indicate male subjects and open circles the female subject, however, some values are masked due to overlap. 
When the ANOVA revealed a significant interaction between leg and time or between leg, fiber type and time, Fisher´s LSD post hoc test was employed 
to identify where the differences occurred
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The phosphorylation of AMPKThr172 tended to increase, 
and the phosphorylation of ULK1Ser555 was significantly 
elevated post-exercise in both fiber types in both legs 
(P < 0.05 for time), with no significant difference between 
fiber types or legs (Fig.  8A, B). The phosphorylation of 
ACCSer79 increased significantly during exercise in both 
legs and both fiber types (P < 0.05) (Fig. 8C).

The level of LC3B-I tended to decrease in the low 
leg (P = 0.056 for time), mainly driven by a decrease in 
the type II fibers of all five subjects, but there was no 
change in any fiber type in the normal leg during exer-
cise (Fig.  9A). The decrease in the level of LC3B-II was 
numerically larger in both fiber types in the normal com-
pared to the low leg (80% vs. 40% in type I and 90% vs. 
70% in type II) and the level was lower in the normal 

compared to the low leg post-exercise (P < 0.01 for pre- 
vs. post-exercise in both legs and P < 0.05 for low vs. nor-
mal leg post-exercise, Fig. 9B). Hence, the cycling exercise 
led to a significant reduction in the LC3B-II/LC3B-I ratio 
only in the normal leg (P < 0.01). The ratio was reduced 
by 75% in type I fibers and 87% in type II fibers, with 
no significant difference between fiber types (Fig.  9C). 
The decrease in LC3B-II content during exercise was 
inversely related to the increase in palmitoylcarnitine in 
such way that the largest decrease occurred when the 
increase of palmitoylcarnitine was small (Fig. 9D). Exer-
cise did not significantly influence the protein content 
of MuRF-1 in any fiber type or leg, although the content 
was significantly higher in both type I and type II fibers in 
the low leg (Supplementary Fig. 3I).

Fig. 5  (A) muscle glycogen in type I and type II fibers in the low and normal glycogen leg pre and post 60 min of two-legged cycling exercise, (B) per-
centage reduction in muscle glycogen in type I and type II fibers in the low and normal glycogen leg, (C) correlation between initial content of glycogen 
and utilization of glycogen in type I fibers and (D) corresponding correlation in type II fibers. Individual values from 5 subjects as well as mean values are 
presented. Filled circles indicate male subjects and open circles the female subject, however, some values are masked due to overlap. When the ANOVA 
revealed a significant interaction between leg, fiber type and time, Fisher´s LSD post hoc test was employed to identify where the differences occurred
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The total protein content of mTOR, S6K1, eEF2, 
AMPK, ACC, ULK1, and UBR5 was similar in both fiber 
types and legs before exercise, and none of the proteins 
was significantly affected by exercise on day 2 (Supple-
mentary Fig. 3).

Discussion
We investigated the effect of exercise with low glycogen 
availability on metabolism and cell signaling in a large 
number of type I and type II fibers. The study design 
enabled us to evaluate the effect of glycogen content 
independent of hormonal changes and the delivery of 
blood-borne substrates. The primary and novel findings 
are that (1) the utilization rate of muscle glycogen dur-
ing exercise was reduced for both fiber types in the low 
compared to the normal leg, (2) carnitine-conjugated 
long-chain fatty acids were 4–5 times higher in both type 
I and type II fibers in the low compared to the normal 

leg post-exercise, (3) phosphorylation of mTORSer2448 
increased in the normal leg but remained unchanged in 
both fiber types in the low leg together with increased 
phosphorylation of eEF2Thr56 only in type I fibers post-
exercise, and (4) the level of LC3B-I tended to decrease 
during exercise only in the low leg, whereas LC3B-II 
decreased in both legs but to a lower level in the normal 
leg post exercise, causing a reduction in the LC3B-II/I 
ratio in both fiber types only in the normal leg.

The observed reduced rate of glycogen utilization in 
both fiber types in the low leg is in agreement with stud-
ies using mixed muscle, where the glycogen utilization 
rate is associated with the initial content of muscle gly-
cogen [35, 36]. In addition, the present study shows that 
while this holds for both fiber types, it is most obvious 
for the type I fibers where a highly significant correlation 
was found between initial muscle glycogen levels and the 
utilization of glycogen during exercise (Fig. 5C).

Fig. 6  Fatty acids conjugated to carnitine in type I and type II fibers in the low and normal glycogen leg pre and post 60 min of two-legged cycling 
exercise. (A) palmitoylcarnitine, (B) increase in palmitoylcarnitine vs. initial muscle glycogen content, (C) decanoylcarnitine and (D) propionylcarnitine. 
Individual values from 5 subjects, except for type II fibers in the low leg pre-exercise (n = 4) and type I fibers in the normal leg post-exercise (n = 4) as well 
as mean values are presented. In A, C and D, filled circles indicate male subjects and open circles the female subject, however, some values are masked 
due to overlap. In B circles indicate male subjects and triangles the female subject. Linear mixed effects models were employed to identify differences 
between legs, fiber type and time
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Carnitine is essential for the transport of long-chain 
fatty acids from the cytosol into the mitochondria for 
subsequent oxidation, and recent data indicate that car-
nitine also plays a role in the utilization of medium-chain 
fatty acids in skeletal muscle [37]. However, while we 
did not measure lipid oxidation per se, our findings that 
carnitine-conjugated fatty acids were elevated to much 
larger extent in the low leg post-exercise, likely reflect a 
greater breakdown and utilization of fatty acids in both 
fiber types in this leg. A shift towards increased lipid 
oxidation when the glycogen level is low is mediated by, 
among others, changes in hormone and substrate lev-
els that favor uptake of fatty acids by muscle [38]. In the 
present study, both legs were exposed to the same arterial 
concentration of hormones and fatty acids. Our results 
therefore indicate a greater utilization of intramuscular 
triglycerides rather than blood-borne fatty acids. This 
is further supported by the observation that only minor 
or no differences in uptake of fatty acids were detected 

between the normal and a low glycogen leg in previous 
studies with a similar design [5, 6].

It is well-documented that type I fibers have a higher 
content of triglycerides as well as a higher capacity to 
oxidize fat [39–43], and therefore utilize more intramus-
cular triglycerides than type II fibers during exercise [39, 
43, 44]. In line with this, the increase in carnitine-bound 
long-chain fatty acids was more than twice as high in the 
type I compared to the type II fibers in the low leg, and 
furthermore the level was increased only in type I fibers 
in the normal leg (Fig. 6). The larger increase in both fiber 
types in the low leg may be expected considering that the 
rate of glycogen utilization in the type I and type II fibers 
in this leg was only 20% and 45%, respectively, of the rate 
in the normal leg, although this has not been reported 
previously.

