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Physiological Control of Liver Glycogen Metabolism: Lessons from Novel
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Abstract: Liver glycogen is synthesized in the postprandial state in response to elevated concentrations of glucose and in-
sulin or by activation of neuroendocrine signals and it is degraded in the postabsorptive state in response to changes in the
concentrations of insulin and counter-regulatory hormones. Dysregulation of either glycogen degradation or synthesis
through changes in allosteric control or covalent modification of glycogen phosphorylase and glycogen synthase leads to
disturbance of blood glucose homeostasis. Liver glycogen phosphorylase has a dual role in the control of glycogen me-
tabolism by regulation of both glycogen degradation and synthesis. The phosphorylated form (GPa) is the active form and
determines the rate of degradation of glycogen and it is also a potent allosteric inhibitor of the protein complex, involving
the glycogen targeting protein G_ and protein phosphatase-1, which catalyses dephosphorylation (activation) of glycogen
synthase. Drug discovery programmes exploring the validity of glycogen phosphorylase as a therapeutic target for type 2
diabetes have generated a wide array of selective phosphorylase ligands that modulate the catalytic activity and / or the
phosphorylation state (interconversion of GPa and GPb) as well as the binding of GPa to the allosteric site of G,. Glyco-
gen phosphorylase inhibitors that act in hepatocytes either exclusively by dephosphorylating GPa (e.g. indole carbox-
amides) or by allosteric inhibition of GPa (1,4-dideoxy-1,4-D-arabinitol) are very powerful experimental tools to deter-
mine the relative roles of covalent modification of glycogen phosphorylase and / or cycling between glycogen synthesis
and degradation in the mechanism(s) by which insulin and neurotransmitters regulate hepatic glycogen metabolism.
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INTRODUCTION: THE ROLE OF THE LIVER IN
TYPE 2 DIABETES

The liver maintains blood glucose homeostasis by uptake
of glucose in the postprandial state and conversion to glyco-
gen and triglyceride and by production of glucose in the
postabsorptive state by glycogenolysis and gluconeogensis.
Thus liver glycogen has a central role in the control of blood
glucose homeostasis. After a meal the transition from net
glycogen degradation to net synthesis is regulated by the
increase in concentrations of glucose and insulin in the portal
vein and by neuroendocrine mechanisms activated by the
increase in glucose concentration in the portal vein [1]. De-
fects in the mechanisms by which glucose, insulin or neuro-
transmitters regulate glycogen synthesis or degradation cause
disturbance in blood glucose homeostasis.

Type 2 diabetes is a disorder of blood glucose homeosta-
sis that manifests as a progressive rise in fasting blood glu-
cose and impaired glucose tolerance in the postprandial state.
Chronic. elevation in blood glucose if not adequately treated
results in damage to blood vessels, kidneys, eyes and nerves
with a resultant shortening of life expectancy. The rise in
fasting plasma glucose is caused by elevated production of
glucose by the liver and the impaired glucose tolerance in the
postprandial state is in part due to lack of suppression of
hepatic glucose production and decreased hepatic glycogen
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synthesis [2]. Poor glycaemic control in type 2 diabetes is
associated with impaired suppression of hepatic glucose pro-
duction by high glucose concentration, a condition some-
times described as “decreased glucose effectiveness” [3,4].
Hepatic glycogen phosphorylase which catalyses the first
reaction in the degradation of glycogen is considered a po-
tential therapeutic target for type 2 diabetes. Accordingly,
Drug Discovery Programmes have generated a wide array of
selective ligands of glycogen phosphorylase that modulate
the activity of this protein [5-7]. These compounds have
proved to be very powerful experimental tools to study the
regulation of glycogen metabolism by physiological effec-
tors. This paper reviews recent advances in the control of
liver glycogen metabolism and its modulation by novel gly-
cogen phosphorylase inhibitors.

LIVER GLYCOGEN METABOLISM

Glycogen is a branched polymer of glucosyl residues
linked together by a-1,4 bonds along the straight chains and
by a-1,6 bonds at the branched points. Degradation of glyco-
gen is catalysed by two enzymes, glycogen phosphorylase
which catalyses the phosphorolysis of the a-1,4-bond using
inorganic phosphate as substrate and the debranching en-
zyme which has two catalytic activities, 1,4- o-
glucanotransferase and amylo- a -1,6-glucosidase [8]. Syn-
thesis of glycogen likewise involves two enzymes, glycogen
synthase which catalyses the synthesis of the o-1,4 bonds
and branching enzyme which transfers a glucosyl chain of 6
to 8 units to an adjacent chain to form an a-1,6-branch. The
chemical pathway for the synthesis of glycogen from glucose
via glucose 6-P, glucose 1-P and UDP-glucose, the glucosyl
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donor for glycogen synthase (catalyzed respectively by
hexokinase / glucokinase; phosphoglucomutase and UDP-
glucose pyrophosphorylase) is similar in liver and extrahe-
patic tissues [8]. Likewise the degradation of glycogen to
glucose 6-P via glycogen phosphorylase and phosphoglu-
comutase is also similar in liver and extrahepatic tissues.
However, the liver has distinct mechanisms for regulation of
glycogen metabolism, consistent with the unique role of liver
glycogen in blood glucose homeostasis. Accordingly there
are liver-specific isoforms of the glucose transporter
(GLUT2), hexokinase (Glucokinase, Gck), glycogen syn-
thase (LGS), glycogen phosphorylase (PGYL) and also regu-
latory proteins of glucokinase and protein phosphatase-1
(PP1). In addition the liver expresses glucose 6-phosphatase
(G6Pc1) for conversion of glucose 6-P to glucose [9-12].

