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Endurance exercise with reduced muscle
glycogen content influences substrate
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and type Il muscle fibers
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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 VO, 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 | or
type Il 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 Il fibers, respectively, post-exercise. This increase was 3-4 times larger than in the normal leg (P <0.05).
Post-exercise, mTOR>"** 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 eEF2™° phosphorylation in type | fibers
(P<0.01). Exercise induced a reduction in the autophagy marker LC3B-Il 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 | and 87% for type Il, P<0.01).

*Correspondence:
Eva Blomstrand
eva.blomstrand@gih.se

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-3500-2896
http://orcid.org/0009-0009-1282-1205
http://orcid.org/0000-0003-3747-0148
http://orcid.org/0000-0003-2921-833X
http://orcid.org/0000-0001-5885-2378
http://orcid.org/0000-0002-0674-3329
http://orcid.org/0000-0002-1110-2606
http://orcid.org/0000-0002-6537-042X
http://crossmark.crossref.org/dialog/?doi=10.1186/s13395-025-00377-3&domain=pdf&date_stamp=2025-3-22

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

Page 2 of 16

Conclusions Starting an endurance exercise session with low glycogen availability leads to profound changes in
substrate utilization in both type | and type Il fibers. This may reduce the mTORC1 signaling response, primarily in type
I muscle fibers, and attenuate the normally observed reduction in autophagy.

Keywords Autophagy, Muscle fiber type, mTORCI, Fatty acids, Metabolomics

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) c¢cm, body mass 74 (+5) kg and
maximal oxygen uptake (VOye,) 3.89 (£0.36) 1 min~ L
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 (VO,,,) 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
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approximately 70% of VO, 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 5x2 min one-legged cycling at a work rate
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of 149+ 16 W. This was followed by an interval exercise
of 5x3 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, Sodertilje, Sweden) using
a Weil-Blakesley conchotome (AB Wisex, Mélndal, 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 VO, see Fig. 2. Pulmonary
oxygen uptake was measured after 10-15 and 40—45 min
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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 | and type Il fibers. The fiber pools were weighed and homogenized in western blot buffer (~ 1 ug pl~") 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 | and type Il fibers dissected
out from biopsies obtained from the low and normal leg pre- and post-exercise, D. The purity of type | and type Il fiber pools confirmed by analyzing the
homogenates with antibodies against MyHC | 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 Il versus type | fibers
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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

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
Microlmaging, Jena, Germany).

In order to determine muscle fiber type, one fragment
of the isolated single fibers was cut off and dissolved in
5 pl western blot (WB) buffer (2 mM HEPES (pH 7.4),
1 mM EDTA, 5 mM EGTA, 10 mM MgCl,, 1% Triton
X-100, 1 mM NazVO,, 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 pl 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 pl 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, Gottingen, Germany).
The average weight of the fiber pools was 144.1 pg (range
33.3-359.8 pg). The fiber pools were homogenized in ice-
cooled WB buffer (1 ul/pg 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 ul homogenate was digested in 1 M
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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 pl
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, Mannedorf, Switzerland). All samples were
analyzed in triplicate.

Metabolomic analysis

On the day of analyses, 10 pl of sample homogenates
and blanks (homogenizing buffer) were reconstituted in
400 pl 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 ul
were transferred to an LC-MS vial equipped with a 150 ul
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
(100x2.1 mm, 1.7 um). 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 pl/min and the column
temperature was held at 30 °C. The volume of injection
was set at 2.5 pl.

In negative mode, metabolites were separated on an
Acquity Premier BEH Z-HILIC Vanguard FIT column
(100x2.1 mm, 1.7 um). 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
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column was then equilibrated at 90% B for 4 additional
minutes. The flowrate was 500 pl/min and the column
temperature was held at 30 °C. The volume of injection
was set at 2.5 pl.

