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Cardiac glycogen-autophagy (‘glycophagy’) is disturbed in cardiometabolic pathologies. The physiological role
of cardiac glycophagy is unclear. Exercise induces transient cardiac glycogen accumulation. Thus, this study
experimentally examined glycophagy involvement during recovery from an exhaustive exercise protocol. Peak
myocardial glycogen accumulation in mice was evident at 2 h post-exercise, preceded by transient activation of
glycogen synthase. At 4 and 16 h post-exercise, glycogen degradation was associated with decreased STBD1
(glycophagy tagging protein) and increased GABARAPL1 (Atg8 protein), suggesting that glycophagy activity was

increased. These findings provide the first evidence that glycophagy is involved in cardiac glycogen physiologic

homeostasis post-exercise.

1. Introduction

Cardiac glycogen accumulation is evident in both physiological and
pathological settings (Chandramouli et al., 2015). Occurrence of cardiac
failure in genetic disease states involving glycogen handling enzyme
mutations indicate that glycogen plays a role in maintaining cardiac
function (Chandramouli et al., 2015). As yet, an understanding of car-
diac glycogen handling and regulation in physiological contexts is
lacking. Cardiac glycogen content increases in response to exercise
(Oliveira et al., 2019), in a manner similar to the well-established
skeletal muscle concept of ‘glycogen supercompensation’. Exercise
thus provides a relevant physiological setting of transient cardiac
glycogen perturbation for experimentation.

The canonical pathway of glycogen handling involves synthesis via
glycogen synthase and glycogen branching enzyme, and degradation via
glycogen phosphorylase and glycogen debranching enzyme (Prats et al.,
2018). Recently, a non-canonical pathway of glycogen degradation
involving autophagy has been characterized, termed ‘glycophagy’
(Koutsifeli et al., 2022; Delbridge et al., 2017). Glycogen is encapsulated
into autophagosomes by tagging and transfer involving partner proteins
(starch binding domain 1 (STBD1) and the Atg8 homologue GABA type

A receptor associated protein like 1 (GABARAPL1)), and then degraded
in the lysosome by a-acid glucosidase (GAA) (Koutsifeli et al., 2022). We
have previously demonstrated that glycophagy is responsive to insulin
and glucose modulation in cardiomyocytes in vitro (Mellor et al., 2014)
and is impaired in the diabetic heart in vivo (Mellor et al., 2024). In
skeletal muscle, reduced GAA activity is linked with chronic
exercise-induced increased glycogen content in human subjects and
mice (Heden et al., 2022). Glycophagy involvement in the cardiac
glycogen response to exercise has not been previously investigated.

Given that the importance of glycogen and glycophagy in the heart
has been demonstrated in pathological settings (Mellor et al., 2024), and
that glycophagy has been shown to have a physiological role in skeletal
muscle (Heden et al., 2022), the experimental goal of this study was to
investigate glycophagy involvement in exercise-induced cardiac
glycogen perturbation.

2. Materials and methods
2.1. Animals

All animal experiments were conducted in the Vernon Jensen Unit at
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the University of Auckland and approved by the University of Auckland
animal ethics committee. The care of animals was in accordance with
the Good Practice Guide for the Use of Animals in Research, Testing and
Teaching. Mice were maintained in a temperature-controlled environ-
ment and a 12:12 h light/dark cycle, with access to standard chow diet
and water ad libitum. Male C57BL/6 mice aged 12 weeks were subjected
to a 3-step treadmill ‘exhaustion’ protocol. From an initial treadmill
speed of 18 cm/s, the speed was increased to 28 cm/s (over 10 min), to
42 cm/s (over 110 min) and then to 50 cm/s (over 30 min). Exhaustion
status was identified when the latency of response to mild electrical
stimulation (0.3 mA) delivered to mice located at the base of the
treadmill exceeded 5.0 s. Following exhaustive exercise mice were
euthanized by cervical dislocation at 0, 2, 4, and 16 h post-exercise (n =
8 mice/group), and heart tissues were collected (Fig. 1A). Tissues were
snap-frozen in liquid N, and ventricular samples were later homoge-
nized in lysis buffer [100 mM Tris-HCI (pH 7.0), 5 mM EGTA, 5 mM
EDTA, protease and phosphatase inhibitors (1x solution, 1 tablet/10 mL
lysis buffer, #04693159001, #04906837001, Roche)] for molecular
analysis.