When exercise began with low levels of muscle glyco-
gen the phosphorylation of mTORSer2448 was unaffected 
and 4E-BP1Thr37/46 phosphorylation decreased in both 
fiber types while eEF2Thr56 phosphorylation increased 

Fig. 7  Protein phosphorylation (p) of (A) mTOR, (B) 4EBP-1, and (C) eEF2in type I and type II fibers in the low and normal glycogen leg pre and post 
60 min of two-legged cycling exercise. Individual values from 5 subjects as well as mean values are presented. Filled circles indicate male subjects and 
open circles the female subject, however, some values are masked due to overlap. The ANOVA revealed a significant interaction between leg and time 
(p-mTOR) as well as an interaction between leg, fiber type and time (p-eEF2). Fisher´s LSD post hoc test was employed to identify where the differences 
occurred. Changes in eEF2 phosphorylation vs. initial muscle glycogen content in type I fibers are shown in D
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only in the type I fibers. Phosphorylation of eEF2 at Thr56 
is known to inactivate the enzyme [45], and possibly also 
translation elongation and the subsequent rate of protein 
synthesis. The inverse correlation between the increase 
in eEF2Thr56 phosphorylation and the level of muscle gly-
cogen in type I fibers suggests a regulatory role of glyco-
gen (Fig. 7D). Moreover, it appears that phosphorylation 
of eEF2Thr56 is induced only when the glycogen level 
falls below 300 mmol kg− 1 dw. Interestingly, this is also 
the level of glycogen below which the palmitoylcarnitine 
begins to increase during exercise (Fig. 6B). Accordingly, 
either a direct or an indirect effect of low muscle glyco-
gen may cause an inhibition of mTORC1 (see below). 
Overall, our data suggest that during exercise with lim-
ited availability of glycogen, the rate of protein synthesis 
is suppressed in both fiber types but possibly even more 
so in type I fibers. These fibers are likely recruited to a 
larger extent than the type II fibers, and a reduction in 
the rate of protein synthesis may be a way to lower energy 
consumption to spare ATP for fiber contraction. As sug-
gested by Rose et al. (2009), this effect may be mediated 
by a Ca2+-calmodulin induced stimulation of eEF2 kinase 
and subsequent phosphorylation of eEF2 [46]. Some 

support for a selective inhibition of the protein synthetic 
rate in type I fibers is presented in another study by Rose 
and coworkers (2009) [11]. Using immunohistochemi-
cal staining of muscle cross-sections, they observed an 
increased eEF2 phosphorylation in type I fibers follow-
ing high-intensity exercise [11]. Furthermore, resistance 
exercise with low levels of glycogen has been reported 
to inhibit mTORC1 signaling in mixed muscle [47], and 
although the design and type of exercise were different 
from the present study, our results are in line with this 
observation. In the present study, exercise with normal 
glycogen induced an increase in mTOR2448 phosphory-
lation, indicating activation of mTORC1 [48, 49]. The 
reduction in 4E-BP1Thr37/46 phosphorylation despite a 
probable activation of mTORC1 may be due to low sen-
sitivity and delayed responsiveness of 4E-BP1Thr37/46 to 
changes in mTOR2448 phosphorylation, or, alternatively, 
that additional factors regulate 4E-BP1 during exercise.

The marked increase in the levels of fatty acids con-
jugated to carnitine in the low leg post-exercise coin-
cided with a blunted mTORC1 signaling response, more 
apparent in type I than type II fibers through increased 
eEF2Thr56 phosphorylation. It is therefore possible that 

Fig. 8  Protein phosphorylation (p) of (A) AMPK, (B) ULK-1, and (C) ACC in type I and type II fibers in the low and normal glycogen leg pre and post 60 min 
of two-legged cycling exercise. Filled circles indicate male subjects and open circles the female subject, however, some values are masked due to overlap. 
The ANOVA revealed a significant main effect of time for p-ACC and p-ULK-1
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fatty acids have a direct inhibitory effect on the mTORC1 
signaling cascade. Mechanistically, this is supported 
by work in vitro showing that palmitic acid impairs 
S6K1Thr389 phosphorylation in C2C12 cells [50], and 
several studies have reported attenuated muscle adapta-
tion to exercise during a high-fat diet [51]. The impaired 
mTORC1 activation in the present study may therefore 
represent an inhibitory effect of increased fatty acids as 
a consequence of a metabolic switch during conditions of 
low glycogen availability.

The phosphorylation of eEF2Thr56 was considerably 
higher in type II than in type I fibers in resting muscle 
in agreement with previous studies [11, 52], suggesting 
a higher basal rate of protein synthesis in type I than in 
type II fibers [53]. A higher rate of protein synthesis in 
slow-twitch compared to fast-twitch muscle has previ-
ously also been reported in rodents [54, 55]. Whether a 
possible fiber-type specific difference in resting synthetic 

rate may influence the response to exercise with reduced 
availability of muscle glycogen is presently unknown.

Endurance exercise is considered to stimulate autoph-
agy, and several studies have indicated that induction 
of autophagy is essential for muscular adaptation to 
exercise training [17]. During autophagy, lipidation of 
LC3B-I forms LC3B-II located at the autophagosome 
membrane. The level of LC3B-II is therefore frequently 
used as a marker for autophagosome content and also an 
indirect marker of autophagic activity (see Botella et al. 
2024) [56]. Endurance exercise may regulate autophagy 
in different ways. One is through activation of mTORC1, 
which is a regulator not only of the rate of protein syn-
thesis but is also a key regulator of the autophagy path-
way in skeletal muscle. Activation of mTORC1 negatively 
regulates autophagic induction by phosphorylating ULK1 
on the Serine 757 site [57].

