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Abstract

Glycogen is an important energy reserve in the brain and can be rapidly degraded to maintain metabolic
homeostasis during cerebral blood vessel occlusion. Recent studies have pointed out the alterations in glycogen
and its underlying mechanism during reperfusion after ischemic stroke. In addition, glycogen metabolism may
work as a promising therapeutic target to relieve reperfusion injury. Here, we summarize the progress of glycogen
metabolism during reperfusion injury and its corresponding application in patients suffering from ischemic

stroke.
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Introduction

Ischemic stroke is the second leading cause of death in the world, and
vascular recanalization by thrombolysis is the main treatment method at
present, but thrombolysis can cause reperfusion injury. [1] The main
mechanisms of reperfusion injury include glutamate poisoning, excess
oxygen free radicals, inflammation and calcium overload. The deficiency
and restoration of blood flow during ischemia/reperfusion (I/R) can disrupt
energy balance in the brain, which can aggravate the disruption of brain
homeostasis. Accordingly, it is crucial to uncover the alterations in energy
metabolism and metabolic disorders during I/R.

In the central nervous system, astrocytes account for 20%-24% of the total
number of cells, and their number even exceeds that during neurological
diseases, such as ischemia. [2] As a prior target for the neuroprotection of
ischemic stroke, astrocytes contact, interact with and affect all parenchymal
cells. [3, 4] Cerebral ischemia affects all cellular components in the brain and
initiates signaling responses between similar and different types of cells. [5]

Astrocytes play important roles in the brain, including neurotransmitter
absorption and secretion, and they maintain the blood-brain barrier by
providing biochemical support to the endothelial cells of the blood—brain
barrier. Astrocytes provide nutrients to the nervous tissues to maintain the
balance of extracellular ions and play a role in the repair processes following
head and spinal cord trauma and scar formation. [6] Glycogen is found
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mainly in astrocytes but not in neurons. When the brain is ischemic,
astrocytes located near neurons in the frontal cortex and hippocampus supply
these neurons with glucose. [7] Glycogen, a high polymer of glucose,
accumulates in astrocytes during ischemia—reperfusion, mainly because of
impaired glycogen decomposition. Based on these findings, there is a
protective effect of glycogen decomposition on neurons. [8] This project
mainly discusses the role and mechanism of astrocyte glycogen metabolism
in cerebral ischemia—reperfusion injury.

1. Glycogen alterations during I/R

Glycogen is the stored form of glucose in cells. Glycogen is a high molecular
compound of glucose and is the second largest energy reserve in the human
body behind fat, which mainly exists in astrocytes. Brain glycogen, as an
important endogenous energy substance in the brain, mainly exists in
astrocytes and is rapidly decomposed to provide additional energy support
for the brain when blood vessels are blocked. [9] As an important energy
source for astrocytes, glycogen is a regulator of astrocyte utilization of
blood-borne glucose. [10, 11] During brain stimulation, glycogen
decomposition could meet the energy requirements by inhibiting astrocyte
hexokinase and glycogen decomposition promotes glutamate resynthesis in
astrocytes by astrocyte utilization of extracellular and blood-derived grapes.
[10, 12] Pyruvate is produced by astrocyte glycogen and can achieve aerobic
metabolism by traveling to neurons and providing energy for neuronal
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plasticity. Meanwhile, the dehydration of the glycogen carbon can be
produced through the carboxylation of pyruvate to produce glutamate. [13-
16]

Ischemic stroke is a disease with a high incidence and fatality rate. Because
of the reduced blood flow and lowered oxygen and glucose levels in the
brain, cerebral ischemia causes neuronal injury or death in part of the brain,
and the common cause of damage is hemisphere contralateral hemiplegia.
Ischemic stroke causes problems for patients. For example, patients have
difficulty moving without assistance. Hundreds of patients cannot spend
their time as they wish, and some patients even suffer from permanent
disease. [17-19]

Cerebral ischemia affects all cellular components of the brain and induces
signaling responses between cells of the same and between different types of
cells. [20] Glycogen release in astrocytes can isolate excessive release of
extracellular K+ from the nerve. [21] The expression and activity of enzymes
involved in glycogen metabolism have been shown to be induced by the
vasoconstrictor endothelin-1 in rats with ischemic stroke. At 6 and 24 h, the
level of glycogen in the ipsilateral cerebral hemisphere was elevated relative
to the contralateral cerebral hemisphere (25% and 39%, respectively), and
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there was a similarity in glycogen synthase activity and glycogen branching
enzyme expression between the ipsilateral, contralateral and pseudocontrol
hemispheres. The activity of rate-limiting enzyme involved in glycogen
decomposition and glycogen phosphorylase decreased by 58% 24 h after
stroke, and the activity of camp-dependent protein kinase A (PKA) was
reduced by 48% in the same way. At 24 h after stroke, the rate of glycogen
debranching enzyme expression was reduced by 77% and 72% at the protein
and mRNA levels, respectively. [22] Hypoxia and inhibition of PKA activity
significantly decreased glycogen phosphorylase activity and increased
glycogen accumulation but did not change glycogen synthase activity. In
addition, elevated glycogen levels provide metabolic support for astrocytes
during periods of hypoxia. [22] During ischemic stroke, mitochondria in
astrocytes can store a large amount of glycogen. Glycogen is more resilient
and adaptable in a hypoxic environment to provide energy support for
damaged neurons through their own biological systems and changes in
mitochondrial dynamics. At the same time, as a bridge between the neural
network and the vascular network, AS can regulate cerebral blood flow by
contacting the arterioles and capillaries of the central nerve system to affect
the diameter of blood vessels. [23]
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Figure 1: Schematic diagram depicting the mechanism underlying glycogen mobilization-mediated neuroprotection against reperfusion injury after

ischemic stroke.