2.2. Glycogen assay

Homogenized ventricular heart tissue was incubated in the absence
or presence of amyloglucosidase. The homogenate was centrifuged at
16,000 g (2 min, 4 °C) and the supernatant was incubated with
peroxidase-glucose oxidase and o-dianisdine dihydreochloride. Absor-
bance values, measured at 450 nm, were used to determine the amount
of glucose via comparison with a standard curve. Glycogen content was
determined by subtraction of glucose present in samples without amy-
loglucosidase incubation from those digested with amyloglucosidase.

2.3. Immunoblot

Equal amounts of protein for each sample were loaded into poly-
acrylamide gels. Protein was separated by gel electrophoresis and
transferred onto a polyvinylidene difluoride membrane (PVDF). PVDF
membranes were blocked and incubated overnight in the following
primary antibodies: phosphorylated (Ser641) glycogen synthase
(ab81230, Abcam), glycogen synthase (3893, Cell Signaling), phos-
phorylated (Ser14) glycogen phosphorylase (gift from Dr David Staple-
ton), glycogen phosphorylase (gift from Dr David Stapleton), STBD1
(gift from Dr David Stapleton), GAA (14367-1-AP, Protein Tech) and
GABARAPL1 (26632, Cell Signaling). Membranes were incubated in
anti-rabbit secondary antibody. Proteins were visualized using Amer-
sham™ ECL Prime and imaged using a ChemiDocTM MP Imaging Sys-
tem. Protein expression of the proteins of interest were normalized to
the total amount of protein in the sample as determined by Coomassie
staining.

2.4. Statistical analysis

Statistical analyses were conducted using GraphPad Prism v8.2.1.
One-way ANOVA was employed for analyzing the difference between
groups, with Fisher’s LSD post-hoc tests. All datasets were tested for
normal distribution using Shapiro-Wilk tests, and for equal variances
using Brown-Forsythe tests. If the assumptions for parametric testing
were not met, data were log-transformed or non-parametric Kruskal-
Wallis tests were used. Animals were euthanized at each timepoint to
obtain tissues. Results are presented as mean + standard error of the
mean (SEM). Statistical significance was defined as p < 0.05.

3. Results and discussion
To establish the time-course of the cardiac glycogen response to

exercise, glycogen content was measured at rest and 0, 2, 4 and 16 h
after a single bout of exhaustive treadmill exercise (Fig. 1A). A trend for
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decreased cardiac glycogen content was evident immediately post-
exercise (time O vs. rest, p = 0.11, Fig. 1B), followed by a dramatic
3.7-fold increase at 2 h post-exercise. Glycogen content remained
significantly elevated at 4 h post-exercise, returning to near baseline by
16 h (Fig. 1B). The pattern of initial glycogen depletion, followed by
glycogen accumulation and return to baseline is similar to that observed
in skeletal muscle and described as ‘glycogen supercompensation’
(Jensen et al, 2021). Previous studies have reported that
exercise-induced glycogen supercompensation is evident in the heart
(Segel et al., 1975; Conlee et al., 1981; Segel and Mason, 1978), but the
underlying mechanisms have not been fully elucidated.

To determine whether exercise-induced cardiac glycogen accumu-
lation could be explained by changes in the canonical cytosolic glycogen
handling pathway, phosphorylation status of glycogen synthase and
phosphorylase was measured. Activation of glycogen synthase
(decreased Ser641 phosphorylation) was evident immediately post-
exercise (time 0, Fig. 1C-E), preceding the observed increase in
glycogen at 2 h post-exercise. It could be speculated that activation of
glycogen synthesis (via dephosphorylation of synthase Ser641) com-
pensates for cardiac glycogen utilization during exercise, translating to
delayed glycogen accumulation evident at the 2 h timepoint. At 2 and 4
h post-exercise, glycogen synthase was inactivated (hyper-
phosphorylated at Ser641 (Fig. 1C) with small but significant decreased
glycogen synthase protein content (Fig. 1D)) and returned to rest levels
by 16 h post-exercise (Fig. 1C-E). These findings are consistent with an
early study reporting transient activation of glycogen synthase imme-
diately post-exercise (Segel and Mason, 1978). Inactivation of glycogen
phosphorylase was observed from 2 to 16 h post-exercise (reduced
phosphorylation at Serl14, Fig. 1F-H). This result was unexpected given
that glycogen degradation was evident during this time period (glycogen
decreased by 56 + 21% from peak at 2 h-16 h post-exercise). These data
suggest that glycogen recovery towards basal levels is not driven by
augmented glycogen phosphorylase phosphorylation and alternative
routes of glycogen degradation were therefore investigated.