Fig. 9  Protein content of (A) LC3B-I, (B) LC3B-II and (C) LC3B-II/I ratio in type I and type II fibers in the low and normal glycogen leg pre and post 60 min 
of two-legged cycling exercise, and (D) the relationship between the decrease in LC3B-II and the level of post-exercise palmitoylcarnitine in the low 
glycogen leg. Individual values from 5 subjects as well as mean values are presented. Filled circles indicate male subjects and open circles the female 
subject, however, some values are masked due to overlap. In D, circles indicate male subjects and the triangle the female subject. The ANOVA revealed a 
significant interaction between leg and time for all variables. Fisher´s LSD post hoc test was employed to identify where the differences occurred
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In the normal leg, exercise caused an increase in 
mTORSer2448 phosphorylation, a pronounced reduction 
in LC3B-II content, as well as a decrease in the ratio 
LC3B-II/LC3B-I in both fiber types. These findings are 
in agreement with previous studies on mixed muscle, 
suggesting reduced autophagosome formation [17, 56, 
58, 59]. On the contrary, for the low leg, exercise did not 
affect mTORSer2448 phosphorylation, the reduction in 
LC3B-II was smaller than seen in the normal leg, and the 
LC3B-II/LC3B-I ratio remained essentially unchanged 
thus suggesting an attenuated effect. Due to limited 
sample availability and antibody issues, we were unable 
to quantify ULK1Ser757. Interestingly, we found a greater 
reduction in LC3B-II content when the increase in pal-
mitoylcarnitine level was small which coincides with the 
availability of muscle glycogen being sufficient (Figs.  6B 
and 9D).

The energy sensor AMPK is known to regulate autoph-
agy through direct activation of ULK-1 on the Serine 555 
site. However, the expected differential activation of these 
proteins in the low and normal leg was not detected. 
Instead, exercise caused similar increases in phosphory-
lation of AMPKThr172 and ULK-1Ser555 in both legs as well 
as in both fiber types (Fig. 8). Our data thus indicate that 
mTORC1 signaling is more important in regulating the 
autophagic response in this specific exercise situation, as 
was suggested to be the case for the autophagy-inhibiting 
effect of insulin [59]. The role of mTORC1 in regulating 
autophagy was recently confirmed in a study on differ-
ent fiber types following ingestion of a mixed meal [60]. 
Here, the observed reduction in LC3B-II abundance in 
both type I and type II fibers occurred together with sim-
ilar increases in Akt and mTOR phosphorylation [60].

We found no fiber type-specific difference in LC3B-II 
content, in contrast to studies on rodents where autoph-
agy protein content and flux were higher in slow-twitch 
than in fast-twitch muscle [61]. In agreement with this, 
a higher level in type I versus type II fibers was recently 
reported in human subjects [60]. The reason for the 
divergent results is unclear, but may be related to the sub-
ject groups. In the study by Morales-Scholz and cowork-
ers (2022) the subjects were sedentary overweight in 
contrast to our group of moderately trained subjects, 
who may have a relatively high oxidative capacity also in 
their type II fibers [62].

Twelve hours after the glycogen reduction exercise 
on day 1, the level of mTORSer2448 phosphorylation was 
higher in both fiber types, suggesting that activation of 
this protein persists despite no nutritional intake. Pro-
longed fasting is known to stimulate degradation pro-
cesses, however, no measurable effects on markers of 
proteasomal degradation and autophagy-related proteins 
were detected in human muscle following 12–15  h of 
fasting [63–65]. The upregulation of MuRF-1 expression 

in both fiber types, while larger in type II fibers, and 
the elevation of the autophagy protein LC3B-I in both 
fiber types is, therefore, most likely related to the eve-
ning exercise. However, to what extent the effects of the 
one-legged exercise on day 1 influenced the response 
to exercise on day 2 is not known. Based on the inverse 
relationships between glycogen level and the phosphor-
ylation of eEF2Thr56 in type I fibers and carnitine-fatty 
acids and reduction in the LC3B-II content in the low 
leg, it appears more likely that the attenuated response is 
related to the low initial glycogen levels than a remaining 
effect of the previous exercise.

In practical terms, the findings of the present study, 
which involve both legs receiving the same arterial sup-
ply, may not directly translate to real-life scenarios. In 
such scenarios, exercise with low glycogen content may 
alter the delivery of substrates and hormones, which may 
play a role in the adaptation to exercise [7]. However, the 
systemic changes appear less crucial than local muscle 
glycogen content in regulating the signaling response. 
Based on this, we suggest that the changes in the low-gly-
cogen leg may be relevant to regular exercise performed 
at a moderately high intensity, aligning with the “train-
low” concept. If we assume that a more pronounced 
response is beneficial for long-term training outcomes, 
the attenuated response following exercise with low gly-
cogen may hinder long-term muscular adaptation and, 
therefore, is unlikely to be optimal for the subsequent 
training results.

Conclusions
Our findings show that when exercise begins with 
low levels of muscle glycogen, phosphorylation of 
mTORSer2448 remains unchanged in both type I and type 
II fibers, and eEF2Thr56 increases only in type I fibers 
indicating that the rate of protein synthesis is depressed 
primarily in these fibers. In addition, exercise induced 
only minor or no reduction in the level of autophagic 
markers in both fiber types in the leg with low glycogen 
levels, possibly due to reduced mTORC1 activity. This 
suggests that exercise with limited availability of glycogen 
may prevent the typically observed reduction in autoph-
agy. Furthermore, these effects appear to be driven by 
changes in substrate availability and/or utilization during 
exercise rather than the remaining effect of the glycogen 
reduction exercise performed a day earlier.
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Supplementary Material 1: Supplementary figure 1. Levels of fatty acids 
conjugated to carnitine in type I and type II fibers in the low and normal 
glycogen leg pre and post 60 min of two-legged cycling exercise. (A) lino-
leoylcarnitine, (B) stearoylcarnitine, (C) myristoylcarnitine, (D) hexanoylcar-
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nitine, (E) isovalerylcarnitine and (F) butyrylcarnitine. Individual values from 
5 subjects, except for type II fibers in the low leg pre-exercise (n=4) and 
type I fibers in the normal leg post-exercise (n=4), as well as mean values 
are presented. Filled circles indicate male subjects and open circles the 
female subject, however, some values are masked due to overlap. Linear 
mixed effects models were employed to identify differences between legs, 
fiber type and time. 

Supplementary Material 2: Supplementary figure 2. (A) glucose-6-phos-
phate, (B) fructose-6-phosphate, (C) acetylcarnitine and (D) carnitine in 
type I and type II fibers in the low and normal glycogen leg pre and post 
60 min of two-legged cycling exercise. Individual values from 5 subjects as 
well as mean values are presented except for type II fibers in the low leg 
pre-exercise (n=4) and type I fibers in the normal leg post-exercise (n=4). 
Filled circles indicate male subjects and open circles the female subject, 
however, some values are masked due to overlap. Linear mixed effects 
models were employed to identify differences between legs, fiber type 
and time. 