GLUT2 is the predominant glucose transporter in hepato-
cytes. It mediates the bidirectional transport of glucose and is
involved in glucose uptake and production. It is expressed
constitutively in the plasma membrane and because of its
high activity it maintains the intracellular glucose concentra-
tion in near-equilibrium with the extracellular glucose con-
centration in the hepatic sinusoids which receive blood from
the hepatic artery and the portal vein. Glucokinase
(hexokinase V) catalyses the first reaction in glucose me-
tabolism, the ATP-dependent phosphorylation to glucose to
glucose 6-P [9]. It differs from the other hexokinase isoforms
in its sigmoidal and low-affinity for glucose and its regula-
tion by a specific glucokinase regulatory protein (GKRP)
that further modulates the glucose phosphorylation capacity
of the liver cell [13]. Because of the high capacity of the
glucose transporter and the low affinity of glucokinase, glu-
cose metabolism in the liver cell responds to a wide range of
glucose concentrations as occur in the portal vein in the
postprandial state. GKRP functions as an inhibitor of glu-
cokinase that sequesters the enzyme as an inactive pool in
the nucleus in the postabsorptive state. The rise in blood glu-
cose concentration in the portal vein in the postprandial state
causes the dissociation of glucokinase from GKRP and its
translocation to the cytoplasm with a consequent rapid in-
crease in the phosphorylation capacity in the cytoplasm [9].
This is paralleled by a rise in the cytoplasmic concentration
of glucose 6-P, which like the rate of glucose phosphoryla-
tion is a sigmoidal function of glucose concentration [9].
Glucose 6-P is an important allosteric activator of glycogen
synthase [14] and inactivator of glycogen phosphorylase
[15,16]. Changes in glucose concentration in the portal vein
in the postprandial therefore cause rapid changes in the ac-
tivities of glycogen synthase and phosphorylase, concomi-
tant with the elevation in glucose 6-P [15-17].

REGULATION OF GLYCOGEN SYNTHASE BY CO-
VALENT MODIFICATION AND BY GLUCOSE 6-P

Glycogen synthase, an oligomer of 85kDa units, is regu-
lated by multisite phosphorylation and by allosteric effectors
of which glucose 6-P is the major physiological regulator
[14,18-21]. The liver isoform is about 70% identical to the
muscle isoform and has 7 phosphorylation sites that are des-
ignated “2” and “2a” at the N-terminus and “3a”, “3b”, “3c”,
“4” and “5” at the C-terminus [18]. These residues are phos-
phorylated in vitro by various kinases including protein
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kinase A, phosphorylase kinase, glycogen synthase kinase 3
and AMP-activate protein kinase. Phosphorylation inacti-
vates the enzyme by decreasing its affinity for the substrate
UDP-glucose and also the V.. Glucose 6-P functions as an
allosteric activator of the phosphorylated forms and even the
most phosphorylated forms can be fully activated by saturat-
ing concentrations of glucose 6-P [14]. The ability of glucose
6-P to fully activate the phosphorylated forms of the enzyme
is the basis for the conventional glycogen synthase assay
which measures the ratio of enzyme activity in the absence
or presence of saturating concentrations of glucose 6-P. This
“activity ratio” is therefore a measure of the phosphorylation
state of the enzyme. Dephosphorylation of glycogen syn-
thase is catalysed by protein phosphatase-1 (PP1) in associa-
tion with glycogen targeting proteins [12,22,23]. Glucose 6-
P regulates the activity of glycogen synthase not only by
allosteric activation of the phosphorylated enzyme but also
by making the phosphorylated protein a better substrate for
dephosphorylation by PP1 [14] and by regulating its subcel-
lular location [24]. Several studies have shown that there is a
linear relation between the activity ratio of glycogen syn-
thase and the cell content of glucose 6-P [14,21]. This can be
explained by glucose 6-P induced dephosphorylation of gly-
cogen synthase [8]. However, a further mechanism by which
glucose 6-P regulates glycogen synthase activity is by de-
pleting the phosphorylated form of glycogen phosphorylase
[15,16] which is an allosteric inhibitor of the glycogen syn-
thase phosphatase activity of the PP1 complex with the gly-
cogen targeting protein G [22] (Fig. 1).

REGULATION OF GLYCOGEN PHOSPHORYLASE
BY COVALENT MODIFICATION AND ALLOS-
TERIC EFFECTORS

Liver glycogen phosphorylase is a homodimer of 97kDa
subunits with about 80% homology with the muscle isoform
[25,26]. It is regulated by allosteric effectors and by phos-
phorylation of a single serine residue at the N-terminus. The
phosphorylated and dephosphorylated forms are designated
GPa and GPb, respectively. Phosphorylation of GPb to GPa
is catalysed by phosphorylase kinase, which is activated by
protein kinase A and by elevated cytoplasmic calcium con-
centration whilst dephosphorylation is catalysed by PP1 in
association with glycogen targeting proteins [23]. In liver
only GPa is catalytically active [8], and accordingly the in-
terconversion of GPb and GPa by phosphorylation / dephos-
phorylation is a major determinant of the rate of glyco-
genolysis. Glycogen phosphorylase exists in two conforma-
tional states designated as R- (relaxed)-state or T-(tense)-
state, which are intrinsically more active or less active, re-
spectively [25,26] (Fig. 2). Phosphorylation of the N-
terminus and certain allosteric ligands (AMP, inorganic
phosphate and glucose 1-P) stabilize the R-state whereas
other ligands such as glucose, ATP, purine nucleosides and
glucose 6-P stabilize the less active T-state. Allosteric effec-
tors bind to at least 5 distinct binding sites, which comprise:
(i) the catalytic site (binds glucose, glucose 1-P and inor-
ganic phosphate): (ii) the purine nucleoside inhibitor or caf-
feine-binding site located near the active site; (iii) an AMP
allosteric site also known as the activator site that also binds
ATP, glucose 6-P [27] and the C-terminus of G, [28]; (iv) a



Action of Glycogen Phosphorylase Inhibitors in Hepatocytes

—

Mini-Reviews in Medicinal Chemistry, 2010, Vol. 10, No. 12 1177

UDP-glucose

GLYCOGEN

Fig. (1). Dual role of the phosphorylation state of glycogen phosphorylase in regulation of glycogen metabolism.