2. Glycogen metabolism dysfunction in I/R

Ischemia—reperfusion is designed to save penumbra tissue and reduce
infarct size. The deficiency and restoration of blood flow disrupt the
balance of brain energy and lead to injury during ischemic reperfusion.
The common symptoms are glutamate poisoning, oxygen free radical
overload, inflammation, and calcium overload. Recanalization of
obstructed energy metabolism in the bloodstream can aggravate ischemia
reperfusion injury. The loss of blood disrupts the brain's energy balance.
Brain glycogen, which is rapidly decomposing, provides extra energy for
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the brain during blood vessel blockage. After glycogen breaks down,
glucose-6-phosphate can be generated through glycolysis to generate
lactic acid for aerobic oxidation. On the other hand, after
gluconeogenesis, glucose reduces the amount of oxygen concentration in
cells by NADPH and glutathione generated through pentose phosphate.
[24] Cerebral ischemia leads to Al (injury)/A2 (protection)
differentiation of astrocytes. [8] NF-kb is a key molecule of Al; likewise,
STATS is a key molecule of A2. Peripheral studies suggest that ROS can
activate NF-KB and inhibit STAT3. Glycogen catabolism, mediated by
the PKA-PHK-GP signaling pathway, is the main cause of glycogen
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accumulation in reperfusion and promoting the decomposition of
glycogen can play a protective role. Post ischemia—reperfusion injury can
inhibit A1 formation and elevate A2 activation. [8] (Figure 1).

3. Glycogen metabolism is a promising therapeutic
target for alleviating cerebral reperfusion injury

Glycogen mobilization could reduce ROS levels and further inhibit the
NF-KB signaling circuit and activate the STAT3 signaling circuit to play
a neuroprotective role. [25] Astrocytes fill up the space of damaged nerve
cells in the central nervous system to form nerve scarring with keratin and
possibly aiding in nerve repair, and gene ablation studies have shown that
astrocytes do play an integral role in regeneration. [26]

Immunofluorescence staining of glycogen phosphorylase is a key enzyme
of astrocyte-specific glycogen catabolism. Immunofluorescence staining
confirms that glycogen phosphorylase content is increased in
overexpressed gene mice with significantly reduced infarction, and
significantly improved limb sensory and motor functions. [27]

There is a protective effect of elevated glucose transporter (GLUT)
activity on cells during ischemic energy depletion. In addition, under
physiological conditions, cultured astrocytes express GLUT1 and GLUT3
at low levels. Under physiological conditions, cultured astrocytes
promoted the percent conversion of the transcription factor nuclear factor-
JB (NF-JB) and increased GLUT3 expression under ischemic stress.
Astrocyte GLUT3 improves resistance in response to fatal ischemic stress
by increasing intracellular glucose storage during reperfusion. [28] Under
pathological conditions, glycogen levels and metabolism could be
influenced in cancer studies (gastric adenocarcinoma) and neurological
diseases (Alzheimer's disease). [29-32]

Astrocyte glycogenolysis and lactic acid play a key role in memory
formation, and astrocytic B2 adrenergic receptor and lactate can enhance
memory. Glycogen decomposition plays an important role in memory and
astrocyte-neuronal metabolic coupling primarily at the peak of brain
development could meet energy requirements. [33]

Obviously, the aggregate formation of glycogen is the cause of epilepsy.
In epilepsy studies with Lafora disease as an example, in an LD animal
model, glycogen aggregates gathered into polyglucosan bodies, which are
called Lafora bodies (LBs), suggesting that the elimination of glycogen
synthase (GS) prevented the formation of LBs and the development of
LDs. This also suggests that glycogen accumulation is the basis of the
disease and related symptoms, further revealing the relationship between
glycogen accumulation and seizures. [34] Meanwhile, this confirms that
glycogen deficiency can reduce the occurrence of epilepsy. [34]

In ischemic rats, the deletion of CDKS5 in astrocytes resulted in the
recovery of motor function, the increase in perivascular endogenous
astrocyte branches and endothelial PECAM1 and proliferation markers,
and it also restored the blood-brain barrier and secretion of BDNF
through endogenous astrocytes in ischemic rats. [35]

Ganglioside GM1 can increase glucose intake and mobilize glycogen
storage. Additionally, it can stimulate the secretion of lactic acid from
astrocytes and enhance the gene expression of PTG, hexokinase, Na+/K+
ATPASE o2 subunit, pyruvate dehydrogenase and transaldolase. The
metabolic and neuroprotective roles of astrocytes were further identified
and confirmed in brain diseases, such as spinal cord injury, Huntington's
disease and Parkinson's disease. [36]

In chronic pain, lactic acid promotes astrocyte proliferation and reactive
astrocyte proliferation through a common intracellular signaling pathway
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that promotes synaptic activity in the central nervous system, possibly due
to the activity-dependent release of astrocytes to maintain continuously
elevated extracellular lactic acid levels. Lactic acid has lasting effects on
astrocytes and neurons mediated by extracellular receptor binding. [37]
Apparently, the pathology of the central nervous system is often
associated with reactive astrocyte hyperplasia accompanied by changes in
the release of some neuroregulatory substances. Additionally, astrocytes
are involved. [38]

Conclusion

In general, astrocyte glycogen is dynamic and active, and glycogen
mobilization plays an integral role in neuronal development. In addition
to changes in the physiological environment, for example, I/R, the
dynamic changes, decomposition, accumulation and alienation of
astrocyte glycogen are not negligible. At the same time, astrocyte
glycogen is regarded as a new therapeutic target and has attracted much
attention in the fields of nervous system diseases, cancer, and pain. The
role and mechanism of astrocyte glycogen mobilization in other fields
deserves further investigation and attention.
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