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Abstract

Background—In spite of its rather specific name, glycogen synthase kinase-3 (GSK-3) is an
eclectic cellular regulator that modulates an array of processes from nuclear transcription, to
neurological functions and metabolism. The enzyme is also a focal point for diverse signaling
pathways that act to suppress its activity.

Objectives—Here, we review recent evidence supporting the important role GSK-3 plays in
glucose homeostasis and discuss the therapeutic potential of inhibiting this enzyme in the
treatment of diabetes and insulin resistance.

Results/Conclusion—Despite it’s pleiotropic nature, GSK-3 has significant promise as a target
for diabetes due to functional partitioning of the enzyme, tissue-selectivity and acute dosage-
dependency of effects of inhibition — suggesting useful therapeutic windows.
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1. Introduction

Glycogen synthase kinase-3 (GSK-3) is a serine/threonine protein kinase at the epicenter of
the control of numerous cellular processes including glycogen metabolism, gene
transcription, mRNA translation, cytoskeletal regulation, cell cycle progression and
apoptosis (reviewed in [1]). Strong evidence implicates dysregulation of GSK-3 in the
pathogenesis of diabetes, Alzheimer’s disease, bipolar disorder and cancer [2]. In mammals
GSK-3 is present as two ubiquitously expressed homologues, GSK-3a and GSK-3p (51 and
46 kDa, respectively, see figure 1). These two isoforms share 98 % sequence identity within
a central catalytic domain [3], although within the C-terminal 76 residues, sequence identity
falls to 36 %. A structural distinction occurs within the N-terminus, where GSK-3a has an
elongated glycine-rich domain [4]. In addition to GSK-3a and GSK-3, a splice variant has
been identified in brain [5]. This isoform, termed GSK-3p2, contains a 13 amino acid insert
within the kinase domain [5]. Mice with a homozygous deletion of the GSK-3p gene
typically die late in embryogenesis, between E13.5-16.5, as a result of severe liver apoptosis
due to enhanced TNFa sensitivity [6], although rescue of this effect by genetic elimination
of the TNF signaling system still results in death at or near birth due to other developmental
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defects (Kerkela et al., in revision). In contrast, mice engineered to lack GSK-3a are viable
and fertile [7], suggesting distinct physiological functions of the GSK-3 isoforms, at least
during development.

1.1 Regulation of GSK-3 by insulin

GSK-3 is an unusual protein kinase in that it displays high, “constitutive” activity in
unstimulated cells and is rapidly inactivated upon a variety of cellular stimulations. The most
thoroughly documented pathway for the inactivation of GSK-3 is in response to insulin and
is mediated by protein kinase B (PKB, also termed Akt), which lies upstream of GSK-3 [8].
Insulin binding to its receptor induces a receptor conformational change resulting in receptor
tyrosine kinase activation and recruitment of SH2-domain containing proteins including
insulin receptor substrate-1 (IRS-1, as depicted in figure 2). One of the best documented
downstream targets of IRS-1 is the lipid kinase phosphoinositide 3-kinase (PI13K) which
phosphorylates the 3”-position of the inositol ring of phosphatidylinositols (PtdIns)
generating P1(3,4)P2 and PI(3,4,5)P3 at the plasma membrane [9]. This PtdIns accumulation
at the plasma membrane results in the recruitment of pleckstrin homology (PH) domain
containing proteins including phosphoinositide-dependent kinase-1 (PDK-1) and PKB.
Activation of PKB requires phosphorylation of two regulatory sites namely Thr398 and
Ser473. The kinase responsible for Thr308 phosphorylation is PDK-1 whereas the Ser473
kinase is currently thought to be the mammalian target of rapamycin (mTOR) [10].
Activated PKB phosphorylates a key serine residue located within the N-terminus of GSK-3
(Ser?lof GSK-3a and Ser? of GSK-3p) [4]. Phosphorylation of this site results in transient
inactivation of GSK-3 and permits the dephosphorylation of GSK-3 substrates by
phosphatases. An arginine residue located at position 96 (Arg%), in addition to Arg!€ and
Lys205, creates a charged pocket within the GSK-3 kinase domain. This pocket binds pre-
phosphorylated substrates and accounts for the unusual predilection of GSK-3 for targets
that have been “primed” by other kinases (see Section 2) [4]. Phosphorylation of the N-
terminal regulatory site of GSK-3 causes it to act as a high-affinity pseudo-substrate by
competitively binding the Arg?6 site of GSK-3, preventing interaction of the kinase with
primed substrates, in effect interfering with its activity [4]. Mutation of Arg®® to alanine
(R96A) not only inhibits phosphorylation of GSK-3 substrates but also prevents the
phosphorylated N-terminal Ser® from inhibiting GSK- 3’s affinity for primed substrates,
suggesting that the Arg®6-associated pocket plays a key role in promoting the interaction
between GSK-3 and primed substrates, as well as its phosphorylated N-terminus (Frame et
al., 2001). In the absence of insulin, phosphorylation of Ser?! and Ser? is reversed by protein
phosphatases such as protein phosphatase 2A and protein phosphatase 1 (PP1) [11] and
hence, GSK-3 remains constitutively active until further stimulation of the tissue by insulin
or other PI3K agonists.

