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Pharmacological Manipulation of Brain Glycogenolysis as a Therapeutic

Approach to Cerebral Ischemia
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Abstract: Brain ischemia resulting from multiple disease states including cardiac arrest, stroke and traumatic brain injury,
is a leading cause of death and disability. Despite significant resources dedicated to developing pharmacological interven-
tions, few effective therapeutic options are currently available. The basic consequence of cerebral ischemia, characterized
by energy failure and subsequent brain metabolic abnormalities, enables the protective effects by pharmacological ma-
nipulation of brain metabolism. We present here the important roles of brain glycogen metabolism and propose inhibition
of glycogenolysis as a therapeutic approach to cerebral ischemia.
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1. INTRODUCTION

Brain is one of the most metabolically active organs in
the body, regulating all body functions and activities. The
adult human brain accounts for about 20% of the body's
oxygen consumption and 15% of the cardiac output in rest-
ing state [1]. Energy consumption of the brain is largely de-
voted to axonal and dendritic transport, intracellular signal-
ing systems and gated natrium influx through plasma mem-
branes [2]. Normally, glucose derived from the blood stream
is the principle fuel for the brain [3]. Other substrates such as
fatty acid, ketone bodies, lactate and glycogen also make
contribution to brain energy metabolism [4-6]. Under condi-
tions where supply transiently cannot meet demand, brain
glycogen is rapidly depleted [7], acting as a cellular storage
depot for glucose [8], either for the cells own use or for ex-
port to other cells [9].

In the adult brain, glycogen is primarily localized in as-
trocytes, the most abundant glial cells distributed throughout
the brain [10]. Neurons have the ability to synthesize glyco-
gen [11], but the synthesis is normally suppressed by the
accumulation of the inactive muscle glycogen synthase [12].
Embryonic neural and glia tissue express glycogen but the
level of neural expression drops with maturity in younger
animals [13]. Astrocytes are divided into two subtypes called
fibrous and protoplasmic, which are found in white and grey
matter respectively [14]. Most studies find that brain glyco-
gen levels in grey matter are about twice as much as in white
matter [15]. An electron microscopic study of barbiturate-
induced glycogen accumulation in brain reveals that the
greatest accumulation of astrocytic glycogen occurred in
areas of high synaptic density and near neuronal perikarya,
suggesting a role in the energy dependent process of synaptic
transmission [16].
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Brain glycogen is an active pool undergoing continuous
utilization and resynthesis [17]. The metabolically active
glycogen content of human brain is 3—4 pmol/g [18], com-
paring with the muscle of ~80 umol/g [19] and in the liver
of 200-400 pmol/g [20]. Brain glycogen content is modu-
lated by a number of factors including neurotransmitters,
glucose and hormones [21-24]. The key enzymes for the
synthesis and degradation of glycogen are glycogen synthase
(GS) and glycogen phosphorylase (GP). GS is expressed in
astrocytes and neurons with unknown role in neurons [11].
On the contrary, GP is localized predominantly in astrocytes
[25, 26], consistent with the distribution of glycogen. GP is a
homodimer that exists in three isoforms: the liver (LL), mus-
cle (MM) and brain (BB) isozymes. Both of the muscle iso-
form and brain isoform are expressed throughout the astro-
cytes [26]. A relatively inactive form (GPb) and a more cata-
lytically active form (GPa) represent the two states of the
enzyme. Control of the activity of GP, and thereby of glyco-
genolysis, is executed rapidly by phosphorylation and allos-
teric ligands. Conversion from GPb to GPa is catalyzed by
phosphorylase kinase, which is activated by hormonal mes-
sengers that raise cAMP or cell calcium. In addition to phos-
phorylation, GP activity is also regulated by glucose, ATP,
glucose-6-phosphate (inhibitors) and AMP (activator) [27].
The muscle isozyme is potently activated by either phos-
phorylation or AMP while the brain isozyme is predomi-
nantly regulated by allosteric control via AMP [28].