Glycogen synthesis involves the conversion to glucose to glucose 6-P catalysed by glucokinase and then to glucose 1-P and UDP-glucose, the
substrate for glycogen synthase. Glycogen synthase exists as a less active phosphorylated form (GSb) and more active dephosphosphorylated
form (GSa). Phosphorylation is catalyzed by multiple protein kinases (PK) and dephosphorylation by PP-1 in association with the glycogen
targeting protein GL. Glycogen phosphorylase is converted from an inactive dephosphorylated form (GPb) to an active phosphorylated form
(GPa) by phosphorylase kinase (Phk). GPa catalyses the conversion of glycogen to glucose 1-P which is converted to glucose 6-P and then to
glucose by glucose 6-phosphatase (G6Pc). Dephosphorylation of GPa is catalysed by protein phosphatase-1 (PP-1) in association with a gly-
cogen targeting protein (GTP). Glucose and glucose 6-P increase the conversion of GPa to GPb by making GPa a better substrate for dephos-
phorylation by PP-1. Conversion of GSb to GSa is accelerated by glucose 6-P which makes GSb a better substrate for dephosphorylation by
PP1-GL and it is inhibited by GPa which is a potent allosteric inhibitor of the glycogen synthase phosphatase activity of PP1-GL.

glycogen storage site; (v) a novel inhibitor site at the subunit
interface that binds indole carboxamide ligands [29,30].

Glucose and other ligands that stabilise the T-
conformation make liver GPa a better substrate for dephos-
phorylation by PP1 and thus promote the conversion of GPa
to GPb. This is analogous to the action of glucose 6-P on
glycogen synthase described above, where glucose 6-P pro-
motes dephosphorylation by PP1-G_. The action of glucose
is synergistic with ligands of the purine nucleoside inhibitor
site, which binds various ligands including caffeine and
adenosine, which stabilize the T-state [14]. Whether this site
has a physiological role in control of hepatic glycogenolysis
is still unsettled [31-33]. The AMP activator site is 40 ang-
strom units from the catalytic site and includes residues from
both subunits of the dimer [25,26]. It binds AMP which sta-
bilizes the R-state or ATP and glucose 6-P which stabilize
the T-state. Although AMP is a potent activator of muscle

GPb increasing activity to 80% of GPa, it has a negligible
effect on the activity of liver GPb isoform which remains
catalytically inactive in physiological conditions in the hepa-
tocytes [8]. Nonetheless changes in the cellular concentra-
tions of AMP and also glucose 6-P in liver can still have a
regulatory role by shifting the equilibrium of GPb between
the R-state and T-state and thereby affecting the interconver-
sion of GPa and GPb. Thus incubation of hepatocytes with
AICAR (5-aminoimidazole-4-carboxamide 1-beta-D-ribofur-
anoside) which is metabolized to AICAR-monophosphate a
potent AMP analogue, causes conversion of GPb to GPa
[16,34]. Conversely metabolic conditions associated with
elevated glucose 6-P promote conversion of GPa to GPb
[15,16]. The AMP site also binds the C-terminus of the gly-
cogen targeting protein G_ and this mimics AMP binding
and stabilises the R-state [28]. Because AMP blocks the
binding of G, to GPa [22], it is predicted to cause activation
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Fig. (2). Glycogen phosphorylase ligands affect the phosphorylation state of glycogen phosphorylase by altering the equilibrium be-

tween the relaxed (R) and tense (T) conformations.

Glycogen phosphorylase exists as a homodimer of subunits that have either a relaxed (R) or tense (T) conformation. Certain ligands includ-
ing glucose, glucose 6-P, caffeine, flavorpiridols and indole carboxamides stabilise the T-conformation, whereas other ligands including
AMP, DAB stabilise the R-conformation. The T-conformation of GPa is a better substrate for dephosphorylation by PP-1 whilst the R-
conformation is a better substrate for phosphorylation. This model accounts for the conversion of GPa to GPb by glucose, glucose 6-P and
certain GPIs and for the conversion of GPb to GPa by DAB and AICAR.

of glycogen synthase by de-inhibition of the synthase
phosphatase.

SYNERGISM BETWEEN GLUCOSE AND GLUCOSE
6-P AND RELEVANCE FOR TYPE 2 DIABETES

Conventionally the physiological role of glucose in con-
verting GPa to GPb in liver or isolated hepatocytes has been
attributed to a direct effect of glucose in stabilising the T-
state [8]. In addition, studies of the inhibition of purified rat
liver GPa or recombinant human liver GPa have shown that
glucose is a more powerful inhibitor at physiological concen-
trations than glucose 6-P on GPa activity in solution [35-37].
However, glucose 6-P at physiologically relevant concentra-
tions causes the conversion of GPa to GPb in hepatocytes
[15,16]. By using a glucokinase inhibitor to block the con-
version of glucose to glucose 6-P, it can be shown that glu-
cose and glucose 6-P act synergistically in promoting con-
version of GPa to GPb [16]. In the absence of a glucokinase
inhibitor the cellular glucose 6-P concentration is a sigmoi-
dal function of glucose concentration [16], and at a particular