Western blotting

Aliquots of the homogenates were diluted with 4X Laem-
mli sample buffer (Bio-Rad Laboratories) to a concentra-
tion of 0.25 pg muscle/pl and heated at 95 °C for 5 min.
Proteins were separated by SDS-PAGE, 15 ul 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
(Ser?™8, #2971; total, #2983), 4E-BP1 (Thr®"/%, #2855;
total, #9644), eEF2 (Thr*®, #2331; total, #2332), S6K1
(Thr®®, #9234; total #2708), ACC (Ser”®, #3661; total,
#3676), AMPK (Thr'’?, #4188; total, #2532), ULK1
(Ser>, #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,

p=0018
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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 mTORS*™*® 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-BP1Th37/46 - oEF2 ™56 AMPK™ 172, acetyl-CoA car-
boxylase (ACCS*7?) and ULK1%%%%® were similar in the
low and normal leg. S6K1™3% 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-1I/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 1 min~!, corresponding to
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Fig. 3 Levels of substrates and metabolites in type | and type Il 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 Il fibers in the low leg pre-exercise and type | 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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Fig. 4 Levels of phosphorylated (p) or total protein of enzymes involved in synthesis and breakdown in type | and type Il fibers in the low and normal
glycogen leg pre-exercise on day 2. (A) p-mTOR, (B) LC3B-1, (C) LC3B-Il, (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

73 £1% of VOyy,q respiratory exchange ratio (RER) aver-  remaining long, medium, and short-chain fatty acids con-
aged 0.87 £0.01, and heart rate 159 +4 bpm. The average jugated to carnitine that were analyzed are presented in
power in the stroke cycle was evenly balanced between  Supplementary Fig. 1.

the two legs and the relative contribution was 51 + 1% for The levels of glucose-6-phosphate and fructose-6-phos-

the low and 49+ 1% for the normal leg, with no signifi-  phate did not change significantly in any leg or fiber type

cant difference between the two. during exercise, although in the normal leg, both metab-
olites increased in 4 of the 5 subjects in the type II fibers

Muscle metabolism (Supplementary Fig. 2A, B).

The cycling exercise reduced the muscle glycogen level The level of acetylcarnitine increased in both fiber types

in both fiber types in both legs. However, the decrease in the normal leg, 7 to 10-fold during exercise (P<0.001
was larger in the normal than in the low leg for both  for both fiber types), with a corresponding decrease in
fiber types (Fig. 5A). Glycogen content in type I fibers carnitine (P<0.001). In the low leg, there was an increase
decreased from 146 +45 to 77 £+42 mmol/kg dry weight in acetylcarnitine (P<0.01) as well as a decrease in carni-
(dw) in the low (P<0.05) and from 438+51 to 92+37 tine only in the type I fibers (?<0.05). The level of acetyl-
mmol/kg dw in the normal leg (P<0.001). In type II  carnitine post exercise was higher in type I than in type
fibers, glycogen content decreased from 189+28 to II fibers in both legs (P<0.01), whereas that of carnitine
90 +48 mmol/kg dw in the low (P<0.01) and 456 £63 to  was lower in type I fibers post exercise (P<0.05) only in
225+ 86 mmol/kg dw in the normal leg (P<0.001). The the low leg (Supplementary Fig. 2C, D).
rate of glycogen utilization did not differ between the
two fiber types in the low leg, whereas in the normal leg,  Cell signaling
the rate was 50% higher in type I than in type II fibers The cycling exercise did not affect mTORS*?*¢ phos-
(P<0.01 for type I vs. type II) (Fig. 5A, B). The decreasein  phorylation in the low leg but led to an increase in the
glycogen during exercise was positively correlated to the normal leg, 2.9- and 2.3-fold increase in type I and type
initial content of glycogen in the type I fibers, whereasno  II fibers, respectively (P<0.05, Fig. 7A). The increase in
such correlation was found in type II fibers (Fig. 5C, D). mTORS>*¢  phosphorylation correlated significantly
Exercise led to pronounced increases in carnitine-con-  with the initial muscle glycogen content in type II fibers
jugated long-chain fatty acids, namely, a 14-fold increase ~ (r=0.81, P<0.05), but not in type I fibers (r=0.33, n.s.).
in type I fibers (P<0.001), and a 6-fold increase in type II  The phosphorylation of 4E-BP1™374¢ decreased by
fibers in the low leg (P<0.001, Fig. 6A shows palmitoyl- 60-70% in both fiber types in both legs (P <0.05 for time)
carnitine). In the normal leg, there was a 7-fold increase  (Fig. 7B), whereas the total protein remained unchanged
in type I fibers (P<0.05), but no change in the type II  in the normal leg but decreased by 33% (P<0.01) in both
fibers after exercise (Fig. 6A). The increase in palmitoyl-  fiber types in the low leg (Supplementary Fig. 3C). The
carnitine was related to the initial muscle glycogen level — phosphorylation of eEF2™° increased by 145% in type I
in an inverse curve linear way (Fig. 6B). A similar pat- fibers in the low leg (P<0.01), but there was no effect on
tern of exercise-induced change was found for medium-  this fiber type in the normal leg or in the type II fibers of
chain fatty acids conjugated to carnitine (Fig. 6C shows either leg (Fig. 7C). The change in eEF2™"° phosphoryla-
decanoyl-carnitine), whereas short-chain fatty acids con-  tion in type I fibers was negatively correlated to the initial
jugated to carnitine increased similarly in type I and type  content of muscle glycogen (Fig. 7D), while no such cor-
II fibers in both legs, although the increase was larger relation was found for type II fibers.
in the low leg (Fig. 6D shows propionyl-carnitine). The
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Fig. 5 (A) muscle glycogen in type | and type Il 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 | and type Il fibers in the low and normal glycogen leg, (C) correlation between initial content of glycogen
and utilization of glycogen in type | fibers and (D) corresponding correlation in type Il fibers. Individual values from 5 subjects as well as mean values are
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revealed a significant interaction between leg, fiber type and time, Fisher’s LSD post hoc test was employed to identify where the differences occurred