Brain glycogen storage have a prominent effect during
both physiological and pathological circumstances, by con-
verting to lactate and passing it to adjacent neurons or axons
where it is used as a fuel for brain cells [29, 30]. Although
the precise functions of cerebral glycogen have not yet been
firmly identified, it seems to play an important role in events
like wakefulness [19, 31], hypoglycemia [32], cerebral
ischemia [33, 34], defense against reactive oxygen species
[35] and learning [36].
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2. GLYCOGEN METABOLISM
ISCHEMIA

IN CEREBRAL

A continuous supply of glucose and oxygen from the
blood is essential for normal brain function. An interruption
of blood flow to the brain for more than ten seconds results
in the loss of consciousness and leads to irreversible brain
damage [37]. The primary insult that ischemia brings to the
cells is glucose and oxygen deprivation, which slows or
stops the synthesis of ATP through glycolysis and oxidative
phosphorylation [34].

When a sudden fall in glucose and oxygen supplement
occurs, the brain is protected against cerebral ischemia
through a number of autonomic counterregulatory responses.
There are potentially alternative substrates to glucose for
both glycolysis and oxidation, such as glycogen, lactate and
fatty acids [4, 34, 38]. Breakdown of glycogen is especially
rapid because the initiation of glycogen catabolism through
glycogen phosphorylase to produce glucose-1-phosphate is
ATP-independent. Distinct from glucose, oxygen is irre-
placeable for aerobic respiration, in which metabolic energy
is mainly produced. Consequently, oxygen deprivation im-
mediately induces astrocytes to switch to anaerobic glycoly-
sis to maintain their energy metabolism, which is enhanced
by the induction of glycolytic enzymes [39]. Glycolytic rates
increased 4- to 7-fold in the model of experimental ischemia
mice [40].

Glycogen phosphorylase, the key enzyme controlling
glycogen breakdown, is phosphorylation-regulated by phos-
phorylase kinase. In the initial phases of brain ischemia, the
extracellular potassium value rises within a few seconds fol-
lowing induction of ischemia, preceded by rapid Ca®* flux
and a fall in ATP content, which triggers the activation of
phosphorylase kinase [41-43]. Brain glycogen, therefore, is
degraded to meet the energy requirements. During an energy
crisis, the rate of glycogenolysis in brain rises 200-fold
above that in resting state [44].

Under the anoxic conditions of ischemia, glycogen is
metabolized to lactate through anaerobic metabolism; thus,
much less ATP is generated per glycose unit. Consequently,
brain glycogen is consumed very rapidly and exhausted
within 4 min during complete ischemia [40, 45]. Once gly-
cogen content is depleted, brain function fails and may suffer
irreversible injury [46].

3. ADVANTAGES OF MANIPULATION OF GLYCO-
GEN METABOLISM AS A THERAPEUIC AP-
PROACH TO CEREBRAL ISCHEMIA

Knowledge about the pathogenic mechanisms of
ischemic brain injury, such as glutamate mediated excitotox-
icity, calcium overload, oxidative stress, has led to a host of
molecular drug targets. In spite of the availability of different
classes of pharmacological agents, their effective uses are
limited by weak activities or side effects. The development
of successful therapeutic agents against cerebral ischemia
still remain challenging [47].

The handicap of energy supply, the beginning factor
which leads to the subsequent metabolic disorder, plays a
pivotal role in the brain damage caused by cerebral ischemia.
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Therefore, interference with energy metabolism via inhibi-
tion of glycogenolysis would be a promising approach to
prophylaxis and amelioration. For prophylactic purpose, in-
creasing brain glycogen storage does not have any obvious
drawbacks for nervous system function, but could maintain
brain function and retard the energy failure in the event of an
ischemic episode. Another benefit of inhibiting glycogenoly-
sis comes from the prevention of harms exerted by lactate
and other intermediates generated in the over-active glyco-
genolysis and related glycolysis pathways.