glucose concentration it is a linear function of glucokinase
activity [9] and inverse function of glucose 6-phosphatase
activity [38]. Pharmacological inhibition of glucokinase or
overexpression of glucose 6-phosphatase abolishes or sup-
presses, respectively the elevation in glucose 6-P caused by
glucose and suppresses the action of glucose on conversion
of GPa to GPb [15,16]. Conversely, elevation of glucose 6-P
by glucokinase overexpression enhances the effect of glu-
cose [38]. Thus whilst glucose 6-P is ineffective at inhibiting
GPa activity [35-37] it causes conversion of GPa to GPb in
the hepatocyte. This is supported by studies using purified
GPa demonstrating that glucose 6-P promotes the dephos-
phorylation of GPa by both PP1 and the PP1- G_ complex
[40,41]. The apparent discordance between the efficacy of a
ligand at inhibiting GPa in solution and its effect on the in-
terconversion between GPa and GPb in the hepatocyte is
evident from the studies with pharmacological GPIs where
the effect on GPa to GPb conversion (determined by binding
to the T-state) does not necessarily parallel the K; of the in-
hibitor on GPa.
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Type 2 diabetes is characterized by a decrease in the ef-
fectiveness by which high glucose concentration suppresses
hepatic glucose production [3,4]. The activity of glucose 6-
phosphatase is induced by chronic hyperglycaemia in diabe-
tes [9] and it is elevated in human diabetes [42]. Hepatic
glucokinase activity has been reported to be elevated in
newly diagnosed type 2 diabetes [43] but decreased in obese
subjects with diabetes [44]. High glucose 6-phosphatase ex-
pression and / or low glucokinase activity will therefore lead
to diminished elevation of glucose 6-P by high glucose and
thereby to impaired conversion of GPa to GPb and inappro-
priate suppression of hepatic glucose production as occurs in
diabetes [2-4].

ALLOSTERIC ROLE OF GPa AS INHIBITOR OF
GLYCOGEN SYNTHASE PHOSPHATASE

Dephosphorylation of both glycogen phosphorylase and
glycogen synthase is catalysed by PP1 in association with
glycogen targeting proteins which include G, PTG, R6 and
RE (encoded respectively by PPP1R3B,C,D,E) [12,22,23].
These proteins each have a PP1-binding domain and a gly-
cogen-binding domain. However, a unique property of Gy, is
that it has a high-affinity allosteric binding site for GPa at
the C-terminus, designated the GPa-allosteric site [22]. Bind-
ing of GPa but not GPb to this allosteric site inhibits glyco-
gen synthase phosphatase activity [45]. This mechanism en-
ables reciprocal regulation of the activation states of glyco-
gen synthase and phosphorylase [8] (Fig. 1). Although the
molecular characterization of the regulation of glycogen syn-
thase phosphatase activity of PP1-G. by GPa has been ele-
gantly demonstrated in vitro [22,45], the physiological role
of this mechanism in the glucose-induced activation of gly-
cogen synthase remained debated for many years [8,14]. One
hypothesis designated the “sequential mechanism” proposed
that conversion of GPa to GPb by glucose is a prerequisite to
relieve the inhibition of glycogen synthase phosphatase ac-
tivity of G -PP1 by GPa [8]. Conversely, an alternative hy-
pothesis was that glucose elevates glucose 6-P which directly
activates glycogen synthase by dephosphorylation independ-
ently of the concentration of GPa [14]. One argument against
the sequential mechanism was that various situations are
known where glycogen phosphorylase and glycogen syn-
thase are simultaneously active. These include incubation
with fructose, adenosine and glutamine, all of which raise
the AMP concentration [20]. However, AMP prevents the
binding of GPa to G [22] providing an explanation for dis-
sociation of the reciprocal coupling of glycogen phosphory-
lase and synthase in these metabolic conditions. Whether
AMP prevents binding by stabilizing the R-conformation or
by competing at the same site [28] is not clear, since an
AMP-site inhibitor of glycogen phosphorylase (compound A
in [48], S. Kauschke, personal communication) was found to
have no effect on binding of GPa to G [48]. The recent
availability of selective ligands of glycogen phosphorylase
that stabilise the T-state and convert GPa to GPb [46,47] and
of compounds that selectively block the binding of GPa to
the C-terminus of G [48] has enabled the study of the con-
tribution of the GPa interaction with Gy to the control of
glycogen synthase and glycogen synthesis. In addition the
generation of an animal model for selective disruption of the
allosteric binding site of G has confirmed the central role of
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GPa in regulating the activation state of glycogen synthase
[49]. This is unequivocal evidence for the importance of Gp
relative to the other glycogen targeting proteins that are ex-
pressed in the liver [12] in the regulation of glycogen syn-
thase.

GLYCOGEN PHOSPHORYLASE AS A POTENTIAL
THERAPEUTIC TARGET FOR TYPE 2 DIABETES:
LESSONS FROM NOVEL GPIs

Interest in glycogen phosphorylase as a potential thera-
peutic target for diabetes initially led to the design and de-
velopment of glucose analogues that bind to the catalytic site
and are more potent inhibitors of glycogen phosphorylase
than glucose [50,51]. This can be rationalized from the im-
paired effectiveness of glucose in suppression of hepatic
glucose production in diabetes [2-4]. In the past 15 years
Drug Discovery Programmes at major Pharmaceutical Orga-
nizations have generated a wide plethora of compounds that
bind to glycogen phosphorylase at distinct sites and modu-
late its catalytic activity and covalent modification in vivo [5-
7]. Recent developments in this field have been comprehen-
sively reviewed [50,51]. The rest of this paper reviews the
information that has emerged from studies on hepatocytes
with the novel glycogen phosphorylase inhibitors (GPIs),
many of which have been generously provided to the re-
search community by researchers in the Drug Discovery
Programmes at Pfizer, Novo Nordisk, Aventis, AstraZeneca,
Bayer and others.