Supplementary Material 3: Supplementary figure 3. Protein content of (A) 
mTOR, (B) eEF2, (C) 4EBP-1, (D) S6K1, (E) AMPK, (F) ULK1, (G) ACC and (H) 
UBR5 in type I and type II fibers in the low and normal glycogen leg before 
and after 60 min of cycling exercise. Individual values from 5 subjects as 
well as mean values are presented. Filled circles indicate male subjects 
and open circles the female subject, however, some values are masked 
due to overlap. The ANOVA revealed a significant interaction between leg 
and time for 4E-BP1 content, and the Fisher´s LSD post hoc test revealed a 
difference between the low and normal leg pre-exercise and between pre 
and post-exercise for the low leg.

Supplementary Material 4: Supplementary figure 4. Representative immu-
noblots of total protein content (A), phosphorylated protein (B) and total 
protein stain (MemCode) (C).

Acknowledgements
The authors wish to thank the participants for their time and effort. The 
authors also wish to thank Professor Björn Ekblom and Professor Lars 
Larsson for their assistance during sample collection. We acknowledge the 
Karolinska Institute Small Molecule Mass Spectrometry Core Facility (KI-SMMS), 
supported by KI/SLL, for support in the sample analyses.

Author contributions
EB and SE conceived and designed research; EB, SE and OH performed 
experiments; LC, HS, MM, KS, AC and EB performed analyses; EB, OH, MM, JLR 
and KS analyzed data and interpreted results; OH prepared figures; EB, OH 
drafted manuscript; MM, JLR, SE, LC and KS edited and revised manuscript. All 
authors read and approved the final manuscript.

Funding
Open access funding provided by Swedish School of Sport and Health 
Sciences (GIH).
This project was supported by funds from The Swedish Research Council 
for Sport Science #P2018-0049 to EB and Swedish Research Council Grant 
#2022–02743 to JLR.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
The study was approved by the Swedish Review Authority (2018/2186-31) 
and performed in accordance with the principles outlined in the Declaration 
of Helsinki. All participants were fully informed about the experimental 
procedure and associated risks before giving their written consent.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Physiology, Nutrition and Biomechanics, The Swedish 
School of Sport and Health Sciences, Stockholm, Sweden
2Department of Physiology and Pharmacology, Karolinska Institute, 
Stockholm, Sweden
3Department of Women’s and Children’s Health, Karolinska Institute, 
Stockholm, Sweden
4Unit of Integrative Metabolomics, Institute of Environmental Medicine, 
Karolinska Institute, Stockholm, Sweden
5Department of Respiratory Medicine and Allergy, Karolinska University 
Hospital, Stockholm, Sweden
6Department of Pharmacology and Stanley & Judith Frankel Institute for 
Heart & Brain Health, University of Michigan Medical School, Ann Arbor, 
MI, USA

Received: 14 October 2024 / Accepted: 28 February 2025

References
1.	 Hansen AK, Fischer CP, Plomgaard P, Andersen JL, Saltin B, Pedersen BK. 

Skeletal muscle adaptation: training twice every second day vs. training once 
daily. J Appl Physiol (1985). 2005;98:93–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​j​​a​p​p​​l​p​h​​y​s​i​o​​
l​.​​0​0​1​6​3​.​2​0​0​4.

2.	 Hawley JA, Lundby C, Cotter JD, Burke LM. Maximizing cellular adaptation to 
endurance exercise in skeletal muscle. Cell Metab. 2018;27:962–76. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​m​e​t​.​2​0​1​8​.​0​4​.​0​1​4.

3.	 Hearris MA, Hammond KM, Fell JM, Morton JP. Regulation of muscle glycogen 
metabolism during exercise: implications for endurance performance and 
training adaptations. Nutrients. 2018;10. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​n​​u​1​0​0​3​0​2​9​8.

4.	 Diaz-Lara J, Reisman E, Botella J, Probert B, Burke LM, Bishop DJ, Lee MJ. 
Delaying post-exercise carbohydrate intake impairs next-day exercise capac-
ity but not muscle glycogen or molecular responses. Acta Physiol (Oxf ). 
2024;240:e14215. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​a​​p​h​a​.​1​4​2​1​5.

5.	 Gollnick PD, Pernow B, Essen B, Jansson E, Saltin B. Availability of glycogen 
and plasma FFA for substrate utilization in leg muscle of man during exercise. 
Clin Physiol. 1981;1:27–42.

6.	 Blomstrand E, Saltin B. Effect of muscle glycogen on glucose, lactate and 
amino acid metabolism during exercise and recovery in human subjects. J 
Physiol. 1999;514(Pt 1):293–302. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​4​​6​9​-​​7​7​9​3​​.​1​​9​9​9​.​2​9​
3​a​f​.​x.

7.	 Steensberg A, van Hall G, Keller C, Osada T, Schjerling P, Pedersen BK, et al. 
Muscle glycogen content and glucose uptake during exercise in humans: 
influence of prior exercise and dietary manipulation. J Physiol. 2002;541:273–
81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​3​​/​j​​p​h​y​​s​i​o​​l​.​2​0​​0​1​​.​0​1​5​5​9​4.

8.	 Kimball SR, Farrell PA, Jefferson LS, Invited, Review. Role of insulin in trans-
lational control of protein synthesis in skeletal muscle by amino acids or 
exercise. J Appl Physiol (1985). 2002;93:1168–80. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​j​​a​p​p​​
l​p​h​​y​s​i​o​​l​.​​0​0​2​2​1​.​2​0​0​2.

9.	 Goodman CA. Role of mTORC1 in mechanically induced increases in transla-
tion and skeletal muscle mass. J Appl Physiol (1985). 2019;127:581–90. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​j​​a​p​p​​l​p​h​​y​s​i​o​​l​.​​0​1​0​1​1​.​2​0​1​8.

10.	 Rennie MJ. Why muscle stops Building when it’s working. J Physiol. 
2005;569:3. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​3​​/​j​​p​h​y​​s​i​o​​l​.​2​0​​0​5​​.​0​9​9​4​2​4.

11.	 Rose AJ, Bisiani B, Vistisen B, Kiens B, Richter EA. Skeletal muscle eEF2 
and 4EBP1 phosphorylation during endurance exercise is dependent on 
intensity and muscle fiber type. Am J Physiol Regul Integr Comp Physiol. 
2009;296:R326–33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​a​​j​p​r​e​g​u​.​9​0​8​0​6​.​2​0​0​8.

12.	 Wilkinson SB, Phillips SM, Atherton PJ, Patel R, Yarasheski KE, Tarnopolsky MA, 
Rennie MJ. Differential effects of resistance and endurance exercise in the 
fed state on signalling molecule phosphorylation and protein synthesis in 
human muscle. J Physiol. 2008;586:3701–17. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​3​​/​j​​p​h​y​​s​i​o​​l​.​
2​0​​0​8​​.​1​5​3​9​1​6.