3.1. Improvement of Glycogen Storage

Inhibition of glycogenolysis causes glycogen accumula-
tion under normal conditions [32]. The increasing brain gly-
cogen stores can forestall energy failure and brain injury.
During severe brain ischemia, ATP levels in adult rat cere-
bral fall in parallel with a decrease in glycogen storage [40].
A correlation between glycogen levels and resistance to
ischemia has been demonstrated experimentally. Accumula-
tion of glycogen induced by trauma protects the brain during
ischemia by serving as an endogenous source of metabolic
energy [48]. Prior hypoxic exposure increases brain glyco-
gen and delays energy depletion from a second hypoxia-
ischemia in rat [49]. Moreover, the glutamine synthase in-
hibitor, methinionine sulfoximine (MSO), is reported to in-
crease glycogen storage and reduce cortical infarct size in
rats after middle cerebral artery occlusion [50]. Lactate, the
primary glycolytic production of glycogen metabolism, can
be utilized in the penumbra through aerobic pathway to pre-
serve energy status in either astrocytes or neurons [34]. Dur-
ing reperfusion after transient ischemia, lactate serves as an
important neuronal fuel because it is already present in the
glucose-depleted brain tissue [51]. It has been suggested that
the occurrence of anoxic depolarization, leading to the re-
lease of K™ and glutamate which triggers neuronal death, is
primarily dependent on the decrease of ATP from glycolysis
[52]. Accordingly, pharmacological means for boosting as-
trocyte glycogen storage could protect against energy deple-
tion to provide a long-term beneficial effect for brain tissue.

Besides the role as a readily mobilizable storage form of
glucose, glycogen may engage in the cellular defense against
reactive oxygen species. The disposal of peroxides is de-
pendent on glutathione system. Glutathione disulfide
(GSSG) reduction is catalyzed by glutathione reductase, an
enzyme which needs reduced nicotinamide adenine
dinucleotide phosphate (NADPH) as co-substrate. Therefore,
the detoxification of peroxides is linked to the availability
and the generation of NADPH [53]. NADPH can be derived
from glucose-6-phosphate (G-6-P) by the pentose phosphate
pathway. Serving as an endogenous precursor for, glycogen
in astroglia-rich cultures exhibits accelerated mobilization
after application of peroxides despite of the presence of ex-
ogenous glucose [35].

G-6-P can also be produced in an ATP-dependent path-
way via hexokinase. However, under situations of high de-
mand for G-6-P, supply of ATP and/or the rate of glucose
uptake could limit the generation of G-6-P. In contrast to the
hexokinase reaction, G-6-P generated by ATP-independent
glycogen phosphorolysis might be an effective pathway,
coinciding with the report that the glutathione system of per-
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oxide detoxification is less efficient in neurons than in astro-
glial cells [54]. Consequently, increased glycogen storage
may benefit the brain through detoxifying reactive oxygen.

3.2. Amelioration of Lactic Acidosis

Lactic acidosis is considered to be the main culprit in
cerebral ischemia although the mechanisms still remain to be
defined. Under ischemic conditions, cerebral oxidative me-
tabolism is suppressed and the generation of ATP is primar-
ily dependent on the glycolytic pathway. However, facing
the impaired glucose oxidation, the increased glycolytic rate
leads to a buildup of lactate and H', which causes pH to fall
in the ischemic brain [55]. According to most reports, the
neuronal pH of cell cytoplasm of mammals is about 6.98-
7.05 [56-58]. During severe ischemia, lactate greatly in-
creases (5—14 times) in core regions [59] and tissue pH could
fall to about 6.0 simultaneously [55]. Extreme intracellular
lactic acidosis, in which extracellular pH decrease to less
than 6.5, may be toxic to cells and induce neuronal death
[56]. Patients with larger lactate elevations relatively have
larger infarcts and are left with greater neurological deficits
[60].