LIGANDS OF THE CATALYTIC SITE OF GLYCO-
GEN PHOSPHORYLASE

Glucose binds to the catalytic cleft at the glucosyl site
that binds glycogen and glucose 1-P and stabilizes the T-
conformation. Several glucose analogues have been identi-
fied that bind to the glucosyl site with higher affinity than
glucose [52-55]. The biological actions of some of these ana-
logues have been studied in hepatocytes. Board and col-
leagues identified N-acetyl-B-D-glucopyranosylamine (1-
GlcNAc) from a systematic analysis of glucose analogue
inhibitors of muscle GPb that stabilize the T-state [56,57]. 1-
GlcNAc has a K; on muscle GPb and GPa of 30 uM and 50
UM |, respectively as compared with 1.7 and 11 mM for glu-
cose. In liver extracts 1-GlcNAc mimicked the action of glu-
cose in stimulating dephosphorylation of GPa and sequential
dephosphorylation of glycogen synthase with a half-maximal
effect at less than 1mM compared with ~40-50 mM for glu-
cose. In intact hepatocytes 1-GlcNAc (10 mM) mimicked the
action of 50 mM glucose in converting GPa to GPb but un-
like glucose did not activate glycogen synthase. The latter
was explained by phosphorylation of 1-GIcNAc to 1-
GlcNAc-6-P which inhibits the dephosphorylation of glyco-
gen synthase by PP1-Gy irrespective of the presence of glu-
cose 6-P [41]. Interestingly 1-GIcNAc 6-P blocked the
dephosphorylation of GPa to GPb by PP1 only in the pres-
ence of glucose 6-P (0.5mM or 10 mM). Thus 1-GlcNAc 6-P
may compete with glucose 6-P for the nucleotide site on GPa
but presumably does not stabilize the T-state. Accordingly
the efficacy of 1-GlcNAc in promoting conversion of GPa to
GPb in hepatocytes would depend on the relative concentra-
tions of 1-GIcNAc and 1-GIcNAc-6-P [41]. Anderson and
Westergaard [58] used 1-GlcNAc as a surrogate for glucose
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Chart 1. Structure of compounds in the order of appearance in the text.

to study the synergism between “glucose” and other GPIs in
assays of glucose production. Interestingly, they found
maximum inhibition of glycogenolysis was achieved at ImM
1-GIcNAc and at this concentration inhibition was only 25%.
This contrasts with the near-total (80-90%) inhibition by the
other GPIs tested in the same study. The partial (25%) inhi-
bition of glycogenolysis by 1-GlcNAc may be the result of
the opposing effects of 1-GIcNAc and 1-GIcNAc 6-P. It is
noteworthy that several other glucose analogues were found
in our studies (Oikonomakos NG and Agius L, unpublished
observations) to be relatively ineffective at inhibition of gly-
cogenolysis in hepatocytes. However, whether this was due
to poor cellular uptake or other mechanisms was not deter-
mined.

Massillon and colleagues [59] used a glucose analogue
that is phosphorylated by hexokinases to a much lesser ex-
tent than glucose (2-deoxy-2-fluoro-a-D-glucopyranosyl
fluoride, F2-glc) to study the impact of glucose-induced
conversion of GPa to GPb on the sequential activation of
glycogen synthase in intact hepatocytes. Although 10 mM
F2-glc mimicked the action of 50 mM glucose in converting
GPa to GPb, it did not cause activation of glycogen synthase
(as occurred with 1-GlcNAc). It was inferred that depletion
of GPa alone is essential but not sufficient for glucose-
induced activation of glycogen synthase and that elevated
glucose 6-P is also a pre-requisite [59]. However, more re-
cent studies with indole carboxamides have shown that these
compounds cause conversion of GPa to GPb and activation
of glycogen synthase and stimulation of glycogen synthesis
over a range of glucose concentrations and in the absence of
changes in glucose 6-P (see below). Likewise disruption of
the Gi-PP1 interaction also causes maximal activation of
glycogen synthase irrespective of the glucose concentration
[48]. Based on this work with indole carboxamides it can be
inferred that other explanations may account for the lack of
activation of glycogen synthase by F2-glc [59].

Westergard and colleagues identified the naturally occur-
ring heterocyclic compounds 3-hydroxymethyl 4,5-
piperinediol (isofogamine) and 1,4-dideoxy-1,4-D-arabinitol
(DAB) as potent inhibitors of glycogen phosphorylase
[58,60,61]. Structural studies showed that DAB binds to the
active site of muscle GPb and like inorganic phosphate and
glucose 1-P stabilizes the R-conformation [62]. In isolated
hepatocytes DAB is a very potent inhibitor of both basal and
glucagon-stimulated glycogenolysis with half-maximal ef-
fect at around 1-2 pM and greater than 80% inhibition of
glycogenolysis at 5-20 pM [58,60]. The inhibitory potency
was independent of the presence of glucagon and was not
associated with net conversion of GPa to GPb [63]. DAB
promotes the conversion of GPb to GPa with sequential inac-
tivation of glycogen synthase and inhibition of glycogen
synthesis [63]. The potency by which DAB promotes con-
version of GPb to GPa is dependent on glucose concentra-
tion with half-maximal effect at less than 1 pM at SmM glu-
cose and at around 10 uM at 25 mM glucose. This can be
explained by the opposing effects of glucose and DAB in
stabilizing the T-state and R-state, respectively (Fig. 2). Sta-
bilisation of the R-state by DAB [62] favours the conversion
of GPb to GPa, and this in turn inhibits glycogen synthase
phosphatase and accordingly glycogen synthesis. Because
only GPa is kinetically active in hepatocytes [8], the inhibi-
tion of glycogenolysis by DAB can be explained by allos-
teric inhibition of GPa. To date no glucose analogue ligands
of the catalytic site have been shown to cause activation of
glycogen synthase or substantial stimulation of glycogen
synthesis in hepatocytes or other in vitro models.