13.	 Harber MP, Konopka AR, Jemiolo B, Trappe SW, Trappe TA, Reidy PT. Muscle 
protein synthesis and gene expression during recovery from aerobic exercise 
in the fasted and fed States. Am J Physiol Regul Integr Comp Physiol. 
2010;299:R1254–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​a​​j​p​r​e​g​u​.​0​0​3​4​8​.​2​0​1​0.

14.	 Mascher H, Ekblom B, Rooyackers O, Blomstrand E. Enhanced rates of muscle 
protein synthesis and elevated mTOR signalling following endurance exercise 
in human subjects. Acta Physiol (Oxf ). 2011;202:175–84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​
1​1​​/​j​​.​1​7​​4​8​-​​1​7​1​6​​.​2​​0​1​1​.​0​2​2​7​4​.​x.

https://doi.org/10.1152/japplphysiol.00163.2004
https://doi.org/10.1152/japplphysiol.00163.2004
https://doi.org/10.1016/j.cmet.2018.04.014
https://doi.org/10.1016/j.cmet.2018.04.014
https://doi.org/10.3390/nu10030298
https://doi.org/10.1111/apha.14215
https://doi.org/10.1111/j.1469-7793.1999.293af.x
https://doi.org/10.1111/j.1469-7793.1999.293af.x
https://doi.org/10.1113/jphysiol.2001.015594
https://doi.org/10.1152/japplphysiol.00221.2002
https://doi.org/10.1152/japplphysiol.00221.2002
https://doi.org/10.1152/japplphysiol.01011.2018
https://doi.org/10.1152/japplphysiol.01011.2018
https://doi.org/10.1113/jphysiol.2005.099424
https://doi.org/10.1152/ajpregu.90806.2008
https://doi.org/10.1113/jphysiol.2008.153916
https://doi.org/10.1113/jphysiol.2008.153916
https://doi.org/10.1152/ajpregu.00348.2010
https://doi.org/10.1111/j.1748-1716.2011.02274.x
https://doi.org/10.1111/j.1748-1716.2011.02274.x


Page 15 of 16Horwath et al. Skeletal Muscle            (2025) 15:9 

15.	 Sandri M. Protein breakdown in muscle wasting: role of autophagy-lysosome 
and ubiquitin-proteasome. Int J Biochem Cell Biol. 2013;45:2121–9. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​b​i​​o​c​e​​l​.​2​0​​1​3​​.​0​4​.​0​2​3.

16.	 Stefanetti RJ, Lamon S, Wallace M, Vendelbo MH, Russell AP, Vissing K. 
Regulation of ubiquitin proteasome pathway molecular markers in 
response to endurance and resistance exercise and training. Pflugers Arch. 
2015;467:1523–37. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​4​2​4​-​0​1​4​-​1​5​8​7​-​y.

17.	 Halling JF, Pilegaard H. Autophagy-Dependent beneficial effects of exercise. 
Cold Spring Harb Perspect Med. 2017;7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​0​1​​/​c​​s​h​p​​e​r​s​​p​e​c​t​​.​
a​​0​2​9​7​7​7.

18.	 Martin-Rincon M, Morales-Alamo D, Calbet JAL. Exercise-mediated modula-
tion of autophagy in skeletal muscle. Scand J Med Sci Sports. 2018;28:772–81. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​s​​m​s​.​1​2​9​4​5.

19.	 Lane SC, Camera DM, Lassiter DG, Areta JL, Bird SR, Yeo WK, et al. Effects of 
sleeping with reduced carbohydrate availability on acute training responses. 
J Appl Physiol (1985). 2015;119:643–55. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​j​​a​p​p​​l​p​h​​y​s​i​o​​l​.​​0​
0​8​5​7​.​2​0​1​4.

20.	 Hearris MA, Hammond KM, Seaborne RA, Stocks B, Shepherd SO, Philp A, et 
al. Graded reductions in preexercise muscle glycogen impair exercise capac-
ity but do not augment skeletal muscle cell signaling: implications for CHO 
periodization. J Appl Physiol (1985). 2019;126:1587–97. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​
2​​/​j​​a​p​p​​l​p​h​​y​s​i​o​​l​.​​0​0​9​1​3​.​2​0​1​8.

21.	 Hearris MA, Owens DJ, Strauss JA, Shepherd SO, Sharples AP, Morton JP, Louis 
JB. Graded reductions in pre-exercise glycogen concentration do not aug-
ment exercise-induced nuclear AMPK and PGC-1α protein content in human 
muscle. Exp Physiol. 2020;105:1882–94. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​3​​/​e​​p​0​8​8​8​6​6.

22.	 Daugaard JR, Nielsen JN, Kristiansen S, Andersen JL, Hargreaves M, Richter EA. 
Fiber type-specific expression of GLUT4 in human skeletal muscle: influence 
of exercise training. Diabetes. 2000;49:1092–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​2​3​3​7​​/​d​​i​a​b​e​t​
e​s​.​4​9​.​7​.​1​0​9​2.

23.	 Daugaard JR, Richter EA. Muscle- and fibre type-specific expression of glu-
cose transporter 4, glycogen synthase and glycogen phosphorylase proteins 
in human skeletal muscle. Pflugers Arch. 2004;447:452–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
0​0​7​​/​s​​0​0​4​2​4​-​0​0​3​-​1​1​9​5​-​8.

24.	 Tannerstedt J, Apro W, Blomstrand E. Maximal lengthening contractions 
induce different signaling responses in the type I and type II fibers of human 
skeletal muscle. J Appl Physiol (1985). 2009;106:1412–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​
5​2​​/​j​​a​p​p​​l​p​h​​y​s​i​o​​l​.​​9​1​2​4​3​.​2​0​0​8.

25.	 Kristensen DE, Albers PH, Prats C, Baba O, Birk JB, Wojtaszewski JF. Human 
muscle fibre type-specific regulation of AMPK and downstream targets by 
exercise. J Physiol. 2015;593:2053–69. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​3​​/​j​​p​h​y​​s​i​o​​l​.​2​0​​1​4​​.​2​
8​3​2​6​7.

26.	 Tobias IS, Lazauskas KK, Siu J, Costa PB, Coburn JW, Galpin AJ. Sex and fiber 
type independently influence AMPK, TBC1D1, and TBC1D4 at rest and dur-
ing recovery from high-intensity exercise in humans. J Appl Physiol (1985). 
2020;128:350–61. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​j​​a​p​p​​l​p​h​​y​s​i​o​​l​.​​0​0​7​0​4​.​2​0​1​9.