Lactic acidosis induced damage may be mediated primar-
ily by an intracellular Ca** overload, due to a sequence con-
sisting of activated Na'-H" exchange and resultant reversal
of Na'- Ca®" exchange [61]. It is also suggested that acidosis
increases intracellular Ca** by activating Ca2+-permeable
acid sensing ion channels (ASICs) [62, 63]. Ca®" overload
induced by acidosis could activate several intricate cell sig-
nal cascades that lead to greater damage, either by impairing
astrocytic protection of neurons or by killing astrocytes. In
focal ischemia, intracerebroventricular injection of ASICla
blockers or knockout of the ASICla gene defends the brain
from ischemic injury [62]. Since ASIC-mediated damage is
concerned with acid, approaches able to reduce the genera-
tion of lactate could be expected to be cerebroprotective.
Under ischemic conditions, brain glycogen is an important
source of glycolytic substrate. Therefore, inhibition of gly-
cogenolysis would be protective due to limited production of
glycolytic substrates and would alleviate lactate overload.
Maslinic acid, a glycogen phosphorylase inhibitor, is re-
ported to reduce glycogenolysis and lactate production in
cultured cortical astrocytes from cerebral tissue of ischemia
rat [64]. However, this can not be the case in the presence of
glucose since glycogen shunt is compensated for by an ac-
celerated glycolytic activity when employing glycogen
phosphorylase inhibitors. Pellerin et al. propose that glycoly-
sis and glycogenolysis could be complementary and are acti-
vated as the intensity of activation increases [65]. Thus, lac-
tate production, reflecting glycolytic activity, is enhanced if
glycogenolysis is interfered [66].

3.3. Prevention of the Abnormal Oxidation of Catabolite
in Mitochondria

The mitochondrial electron transport chain is a principal
source of reactive oxygen species within cells [67]. Inhibi-
tion of mitochondrial respiration by oxygen deprivation ini-
tially interrupts respiratory chain at complex IV [68], where
reduction of O, to H,O takes place. It subsequently causes
accumulation of reduced intermediates of the respiratory
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chain and transiently triggers an increase in reactive oxygen
species (ROS) due to electron leakage [68]. ROS, such as
hydrogen peroxide, superoxide radical, nitric oxide, and per-
oxynitrite, can provoke damage to lipids, DNA, and proteins,
leading to neuronal death [69]. Antioxidants have been
mainly used for scavenging free radicals to exert their neuro-
protective effects.

When blood flow is lowered, glycolytic catabolites, with
much higher levels than normal due to preferential glycolytic
activity together with activation of glycogenolysis, would
enter in mitochondria and experience abnormal oxidative
phosphorylation. Accumulation of catabolites can then affect
the efficiency of mitochondria and increase the rate of ROS
production and oxygen consumption, further adding to the
burden of brain under ischemic conditions. Given the fact
that glycolytic catabolites originated from glycogenolysis
aggravate ROS generation and oxygen consumption, inhibi-
tion of over glycogenolysis could be postulated to attenuate
the production and damages of ROS and oxygen deficiency.

4. INHIBITORS OF GLYCOGENOLYSIS
4.1. Maslinic Acid

Maslinic acid (MA) (Fig. 1) is a natural pentacyclic
triterpene present in plants such as Olea europaea and haw-
thorn. We have first reported that MA represents a new class
of GP inhibitors which bind at the allosteric activator site
[70]. Enzyme kinetics assay results reveal that MA showes
inhibitory activity against rabbit muscle GPa (IC5,=28 uM)
and rat liver GPa (IC50=99uM) in vitro [71]. It also exhibites
a dose-dependent inhibitory activity against GP in homogen-
ates of cultured cortical astrocytes with the ICs, values of 5.7
UM [64]. It has been previously demonstrated that inactiva-
tion of GP could not only reduce glycogenolysis but also
stimulate glycogen synthesis [72]. In cultured astrocytes,
MA produces a dose-dependent increase in astrocyte glyco-
gen content after 24 hour pre-incubation and blocked glyco-
gen degradation caused by norepinephrine treatment [64]. In
a mouse model of ischemia/reperfusion, intragastric adminis-
tration of MA suppresses the increase of malondialdehyde
and lactate concentrations in brain tissue [73]. MA seems to
exhibit a protective effect on brain ischemia model, at least
in part, through inhibition of glycogen phosphorylase.