LIGANDS OF THE AMP ACTIVATOR SITE CAUSE
BOTH INACTIVATION AND ALLOSTERIC INHIBI-
TION OF GPa

A dihydropyridine derivative pro-drug (BAY3401) that is
metabolized to 1,4-dihydropyridine-2,3-dicarboxylate
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(BAY1807) has been studied in perfused liver and isolated
hepatocytes [64]. BAY-1807 binds to the AMP-site of mus-
cle GPb and like glucose 6-P stabilizes the T-conformation
[65]. The compound caused conversion of GPa to GPb in
liver lysates consistent with stabilization of the T-
conformation. The prodrug also caused conversion of GPa to
GPb in intact hepatocytes but had negligible effect on activa-
tion of glycogen synthase when compared with high glucose
concentration. Inhibition of glycogenolysis by BAY3401
was attributed to partial dephosphorylation of GPa (conver-
sion to GPb) and to inhibition of the residual GPa by allos-
teric inhibition [64]. Lack of activation of glycogen synthase
was surprising given that the drug stimulated glycogen syn-
thesis in vivo [66]. Maslinic acid, a naturally occurring pen-
tacyclic triterpene, is a weak inhibitor of muscle GPa and it
binds muscle GPb at the allosteric activator site [67]. Al-
though it caused marginal conversion to GPa to GPb in hepa-
tocytes it did not stimulate glycogen synthesis (Hall, S, Sun
H. and Agius, L, unpublished results). Scientists at Aventis
identified acylurea derivatives (e.g., 6-{2,6-Dichloro- 4-[3-
(2-chloro-benzoyl)-ureido]-phenoxy-hexanoic acid) that are
potent inhibitors of liver GPa [68]. Structural studies showed
that the compounds bind to muscle GPb at the AMP-
activator site and stabilize the T-conformation [69]. Isother-
mal titration calorimetry showed that the compounds bind far
more strongly to GPb (stabilizing the T-state) than to GPa
[70]. In hepatocytes S1048, an acylurea derivative caused
conversion of GPa to GPb and reciprocal stimulation of gly-
cogen synthesis (Hampson L, Schmoll D, Agius L. unpub-
lished results). Inhibition of glycogenolysis by this acylurea
can be at least in part accounted for by conversion of GPa to
GPb. However an additional role for allosteric inhibition of
GPa as suggested for BAY3401 [64] could not be excluded.
Scientists at NovoNordisk identified various phthalic acid
derivatives that bind at the AMP-activator site and are potent
inhibitors of liver and muscle GPa [71]. These compounds
inhibited glycogenolysis in hepatocytes with a greater po-
tency in the absence of glucagon than in its presence (ICsg
1.6 vs 4.7 uM). This contrasts with DAB (see above) which
inhibits glycogenolysis at similar potency irrespective of the
presence of glucagon [60]. Thus compounds that stabilize
the R-state and inhibit glycogenolysis exclusively by allos-
teric inhibition are equally potent regardless of the activation
state of phosphorylase kinase. However, compounds that
stabilize the T-state and inhibit glycogenolysis at least in part
by converting GPa to GPb are less effective when opposed
by glucagon.

INDOLE BINDING SITE GPIs INHIBIT GLYCO-
GENOLYSIS BY CONVERSION OF GPa TO GPb

Researchers at Pfizer identified a series of indole carbox-
amide derivatives (reviewed in [5]) that bind to a novel site
at the subunit interface (2 molecules per homodimer) and
stabilize the T-conformation [5,29,46]. CP-91149 inhibits
recombinant liver GPa activity synergistically with both glu-
cose or caffeine and it inhibits glucagon-stimulated glyco-
genolysis in hepatocytes [46]. The synergy with glucose in
the kinetic studies is consistent with the structural studies on
muscle GPa and GPb demonstrating that glucose and the
indole carboxamide (CP-320626) stabilize the T-
conformation synergistically [72,73]. In intact hepatocytes
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CP-91149 promoted the conversion of GPa to GPb and the
sequential activation of glycogen synthase [47]. This was
associated with very substantial stimulation of glycogen syn-
thesis which correlated inversely with the concentration of
GPa [47]. Importantly, the inverse relation between glycogen
synthesis and GPa was sustained over a wide range of GPa
concentration, indicating that the high control strength of
GPa is of physiological significance [47,74]. When the
stimulation of glycogen synthesis by the indole carboxamide
was expressed as a function of glucose concentration the
stimulation manifested as a leftward shift of the glucose-
induced stimulation and can be explained by synergy with
glucose and glucose 6-P [47,74]. Studies in hepatocytes us-
ing another indole carboxamide (CP-320626) also showed
marked activation of glycogen synthase and stimulation of
glycogen synthesis [75]. There was no increase in glucose 6-
P with either compound [39,75] and in some incubation con-
ditions glucose 6-P was decreased by the indole carboxamide
[39]. This demonstrates unequivocally that the activation of
glycogen synthase by these indolecarboxamides is not due to
elevated glucose 6-P. There was also no direct effect of the
indole carboxamides on glycogen synthase activity in cell
lysates indicating that the activation of glycogen synthase by
the compounds in hepatocytes is not due to a direct effect on
glycogen synthase. Indole carboxamides cause both conver-
sion of GPa to GPb in hepatocytes [39,47,74] and disruption
of the interaction of GPa with the allosteric binding site of
Gy [48,76]. The inverse correlation between the activation of
glycogen synthase and the concentration of GPa in hepato-
cytes [63,74] supports depletion of GPa by dephosphoryla-
tion as the predominant mechanism that accounts for activa-
tion of glycogen synthase.

The effect of low concentrations of CP-91149 on GPa to
GPb conversion in hepatocytes was synergistic with glucose
and also with glucose 6-P [39] indicating synergy not only
between glucose and glucose 6-P in promoting GPa to GPb
conversion in hepatocytes [16] but also between indole car-
boxamides and other T-state ligands. Conversely, the po-
tency of CP-91149 at converting GPa to GPb in hepatocytes
was antagonized by AICAR which is metabolized to an
AMP analogue [39] and by glucagon [63] which promotes
phosphorylation of GPb by activation of phosphorylase
kinase, indicating a lower efficacy of the indole carboxamide
in metabolic conditions that stabilize the R-state (Fig. 2).
Likewise CP-91149 was a more potent inhibitor of glyco-
genolysis in the absence of glucagon than in its presence
[63], this is similar to the lower potency of AMP-site inhibi-
tors [71], further confirming that compounds that stabilize
the T-state are less effective when opposed by activation of
phosphorylase kinase.