Recently, a non-canonical pathway of glycogen degradation
involving autophagy has been characterized, termed ‘glycophagy’
(Koutsifeli et al., 2022). Glycogen is encapsulated into the autophago-
some via starch binding domain 1 (STBD1) partnering with the Atg8
homologue GABARAPLI1, and degraded in the lysosome via a-acid
glucosidase (GAA) (schematic shown in Fig. 2A). We have previously
visualized glycogen punctate inclusions in autophagosomes in diabetic
and non-disease cardiac settings (Mellor et al., 2024). To determine
whether glycophagy plays a role in the cardiac glycogen response to
exercise, protein expression of glycophagy markers STBD1, GABARAPL1
and GAA was measured by immunoblot. STBD1 expression was un-
changed immediately post-exercise and significantly decreased at 2 and
4 h post-exercise (33 + 21% and 54 + 22% decrease respectively,
Fig. 2B). GABARAPL1 antibodies can be problematic due to high
sequence similarity between proteins in the GABARAP subfamily of
Atg8s (Le Grand et al., 2011). We confirmed the identity of the 18 kDa
GABARAPLI1-specific immunoblot band by inclusion of a global
GABARAPL1 knockout mouse heart homogenate alongside the study
samples (Supplementary Fig. S4). Total GABARAPL1 expression was
increased at 4 and 16 h post-exercise relative to O h post-exercise (1.8-
and 2-fold increase respectively, Fig. 2C). GAA expression was signifi-
cantly decreased at 2 and 4 h post-exercise, returning to baseline levels
at 16 h (Fig. 2D).

In summary, during the glycogen degradation phase of the post-
exercise period (i.e. 4-16 h) STBD1 and GAA were transiently
decreased, and the Atg8 protein GABARAPL1 was increased. Atg8 pro-
teins (such as GABARAPLI1, light chain protin 3B (LC3B)) are considered
to be at least partially recycled back into the cytosol after
autophagosome-lysosome fusion, thus an increase in Atg8 protein con-
tent could be expected to be linked to upregulation of protein synthesis
(Klionsky et al., 2021). In contrast, autophagy receptors (such as STBD1,
p62) are generally considered to be degraded in the lysosome. Decreased
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Fig. 1. A single bout of exhaustive exercise induces transient cardiac glycogen accumulation. A. Schematic of the tissue collection timeline post-exercise. B.
Cardiac glycogen normalized to protein and expressed relative to the rest group. n = 7-8 mice/group. C. Cardiac phosphorylated glycogen synthase (pGS, Ser641),
normalized to coomassie stain intensity and expressed relative to the rest group. n = 7-8 mice/group. D. Cardiac total glycogen synthase (GS) protein content
normalized to coomassie stain intensity and expressed relative to the rest group. n = 7-8 mice/group. E. Ratio of phosphorylated glycogen synthase to total glycogen
synthase. n = 7-8 mice/group. F. Cardiac phosphorylated glycogen phosphorylase (pGP, Ser14) normalized to coomassie stain intensity and expressed relative to the
rest group. n = 7-8 mice/group. G. Cardiac total glycogen phosphorylase (GP) normalized to coomassie stain intensity and expressed relative to the rest group. n =
7-8 mice/group. H. Ratio of phosphorylated glycogen phosphorylase to total glycogen phosphorylase. Data presented as mean + SEM, *p<0.05 rel to rest, °p < 0.05