The phosphorylation of AMPK™ 72 tended to increase,
and the phosphorylation of ULK15%® 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
ACCS* 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).
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between legs, fiber type and time

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 mTORS248

increased in the normal leg but remained unchanged in
both fiber types in the low leg together with increased
phosphorylation of eEF2™°¢ 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).
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Fig. 7 Protein phosphorylation (p) of (A) mTOR, (B) 4EBP-1, and (C) eEF2in type I and type Il 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 | fibers are shown in D

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 mTORS™?#3 was unaffected
and 4E-BP1™374¢ phosphorylation decreased in both
fiber types while eEF2™ phosphorylation increased
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The ANOVA revealed a significant main effect of time for p-ACC and p-ULK-1

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 eEF2™¢ 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 eEF2™™° is induced only when the glycogen level
falls below 300 mmol kg~' 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 Ca?*-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 mTORCI1 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 mTOR?**® phosphory-
lation, indicating activation of mTORC1 [48, 49]. The
reduction in 4E-BP1™37/4¢ phosphorylation despite a
probable activation of mTORC1 may be due to low sen-
sitivity and delayed responsiveness of 4E-BP1T37/%6 to
changes in mTOR***® 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 mTORCI signaling response, more
apparent in type I than type II fibers through increased
eEF2™5¢ phosphorylation. It is therefore possible that
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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
S6K1™38° phosphorylation in C2C12 cells [50], and
several studies have reported attenuated muscle adapta-
tion to exercise during a high-fat diet [51]. The impaired
mTORCI1 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 eEF 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

2Thr56

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 mTORCI,
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 mMTORCI1 negatively
regulates autophagic induction by phosphorylating ULK1
on the Serine 757 site [57].
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In the normal leg, exercise caused an increase in
mTORSe?*48 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 mTORS*?*® 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 ULK1%%7%7, 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 AMPK™172 and ULK-15¢"> in both legs as well
as in both fiber types (Fig. 8). Our data thus indicate that
mTORCI1 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 mTORCI 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 mTORS*?*#¢ 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
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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 eEF2™% 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
mTORS?*# remains unchanged in both type I and type
II fibers, and eEF2™° 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 mTORCI 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.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/513395-025-00377-3.

Supplementary Material 1: Supplementary figure 1. Levels of fatty acids
conjugated to carnitine in type | and type Il 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 Il fibers in the low leg pre-exercise (n=4) and
type | 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 | and type Il 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 Il fibers in the low leg
pre-exercise (n=4) and type | 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 Il 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).
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