The hepatocyte studies with CP-91149 show a correlation
between glycogenolysis and the cellular content of GPa irre-
spective of the absence or presence of glucagon [63] suggest-
ing that inhibition of glycogenolysis in the intact cell can be
explained by dephosphorylation of GPa. This finding is con-
sistent with the low potency of inhibition of purified liver
GPa by indole carboxamides when assayed in a cocktail of
physiological regulators (including ATP, ADP, AMP, glu-
cose, glucose 6-P and UDP-glucose) [35]. Cumulatively,
these studies support the conclusion that indole carbox-
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amides inhibit glycogenolysis in hepatocytes predominantly
or exclusively by conversion of GPa to GPb [63]. It can be
inferred from the structural studies [29,30,72,73] that since
indole carboxamides bind very tightly to the T-conformation
but very weakly to the R-state, they shift the allosteric equi-
librium towards the T-state and thereby promote conversion
of GPa to GPb with negligible allosteric inhibition of GPa.
The mechanism of action of indole carboxamides is in
marked contrast with the R-state inhibitor, DAB, which in-
hibits glycogenolysis exclusively by allosteric inhibition of
GPa. It can be inferred that other “T-state” inhibitors that
show a smaller differential in ligand binding between the T-
state and R-state may have dual effects in converting GPa to
GPb but also in causing allosteric inhibition of GPa as pro-
posed for the AMP site inhibitor BAY3401 [64].

LIGANDS OF THE PURINE NUCLEOSIDE SITE IN-
HIBIT GLYCOGENOLYSIS IN PART BY ALLOS-
TERIC INHIBITION

Flavopiridol ((-)-cis-5,7-dihydroxy-2-(2-chlorophenyl)-8-
[4-(3-hydroxy-1-methyl)-piperidinyl] -4H-benzopyran-4-
one) a naturally occurring inhibitor of cyclin dependent
kinases was identified as an inhibitor of muscle GPb and
GPa and of phosphorylase kinase induced phosphorylation
of GPb [77]. Inhibition of GPb with flavopiridol is synergis-
tic with glucose but additive with inhibition by caffeine [77].
Structural studies showed that flavopiridol binds to muscle
GPb at the purine nucleoside site and stabilizes the T-state
similar to caffeine and it binds to GPa synergistically with
glucose stabilizing the T-state [78]. Flavopiridol (and its 2-
phenyl-derivative) suppressed the basal rate of glycogenoly-
sis in hepatocytes but had negligible effect on GPa to GPb
conversion indicating that inhibition of basal glycogenolysis
is predominantly by allosteric inhibition rather than by
dephosphorylation [79]. Consistent with the lack of conver-
sion of GPa to GPb, flavopiridol had little effect on glycogen
synthesis. The purine nucleoside site is located on the sur-
face close to the catalytic site [25,26] and allosteric inhibi-
tion by flavopiridol (or its derivatives) could presumably be
explained by obstruction of the entrance to the catalytic site.
Although flavopiridol had little effect on GPa to GPb con-
version in basal conditions, it counteracted the conversion of
GPb to GPa in hepatocytes by AICAR, which is metabolized
to an AMP analogue and by dibutyryl cAMP. The inhibition
of glycogenolysis in these conditions could not be fully ex-
plained by conversion of GPa to GPb, indicating that it is in
part due to allosteric inhibition [79]. Whether the inhibition
by flavopiridol and its 2-phenyl derivative of the conversion
of GPb to GPa by AICAR and dibutyryl cAMP is in part due
to inhibition of phosphorylase kinase [77] could not be ruled
out. Studies on ligands of the purine nucleoside site that do
not inhibit phosphorylase kinase may help resolve this issue.

INHIBITORS OF THE G -GPa COMPLEX

Selective disruption of the binding of GPa to the allos-
teric inhibitor site at the C-terminus of G, is a potential strat-
egy to promote glycogen storage by restoring glycogen syn-
thase activity of the G_-PP1 complex [80,81]. Such a “G_-
GPa” ligand has recently been identified by Zibrova and
colleagues and compared in hepatocyte studies with two
GPlIs, an indole carboxamide and an AMP-site inhibitor. The
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former but not the latter GPI disrupted binding of GPa to G,
[48]. It is intriguing that whilst G binds to the AMP site on
GPa, indole carboxamides and AMP but not AMP-site in-
hibitors block the interaction of GPa and G, [48]. Both GPIs
caused conversion of GPa to GPb and activation of glycogen
synthase at both low and high glucose, as shown in other
studies with indole carboxamides [47,74,75]. The G.-GPa
ligand did not cause conversion of GPa to GPb, but nonethe-
less caused activation of glycogen synthase and stimulation
of glycogen synthesis [48]. The activation of glycogen syn-
thase was similar by the three compounds confirming that
binding of GPa to G_-PP1 inactivates glycogen synthase. In
contrast the stimulation of glycogen synthesis by the G, -GPa
ligand differed from that of the two GPIs both in terms of the
maximal effect and time course. The GPIs caused a greater
stimulation of glycogen synthesis than the G_-GPa ligand
and whereas in the latter case the stimulation reached a pla-
teau at 2 hours after glucose addition, in the case of the GPIs
glycogen storage increased progressively with time after 2
hours. Two explanations are possible for the greater stimula-
tion of glycogen storage by the GPIs than caused by deple-
tion of GPa. First that there is cycling between glycogen
synthesis and degradation with the G_-GPa ligand but not
with the GPIs which convert GPa to GPb, as proposed for
the murine model of deletion of the allosteric site of G, [49].
Secondly, that GPa regulates glycogen synthesis by mecha-
nisms additional to allosteric inhibition of G_ or glyco-
genolytic activity. Other hepatocyte studies [47,82] using an
indole carboxamide inhibitor (CP-91149) in conjunction
with an inhibitor of GSK-3 (SB216763, arylindole-
maleimide) [82] to activate glycogen synthase independently
of GPa and in conjunction with DAB to rule out cycling be-
tween glycogen synthesis and degradation [83] support the
second explanation that depletion of GPa by indole carbox-
amides stimulates glycogen synthesis to a greater extent than
can be explained from activation of glycogen synthase and
depletion of the catalytic activity of GPa [47,82]. This indi-
cates a role of GPa in the regulation of glycogen synthesis in
hepatocytes by mechanisms additional to: (a) cycling be-
tween glycogen synthesis and degradation and (b) inhibition
of the synthase phosphatase activity of the G, -PP1 complex
by GPa. Further work with G -GPa ligands and indole
carboxamides may help identify novel mechanim(s) by
which GPa regulates glycogen synthesis.