rel to Ohr, °p < 0.05 rel to 2hr and 9 < 0.05 rel to 4hr.
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Fig. 2. Glycophagy is involved in the cardiac glycogen response to exhaustive exercise. A. Schematic of the glycophagy pathway, created with Biorender. B.
Cardiac starch binding domain protein 1 (STBD1) protein content, normalized to coomassie stain intensity and expressed relative to the rest group. n = 7-8 mice/
group. C. Cardiac gamma-aminobutyric acid type A receptor-associated protein like 1 (GABARAPL1) protein content, normalized to coomassie stain intensity and
expressed relative to the rest group. n = 7-8 mice/group. D. Cardiac acid alpha-glucosidase (GAA) protein content, normalized to coomassie stain intensity and
expressed relative to the rest group. n = 8 mice/group. Data presented as mean + SEM, *p<0.05 rel to rest, bp < 0.05 rel to Ohr, °p < 0.05 rel to 2hr and p < 0.05 rel

to 4hr.

autophagy receptor protein content may reflect either increased degra-
dation rate (i.e. autophagy flux) or decreased protein synthesis. In the
present study, the combination of decreased STBD1 with increased
GABARAPL1 protein content would be consistent with increased flux
through the glycophagy pathway (in a similar manner to studies
reporting exercise-induced autophagy evidenced by decreased myocar-
dial p62 with increased LC3B (Yuan et al., 2018)). Thus glycogen
degradation observed during the later timepoints of the study (4 & 16 h
post-exercise) may be  explained by  upregulation of
glycophagy-mediated glycogenolysis. Interestingly, at the 16 h time
point STBD1 and GAA expression have returned to basal levels, and
GABARAPLI1 expression remains elevated. This may suggest differences
in the degradation rate of these three glycophagy proteins, or perhaps
GABARAPLI remains elevated to facilitate response to further stress. In
addition to their well-documented role in autophagy processes,
GABARAP family proteins also play a role in neuronal function, in-
flammatory response, tumor growth and metastasis (Chen et al., 2024).
By extrapolation from non-cardiac studies, it is feasible that GABAR-
APL1 may also be involved in an exercise-induced cardiac inflammatory
response in the present study, but this has not been directly investigated.
Further investigation, including direct measurement of glycophagy flux

in post-exercise hearts, is warranted.

Only one previous study has investigated the role of glycophagy in
exercise. In skeletal muscle from chronically trained human subjects and
mice, increased glycogen content was associated with lower GAA ac-
tivity (Heden et al., 2022). These findings suggest that downregulation
of glycophagy may be a long-term compensatory response to chronic
exercise training to augment skeletal muscle glycogen content. In
contrast, in the single exercise bout of the present study, transient gly-
cophagy upregulation in cardiac muscle was observed. Understanding
how adaptations relating to chronic exercise training affect the glyco-
phagy response to a single exercise bout in both cardiac and skeletal
muscle would be informative.

In the present study, male animals only were investigated. We have
previously identified that fasting-induced glycogen accumulation and
glycophagy regulation is accentuated in female hearts (Reichelt et al.,
2013), and early studies documented that the GABARAPL1 gene con-
tains an estrogen response element (Pellerin et al., 1993). Thus it is
likely that female mice may exhibit a heightened cardiac glycophagy
response to exercise, and this proposition requires investigation.
Exercise-induced cardiac autophagy activation has been linked with
cardioprotection from short-term cardiovascular stress (Yuan et al.,
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2018), but the involvement of glycophagy in cardioprotection is un-
known. Given that glycophagy flux is impaired in the diabetic heart
(Mellor et al., 2024), establishing whether exercise-related cardiac gly-
cophagy induction is operational in a diabetic setting is an important
next step. The potential for glycophagy to play a role in the cardiac
benefit observed with exercise in diabetes is an exciting proposition.

In conclusion, this study demonstrates that a single event of
exhaustive exercise induces transient glycogen accumulation (‘super-
compensation’). Early in the post-exercise period, increased glycogen
content is linked with relieved inhibition of glycogen synthase
(decreased Ser641 phosphorylation). Following a peak in glycogen
content at 2 h post-exercise, upregulation of glycophagy (and not
glycogen phosphorylase) is associated with a period of glycogen
degradation. These findings suggest that glycophagy is important for
maintaining glycogen homeostasis in the heart, particularly in response
to an acute metabolic stress. Myocardial glycophagy may represent a
rapid and localized yield of glycolytic substrate following a high energy
demand exercise setting.
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