27.	 Deshmukh AS, Steenberg DE, Hostrup M, Birk JB, Larsen JK, Santos A, et al. 
Deep muscle-proteomic analysis of freeze-dried human muscle biopsies 
reveals fiber type-specific adaptations to exercise training. Nat Commun. 
2021;12:304. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​6​7​-​0​2​0​-​2​0​5​5​6​-​8.

28.	 Burns KJ, Pollock BS, Lascola P, McDaniel J. Cardiovascular responses to 
counterweighted single-leg cycling: implications for rehabilitation. Eur J Appl 
Physiol. 2014;114:961–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​0​0​4​2​1​-​0​1​4​-​2​8​3​0​-​0.

29.	 MacInnis MJ, Zacharewicz E, Martin BJ, Haikalis ME, Skelly LE, Tarnopolsky 
MA, et al. Superior mitochondrial adaptations in human skeletal muscle after 
interval compared to continuous single-leg cycling matched for total work. J 
Physiol. 2017;595:2955–68. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​3​​/​j​​p​2​7​2​5​7​0.

30.	 Henriksson KG. Semi-open muscle biopsy technique. A simple outpatient 
procedure. Acta Neurol Scand. 1979;59:317–23.

31.	 Christiansen D, MacInnis MJ, Zacharewicz E, Xu H, Frankish BP, Murphy RM. 
A fast, reliable and sample-sparing method to identify fibre types of single 
muscle fibres. Sci Rep. 2019;9:6473. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​1​9​-​4​2​1​6​
8​-​z.

32.	 Leighton B, Blomstrand E, Challiss RA, Lozeman FJ, Parry-Billings M, Dimitriadis 
GD, Newsholme EA. Acute and chronic effects of strenuous exercise on 
glucose metabolism in isolated, incubated soleus muscle of exercise-trained 
rats. Acta Physiol Scand. 1989;136:177–84. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​7​​4​8​-​​1​7​1​
6​​.​1​​9​8​9​.​t​b​0​8​6​5​0​.​x.

33.	 Moberg M, Apró W, Cervenka I, Ekblom B, van Hall G, Holmberg HC, et al. 
High-intensity leg cycling alters the molecular response to resistance exercise 
in the arm muscles. Sci Rep. 2021;11:6453. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​2​
1​-​8​5​7​3​3​-​1.

34.	 Jonsson WO, Ponette J, Horwath O, Rydenstam T, Soderlund K, Ekblom B, 
et al. Changes in plasma concentration of kynurenine following intake of 
branched-chain amino acids are not caused by alterations in muscle kyn-
urenine metabolism. Am J Physiol Cell Physiol. 2022;322:C49–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​​1​1​5​2​​/​a​​j​p​c​e​l​l​.​0​0​2​8​5​.​2​0​2​1.

35.	 Hargreaves M, McConell G, Proietto J. Influence of muscle glycogen on 
glycogenolysis and glucose uptake during exercise in humans. J Appl Physiol 
(1985). 1995;78:288–92. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​j​​a​p​p​​l​.​1​​9​9​5​.​​7​8​​.​1​.​2​8​8.

36.	 Vigh-Larsen JF, Ørtenblad N, Spriet LL, Overgaard K, Mohr M. Muscle glyco-
gen metabolism and High-Intensity exercise performance: A narrative review. 
Sports Med. 2021;51:1855–74. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​4​0​2​7​9​-​0​2​1​-​0​1​4​7​5​-​0.

37.	 Pereyra AS, McLaughlin KL, Buddo KA, Ellis JM. Medium-chain fatty acid oxi-
dation is independent of l-carnitine in liver and kidney but not in heart and 
skeletal muscle. Am J Physiol Gastrointest Liver Physiol. 2023;325:G287–94. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​a​​j​p​g​i​.​0​0​1​0​5​.​2​0​2​3.

38.	 Newsholme EA, Leech A. Biochemistry for the medical sciences. Wiley; 1983.
39.	 Essén B. Intramuscular substrate utilization during prolonged exercise. Ann N 

Y Acad Sci. 1977;301:30–44. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​7​​4​9​-​​6​6​3​2​​.​1​​9​7​7​.​t​b​3​8​1​8​
3​.​x.

40.	 Essen B, Jansson E, Henriksson J, Taylor AW, Saltin B. Metabolic characteristics 
of fibre types in human skeletal muscle. Acta Physiol Scand. 1975;95:153–65. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​7​​4​8​-​​1​7​1​6​​.​1​​9​7​5​.​t​b​1​0​0​3​8​.​x.

41.	 Shaw CS, Swinton C, Morales-Scholz MG, McRae N, Erftemeyer T, Aldous A, 
et al. Impact of exercise training status on the fiber type-specific abundance 
of proteins regulating intramuscular lipid metabolism. J Appl Physiol (1985). 
2020;128:379–89. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​j​​a​p​p​​l​p​h​​y​s​i​o​​l​.​​0​0​7​9​7​.​2​0​1​9.

42.	 Tobias IS, Galpin AJ. Moving human muscle physiology research forward: 
an evaluation of fiber type-specific protein research methodologies. Am J 
Physiol Cell Physiol. 2020. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​a​​j​p​c​e​l​l​.​0​0​1​0​7​.​2​0​2​0.

43.	 Fell JM, Hearris MA, Ellis DG, Moran JEP, Jevons EFP, Owens DJ, et al. Carbohy-
drate improves exercise capacity but does not affect subcellular lipid droplet 
morphology, AMPK and p53 signalling in human skeletal muscle. J Physiol. 
2021;599:2823–49. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​3​​/​j​​p​2​8​1​1​2​7.

44.	 Shepherd SO, Cocks M, Tipton KD, Witard OC, Ranasinghe AM, Barker TA, et 
al. Resistance training increases skeletal muscle oxidative capacity and net 
intramuscular triglyceride breakdown in type I and II fibres of sedentary 
males. Exp Physiol. 2014;99:894–908. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​3​​/​e​​x​p​p​​h​y​s​​i​o​l​.​​2​0​​1​4​
.​0​7​8​0​1​4.

45.	 Redpath NT, Price NT, Severinov KV, Proud CG. Regulation of elongation fac-
tor-2 by multisite phosphorylation. Eur J Biochem. 1993;213:689–99. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​4​​3​2​-​​1​0​3​3​​.​1​​9​9​3​.​t​b​1​7​8​0​9​.​x.