SUMMARY AND PERSPECTIVES

The above studies on GPIs in hepatocytes show that the
mechanism of action of these compounds can be rationalized
in terms of a spectrum of mechanisms with DAB and indole
carboxamides representing the opposite ends of the spec-
trum.

a. DAB

Structural studies show that DAB stabilizes the R-
conformation [62]. In intact hepatocytes DAB promotes
conversion of GPb to GPa and it inhibits glycogenolysis ex-
clusively by allosteric inhibition of GPa [63]. Its potency at
inhibiting glycogenolysis is independent of the presence of
glucagon that promotes conversion of GPb to GPa but it is
antagonized by ligands that stabilize the T-state [58]. Be-
cause DAB causes conversion of GPb to GPa it also causes
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inactivation of glycogen synthase and inhibition of glycogen
synthesis at elevated glucose concentration. The potency of
DAB on glycogen synthase and glycogen synthesis like its
effect on conversion of GPb to GPa is dependent on glucose
concentration [63]. Elevated glucose concentration by stabi-
lizing the T-state (synergistically with glucose 6-P) antago-
nizes the effects of DAB on GPb to GPa conversion.

b. Indole Carboxamides

The action of indole carboxamides on glycogenolysis in
hepatocytes can be explained by conversion of GPa to GPb.
Structural studies show that indole carboxamides strongly
stabilize the T-conformation and bind weakly to the R-state
[29,30]. This differential binding to the T and R states may
account for the lack of allosteric inhibition of GPa by indole
carboxamides in intact hepatocytes. The potency of indole
carboxamides at promoting conversion of GPa to GPb (and
inhibiting glycogenolysis) is counteracted by phosphoryla-
tion and AMP analogues and accordingly potency is de-
creased in the presence of glucagon. Conversely, glucose 6-P
acts synergistically with indole carboxamides in promoting
conversion of GPa to GPb and in stabilization of the T-state.
Conversion of GPa to GPb in hepatocytes by indole carbox-
amides is associated with activation of glycogen synthase
and stimulation of glycogen synthesis. Activation of glyco-
gen synthase can be explained by reversal of the inhibition of
G_-PPi by GPa. Although indole carboxamides cause disrup-
tion of the interaction between GPa and G, their action on
glycogen synthase activation in the intact cell is most likely
fully explained by depletion of GPa. Stimulation of glycogen
synthesis by indole carboxamides is greater than can be ex-
plained by activation of glycogen synthase alone implicating
additional roles of GPa in regulation of glycogen synthesis
[47,82]. This may include competition between GPa and
glycogen synthase for other glycogen targeting proteins.

Other GPIs that stabilize the T-state but have a smaller
differential binding in favour of the T-state relative to the R-
state could exert their effects on glycogenolysis in hepato-
cytes in part by converting GPa to GPb and in part by allos-
teric inhibition of GPa. Compounds that convert GPa to GPb
would have a lower potency on glycogenolysis in the pres-
ence of glucagon, as shown for both AMP-site inhibitors and
indole carboxamides [60,71]. Conversion of GPa to GPb is
expected to be associated with reciprocal activation of gly-
cogen synthase and stimulation of glycogen synthesis as
shown by indole carboxamides (and by the G, -GPa ligand).
Lack of activation of glycogen synthase in circumstances
associated with conversion of GPa to GPb could be due to
non-specific effects of the compound or its metabolites as
was shown for 1-GIcNAc [41,56,57]. Several GPIs have
been designed and characterized at the molecular level from
enzyme kinetics and structural binding studies [50,51]. Few
of these compounds have been studied in detail at the cellu-
lar level in hepatocytes. Often compounds that are effective
inhibitors on the purified enzyme are found to be ineffective
at inhibition of glycogenolysis in hepatocytes. This could be
due to either low rates of uptake of the compound (which
can only be confirmed from uptake studies with the radiola-
belled compound) or alternatively to more complex mecha-
nisms as was shown for 1-GIcNAc [41].
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In summary, indole carboxamides and DAB when used
coordinately are very powerful experimental tools to deter-
mine the role of the dephosphorylation state of glycogen
phosphorylase in physiological mechanisms such as the
mechanism of action of insulin or neurostransmitters on he-
patic glycogen metabolism [82,84].
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ABBREVIATIONS

AICAR = b-aminoimidazole-4-carboxamide  1-beta-
D-ribofuranoside

CP-91149 = R-(R*, S*)]-5-chloro-N-[3-(dimethylamino)-
2-hydroxy-3-oxo-1-(phenylmethyl)pr opyl]-
1H-indole-2-carboxamide

DAB = 1,4-dideoxy-1,4-D-arabinitol

F2-glc = 2-deoxy-2-fluoro-a-D-glucopyranosyl fluo-
ride

1-GIlcNAc = N-acetyl-pB-D-glucopyranosylamine

glucose 1-P = glucose 1-phosphate

glucose 6-P = glucose 6-phosphate

GPa = phosphorylated form of glycogen phos-
phorylase

GPb = unphosphorylated form of glycogen phos-
phorylase

GPIs = glycogen phosphorylase inhibitors

PP1 = protein phosphatase-1.
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