4.2. CP-316819

CP-316819 (Fig. 1), is an indole binding site inhibitor of
glycogen phosphorylase developed by Pfizer for type 2 dia-
betes but terminated for apparent tachyphylaxis [74]. It in-
hibits human liver GPa and human muscle GPa with ICsg
values of 47nM and 105 nM respectively [75]. In human
liver-derived SK-HEP-1 cells, cell- based ICsy value for in-
hibition of glycogenolysis is 0.56uM [76]. It is reported that
rats treated with CP-316819 have an 88 + 3% increase in
brain glycogen content. When subjected to hypoglycemia,
these rats maintain brain electrical activity 91 + 14 min
longer than those with normal brain glycogen levels and
show markedly reduced neuronal death. As an indole carbox-
imide inhibitor of glycogen phosphorylase, CP-316819 in-
creases brain glycogen storage but does not prevent glycogen
utilization during 30 min of complete brain ischemia [32].
CP-316819 administration not only lowers lactate efflux but
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maslinic acid

Fig. (1). Structures of maslinic acid and CP-316819.

also unaffectes muscle function during short-term maximal
and submaximal intensity contraction, despite the impair-
ment of prolonged low-intensity contraction due to the inhi-
bition of muscle glycogen phosphorylase [77]. These results
suggest the potential protective effects of CP-316819 on
ischemic brain which has a high energy demand like the
conditions just as hypoglycemia and intensity exercise.

4.3. Magnesium Sulfate

Magnesium ion is an important cathodolyte, participating
in organic metabolism as prosthetic group or cofactor of
many enzymes. Magnesium shows a neuroprotective effect
in several models of cerebral ischaemia [78]. Low levels of
serum magnesium are found in patients shortly after a stroke
has occurred [79]. Although the reason of such deficiency
and the benefit for magnesium administration as a thera-
peutic intervention are still unclear, a number of possible
mechanisms have been suggested, including noncompetitive
blockade of N-methyl-D-aspartate (NMDA) receptors [80],
antagonist of calcium channel [81] and modulation of brain
energy metabolism [82].

Uridine diphosphate glucose (UDP-glc), an important
substrate in glycogen synthesis, is a product generated from
the reaction of glucose-1-phosphate with uridine triphos-
phate (UTP) catalyzed by glucose-1-phosphate uridyltrans-
ferase (UGPase) [83]. X-ray structure of UGPase in the
presence of magnesium and UDP-glc showes magnesium to
bind at active site, supporting the role of the conserved
magnesium ion related to glycogen synthesis [84]. Levin et
al. [82] report that excess magnesium also inhibits glyco-
genolysis and lactate efflux. Magnesium sulfate treatment
improves the electroencephalogram (EEG) and decreases the
levels of malondialdehyde and lactate after cerebral ischemia
in rabbits [85]. Gerbils subjected to focal cerebral ischemia
with the pretreatment of magnesium sulfate demonstrate
significant attenuation in the elevation of lactate (150% of
the baseline) and decrease in infarct size compared to the
controls [86]. These results suggest that the neuroprotective
actions of magnesium sulfate might be related to
amelioration of acidosis by inhibiting glycogenolysis.

CONCLUSION

Glycogen is likely a viable and important glucose reser-
voir, whose metabolism is involved in physiological and
pathological conditions. Strategies for direct inhibition of
hepatic glycogenolysis have been proposed as a potential
approach to diabetic therapy, while the role of brain glyco-
gen has been universally dismissed partially due to its rela-

Mini-Reviews in Medicinal Chemistry, 2010, Vol. 10, No. 12 1191

OMe

cl NH CHg3

CP-316819

tively low concentration. Accompanied with the influence of
ischemia on brain metabolism extensively being investi-
gated, the substantial involvement of brain glycogen meta-
bolic abnormality in the development of cerebral ischemia
has been suggested. Consequently, pharmacological inter-
ference with disorders in brain glycogen metabolism sheds
some light in cerebral ischemia therapy. However, more in
vitro and in vivo studies are warranted to verify the efficacy
and safety of this therapeutic approach based on manipula-
tion of brain glycogen metabolism under cerebral ischemia.
Further basic studies on the function and regulation of brain
glycogen are urged to provide valuable insight into this new
therapeutic approach.
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