46.	 Rose AJ, Alsted TJ, Jensen TE, Kobberø JB, Maarbjerg SJ, Jensen J, Richter 
EA. A Ca(2+)-calmodulin-eEF2K-eEF2 signalling cascade, but not AMPK, 
contributes to the suppression of skeletal muscle protein synthesis during 
contractions. J Physiol. 2009;587:1547–63. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​3​​/​j​​p​h​y​​s​i​o​​l​.​2​0​​
0​8​​.​1​6​7​5​2​8.

47.	 Camera DM, West DW, Burd NA, Phillips SM, Garnham AP, Hawley JA, Coffey 
VG. Low muscle glycogen concentration does not suppress the anabolic 
response to resistance exercise. J Appl Physiol (1985). 2012;113:206-14. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​j​​a​p​p​​l​p​h​​y​s​i​o​​l​.​​0​0​3​9​5​.​2​0​1​2

48.	 Apro W, Moberg M, Hamilton DL, Ekblom B, van Hall G, Holmberg HC, Blom-
strand E. Resistance exercise-induced S6K1 kinase activity is not inhibited in 
human skeletal muscle despite prior activation of AMPK by high-intensity 
interval cycling. Am J Physiol Endocrinol Metab. 2015;308:E470–81. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​a​​j​p​e​n​d​o​.​0​0​4​8​6​.​2​0​1​4.

49.	 Moberg M, Apro W, Horwath O, van Hall G, Blackwood SJ, Katz A. Acute Nor-
mobaric hypoxia blunts contraction-mediated mTORC1- and JNK-signaling in 
human skeletal muscle. Acta Physiol (Oxf ). 2022;234:e13771. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​1​1​1​​/​a​​p​h​a​.​1​3​7​7​1.

50.	 Deldicque L, Cani PD, Philp A, Raymackers JM, Meakin PJ, Ashford ML, et al. 
The unfolded protein response is activated in skeletal muscle by high-fat 
feeding: potential role in the downregulation of protein synthesis. Am J 
Physiol Endocrinol Metab. 2010;299:E695–705. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​a​​j​p​e​n​
d​o​.​0​0​0​3​8​.​2​0​1​0.

51.	 Sitnick M, Bodine SC, Rutledge JC. Chronic high fat feeding attenuates load-
induced hypertrophy in mice. J Physiol. 2009;587:5753–65. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​
1​1​1​3​​/​j​​p​h​y​​s​i​o​​l​.​2​0​​0​9​​.​1​8​0​1​7​4.

52.	 Edman S, Soderlund K, Moberg M, Apro W, Blomstrand E. mTORC1 signaling 
in individual human muscle fibers following resistance exercise in combina-
tion with intake of essential amino acids. Front Nutr. 2019;6:96. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​​3​3​8​9​​/​f​​n​u​t​.​2​0​1​9​.​0​0​0​9​6.

https://doi.org/10.1016/j.biocel.2013.04.023
https://doi.org/10.1016/j.biocel.2013.04.023
https://doi.org/10.1007/s00424-014-1587-y
https://doi.org/10.1101/cshperspect.a029777
https://doi.org/10.1101/cshperspect.a029777
https://doi.org/10.1111/sms.12945
https://doi.org/10.1111/sms.12945
https://doi.org/10.1152/japplphysiol.00857.2014
https://doi.org/10.1152/japplphysiol.00857.2014
https://doi.org/10.1152/japplphysiol.00913.2018
https://doi.org/10.1152/japplphysiol.00913.2018
https://doi.org/10.1113/ep088866
https://doi.org/10.2337/diabetes.49.7.1092
https://doi.org/10.2337/diabetes.49.7.1092
https://doi.org/10.1007/s00424-003-1195-8
https://doi.org/10.1007/s00424-003-1195-8
https://doi.org/10.1152/japplphysiol.91243.2008
https://doi.org/10.1152/japplphysiol.91243.2008
https://doi.org/10.1113/jphysiol.2014.283267
https://doi.org/10.1113/jphysiol.2014.283267
https://doi.org/10.1152/japplphysiol.00704.2019
https://doi.org/10.1038/s41467-020-20556-8
https://doi.org/10.1007/s00421-014-2830-0
https://doi.org/10.1113/jp272570
https://doi.org/10.1038/s41598-019-42168-z
https://doi.org/10.1038/s41598-019-42168-z
https://doi.org/10.1111/j.1748-1716.1989.tb08650.x
https://doi.org/10.1111/j.1748-1716.1989.tb08650.x
https://doi.org/10.1038/s41598-021-85733-1
https://doi.org/10.1038/s41598-021-85733-1
https://doi.org/10.1152/ajpcell.00285.2021
https://doi.org/10.1152/ajpcell.00285.2021
https://doi.org/10.1152/jappl.1995.78.1.288
https://doi.org/10.1007/s40279-021-01475-0
https://doi.org/10.1152/ajpgi.00105.2023
https://doi.org/10.1152/ajpgi.00105.2023
https://doi.org/10.1111/j.1749-6632.1977.tb38183.x
https://doi.org/10.1111/j.1749-6632.1977.tb38183.x
https://doi.org/10.1111/j.1748-1716.1975.tb10038.x
https://doi.org/10.1111/j.1748-1716.1975.tb10038.x
https://doi.org/10.1152/japplphysiol.00797.2019
https://doi.org/10.1152/ajpcell.00107.2020
https://doi.org/10.1113/jp281127
https://doi.org/10.1113/expphysiol.2014.078014
https://doi.org/10.1113/expphysiol.2014.078014
https://doi.org/10.1111/j.1432-1033.1993.tb17809.x
https://doi.org/10.1111/j.1432-1033.1993.tb17809.x
https://doi.org/10.1113/jphysiol.2008.167528
https://doi.org/10.1113/jphysiol.2008.167528
https://doi.org/10.1152/japplphysiol.00395.2012
https://doi.org/10.1152/japplphysiol.00395.2012
https://doi.org/10.1152/ajpendo.00486.2014
https://doi.org/10.1152/ajpendo.00486.2014
https://doi.org/10.1111/apha.13771
https://doi.org/10.1111/apha.13771
https://doi.org/10.1152/ajpendo.00038.2010
https://doi.org/10.1152/ajpendo.00038.2010
https://doi.org/10.1113/jphysiol.2009.180174
https://doi.org/10.1113/jphysiol.2009.180174
https://doi.org/10.3389/fnut.2019.00096
https://doi.org/10.3389/fnut.2019.00096


Page 16 of 16Horwath et al. Skeletal Muscle            (2025) 15:9 

53.	 Dickinson JM, Lee JD, Sullivan BE, Harber MP, Trappe SW, Trappe TA. A 
new method to study in vivo protein synthesis in slow- and fast-twitch 
muscle fibers and initial measurements in humans. J Appl Physiol (1985). 
2010;108:1410–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​j​​a​p​p​​l​p​h​​y​s​i​o​​l​.​​0​0​9​0​5​.​2​0​0​9.