1.2 Regulation of GSK-3 by other signaling pathways

Whnts are secreted, cysteine-rich, glycoprotein ligands that are essential for embryonic
development due to their involvement in cell fate, growth, differentiation and migration
(reviewed in [12]). B-catenin is a member of the catenin family and functions in cell
adhesion at the plasma membrane by anchoring cadherins during cell adherens junction
formation [13]. In addition to a function in cell adhesion, p-catenin plays an essential role in
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canonical Wnt signaling. p-catenin is an effector molecule responsible for activating the T-
cell factor/lymphoid enhancer-binding-factor-1 (TCF/LEF) family of architectural
transcription factors by serving as a transactivator and associating with DNA bound
TCF/LEF [14].

In the absence of Wnt, a small fraction of cellular GSK-3 (~5-10 %) is present in a multi-
protein structure termed the destruction complex which comprises p-catenin, axin1/2
(scaffold proteins), and the tumour suppressor, adenomatous polyposis coli (APC) [15]. B-
catenin, like many other GSK-3 substrates, must be pre-phosphorylated by a priming kinase
before it becomes competent for phosphorylation by GSK-3. The priming kinase in this
instance is casein kinase-1 (CK1) which phosphorylates p-catenin at Ser#® prior to
phosphorylation of Thr*!, Ser37 and Ser33 by GSK-3 [16]. Phosphorylation of -catenin at
Thr#l and Ser37 forms a phospho-degron that targets it for ubiquitination and subsequent
proteosomal degradation by the B-TrCP ubiquitin ligase [17, 18]. Binding of Wnt to its
seven transmembrane pass receptor, Frizzled and the LRP5/6 co-receptor, causes
reorganization of the destruction complex and phosphorylation of LRP5/6 by GSK-3. -
catenin is no longer effectively phosphorylated by the destruction complex and therefore
accumulates within the cytoplasm and translocates to the nucleus where it initiates
transcription of Wnt target genes by binding to DNA bound TCF/LEF [14].

Gain-of-function mutations of p-catenin, including mutation of the CK1 priming residue or
sites phosphorylated by GSK-3, have been found in various cancers including skin,
colorectal, liver, prostate, endometrial and ovarian carcinomas (reviewed in [19]). However,
recent studies utilizing embryonic stem cells containing an allelic series of GSK-3
expression (0—4 functional GSK-3 alleles), have demonstrated that loss of all 4 copies of
GSK-3 is required for deregulation of p-catenin expression [1]. Of note, GSK-3a knockout
mice do not develop tumors [7]. This is consistent with the fact that only a small fraction
(<10 %) of GSK-3 is found in association with the destruction complex. Hence, even genetic
inactivation of 3 of the 4 alleles of GSK-3 allows sufficient residual protein kinase to target
and control B-catenin [1].

2. GSK-3 substrates

GSK-3 is known to have numerous substrates that are involved in a wide variety of cellular
functions including glycogen metabolism, RNA transcription, protein translation and cell
cycle progression [12]. An important feature required by the majority of GSK-3 substrates is
the presence of a priming phosphate located four residues C-terminal to the phosphorylation
site [20]. These priming sites are recognized due to adjacent repeats of consensus sequences,
the shortest of which is Ser/Thr-X-X-X-Ser/Thr-(P)-, where the first serine or threonine is
the target site for phosphorylation by GSK-3, X can be any amino acid (although the serine/
threonine most proximal residue is very often proline) and the later serine or threonine is the
priming site [21]. One of the first documented GSK-3 substrates was glycogen synthase
(GS), the rate-limiting enzyme in glycogen synthesis [22]. GSK-3 phosphorylates four of
nine GS regulatory serine residues (Serb41, Serb45, Serb49 and Ser53) that play a critical role
in inhibiting GS activity [22]. For GS, priming phosphorylation is achieved by casein kinase
1 at SerB57 [4, 23] (see figure 3). Subsequent phosphorylation of Ser653 by GSK-3 then acts
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as the priming site for phosphorylation of Ser®49, which then primes the next serine, etc.
When fully phosphorylated, GS adopts an inactive state and glycogen synthesis is inhibited.
However, in response to insulin, the N-terminal GSK-3 sites (Ser?! or Ser?) become
phosphorylated and block access of substrate proteins to the active site of the enzyme [4].
This interferes with phosphorylation of primed substrates of GSK-3, and, in the case of GS,
enables its dephosphorylation and activation by PP1 [24] hence promoting synthesis of