54.	 Bates PC, Millward DJ. Myofibrillar protein turnover. Synthesis rates of 
myofibrillar and sarcoplasmic protein fractions in different muscles and the 
changes observed during postnatal development and in response to feeding 
and starvation. Biochem J. 1983;214:587–92. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​4​2​​/​b​​j​2​1​4​0​5​
8​7.

55.	 Garlick PJ, Maltin CA, Baillie AG, Delday MI, Grubb DA. Fiber-type composi-
tion of nine rat muscles. II. Relationship to protein turnover. Am J Physiol. 
1989;257:E828–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​a​​j​p​e​​n​d​o​​.​1​9​8​​9​.​​2​5​7​.​6​.​E​8​2​8.

56.	 Botella J, Shaw CS, Bishop DJ. Autophagy and exercise: current insights and 
future research directions. Int J Sports Med. 2024;45:171–82. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​​1​0​5​5​​/​a​​-​2​1​5​3​-​9​2​5​8.

57.	 Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy 
through direct phosphorylation of Ulk1. Nat Cell Biol. 2011;13:132–41. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​c​b​2​1​5​2.

58.	 Schwalm C, Jamart C, Benoit N, Naslain D, Prémont C, Prévet J, et al. Activa-
tion of autophagy in human skeletal muscle is dependent on exercise 
intensity and AMPK activation. Faseb J. 2015;29:3515–26. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​
0​9​6​​/​f​​j​.​1​4​-​2​6​7​1​8​7.

59.	 Fritzen AM, Madsen AB, Kleinert M, Treebak JT, Lundsgaard AM, Jensen TE, 
et al. Regulation of autophagy in human skeletal muscle: effects of exercise, 
exercise training and insulin stimulation. J Physiol. 2016;594:745–61. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​3​​/​J​​P​2​7​1​4​0​5.

60.	 Morales-Scholz MG, Wette SG, Stokie JR, Tepper BT, Swinton C, Hamilton DL, 
et al. Muscle fiber type-specific autophagy responses following an overnight 

fast and mixed meal ingestion in human skeletal muscle. Am J Physiol Endo-
crinol Metab. 2022;323:E242–53. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​a​​j​p​e​n​d​o​.​0​0​0​1​5​.​2​0​2​
2.

61.	 Lira VA, Okutsu M, Zhang M, Greene NP, Laker RC, Breen DS, et al. Autophagy 
is required for exercise training-induced skeletal muscle adaptation and 
improvement of physical performance. FASEB J. 2013;27:4184–93. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​0​9​6​​/​f​​j​.​1​3​-​2​2​8​4​8​6.

62.	 Saltin B, Henriksson J, Nygaard E, Andersen P, Jansson E. Fiber types and 
metabolic potentials of skeletal muscles in sedentary man and endurance 
runners. Ann N Y Acad Sci. 1977;301:3–29. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​7​​4​9​-​​6​6​3​
2​​.​1​​9​7​7​.​t​b​3​8​1​8​2​.​x.

63.	 Larsen AE, Tunstall RJ, Carey KA, Nicholas G, Kambadur R, Crowe TC, Cameron-
Smith D. Actions of short-term fasting on human skeletal muscle myogenic 
and atrogenic gene expression. Ann Nutr Metab. 2006;50:476–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​1​5​9​​/​0​​0​0​0​9​5​3​5​4.

64.	 Dethlefsen MM, Bertholdt L, Gudiksen A, Stankiewicz T, Bangsbo J, van Hall 
G et al. Training state and skeletal muscle autophagy in response to 36 h of 
fasting. J Appl Physiol (1985). 2018;125:1609-19. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​2​​/​j​​a​p​p​​l​
p​h​​y​s​i​o​​l​.​​0​1​1​4​6​.​2​0​1​7

65.	 Vendelbo MH, Moller AB, Christensen B, Nellemann B, Clasen BF, Nair KS, et al. 
Fasting increases human skeletal muscle net phenylalanine release and this is 
associated with decreased mTOR signaling. PLoS ONE. 2014;9:e102031. ​h​t​t​p​s​:​​​
/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​3​​​7​1​​/​j​o​​u​r​​n​​a​l​.​​p​​o​​n​e​.​0​1​0​2​0​3​1.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1152/japplphysiol.00905.2009
https://doi.org/10.1042/bj2140587
https://doi.org/10.1042/bj2140587
https://doi.org/10.1152/ajpendo.1989.257.6.E828
https://doi.org/10.1055/a-2153-9258
https://doi.org/10.1055/a-2153-9258
https://doi.org/10.1038/ncb2152
https://doi.org/10.1038/ncb2152
https://doi.org/10.1096/fj.14-267187
https://doi.org/10.1096/fj.14-267187
https://doi.org/10.1113/JP271405
https://doi.org/10.1113/JP271405
https://doi.org/10.1152/ajpendo.00015.2022
https://doi.org/10.1152/ajpendo.00015.2022
https://doi.org/10.1096/fj.13-228486
https://doi.org/10.1096/fj.13-228486
https://doi.org/10.1111/j.1749-6632.1977.tb38182.x
https://doi.org/10.1111/j.1749-6632.1977.tb38182.x
https://doi.org/10.1159/000095354
https://doi.org/10.1159/000095354
https://doi.org/10.1152/japplphysiol.01146.2017
https://doi.org/10.1152/japplphysiol.01146.2017
https://doi.org/10.1371/journal.pone.0102031
https://doi.org/10.1371/journal.pone.0102031

	﻿Endurance exercise with reduced muscle glycogen content influences substrate utilization and attenuates acute mTORC1- and autophagic signaling in human type I and type II muscle fibers
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Subjects
	﻿Experimental design
	﻿Preliminary tests
	﻿Exercise for glycogen reduction (day 1)
	﻿Experimental protocol (day 2)


	﻿Single fiber dissection and type identification
	﻿Pooling of single fibers
	﻿Analysis of fiber pools
	﻿Determination of glycogen content
	﻿Metabolomic analysis
	﻿LC-MS/MS analysis
	﻿Western blotting

	﻿Antibodies
	﻿Statistics
	﻿Results
	﻿Effects of the glycogen reduction exercise on pre-exercise variables (day 2)
	﻿Substrates and metabolites
	﻿Cell signaling


	﻿Effects of two-legged exercise with reduced and normal muscle glycogen content (day 2)
	﻿Physiological parameters
	﻿Muscle metabolism