glycogen.

3. GSK-3 and insulin resistance

Insulin resistance is a key factor in the pathogenesis of obesity and Type 2 diabetes mellitus
(T2DM) [25] and is characterized by the failure of muscle, liver and adipose tissue to
efficiently respond to physiological concentrations of insulin. Numerous complications are
attributed to T2DM including heart disease and stroke, vision loss, thyroid disease and limb
amputation and with over 300 million people estimated to have T2DM by 2025, this will
prove a huge financial burden on global health care systems.

Numerous studies implicate GSK-3 in the pathogenesis of insulin resistance and T2DM.
GSK-3a/p expression and activity have been found to be significantly elevated in muscle
biopsies of T2DM patients [26]. Examination of C57B4/6J mice fed a high-fat diet to induce
obesity and T2DM, revealed elevated GSK-3 activity in epididymal fat tissue compared to
control mice fed a regular chow diet [27]. Since GSK-3 is constitutively active in the basal
state of cells, its inactivation by insulin is considered important for a normal insulin response
and failure to achieve this inactivation may contribute to the pathogenesis of T2DM. Some
studies have suggested that activation of glycogen synthase may not be impaired in T2DM,
rather that the decreased glycogen storage is due to reduced transport [28]. Other studies
have suggested inactivation if GSK-3 is not necessarily affected in insulin resistance and that
glycogen synthase activity is affected by other kinases [29, 30].

3.1 Glucose transport

A major contributor to T2DM is impaired glucose transport from the blood stream into
peripheral tissues. Several studies have implicated GSK-3 in the hormonal activation of
glucose transport. This hypothesis is elegant as it would co-ordinate glucose transport into
the cell with conversion of glucose into glycogen. Lithium, a non-selective GSK-3 inhibitor
[31] has been shown to stimulate glucose uptake in isolated rat muscle [32, 33], adipose
tissue [34], 3T3-L1 adipocytes [35, 36] and L6 muscle cells [35]. Furthermore, lithium has
been shown to activate GS activity in isolated rat adipocytes [34], isolated rat muscle [32,
37], murine 3T3-L1 adipocytes [35, 36] and L6 muscle cells [35]. However, lithium is a
rather non-selective GSK-3 inhibitor and has been shown to have effects on numerous
signaling pathways. Since, lithium stimulation of GS activity is PI3K-dependent and more
specific, potent, small molecule inhibitors of GSK-3 have also been shown to activate GS
[35], it is likely that inhibition of GSK-3 is responsible for the activation of GS activity
observed in response to lithium. However, it has recently been suggested that the effect of
lithium on stimulation of glucose transport is not a result of GSK-3 inhibition. Rather, it has
been proposed that lithium promotes glucose uptake v7a p38 MAPK activation [38, 35].
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Therefore, the role of GSK-3 in the hormonal activation of glucose transport remains
unclear.

Further investigation into the role of GSK-3 in glucose uptake has been investigated using
more specific, ATP-competitive GSK-3 inhibitors. Cohen ef al. recently assessed a panel of
GSK-3 inhibitors and found the most potent and specific /7 vitro GSK-3 inhibitor to be CT
99021 [39]. Chronic inhibition of GSK-3 in human muscle cells using CT98014 and CHIR
98023 stimulated glucose transport to a level comparable to that observed with either lithium
or insulin [40]. The effects of GSK-3 inhibition on glucose uptake in diabetic models has
also been assessed. Incubation of soleus muscle isolated from Zucker diabetic fatty (ZDF)
rats with CHIR 98014 was found to enhance insulin stimulated glucose transport [41].
Furthermore, administration of CT98014 [37, 38] and both acute and long-term treatment
with CT118637 [42, 43] (respectively), also resulted in enhanced insulin-stimulated glucose
transport in muscle of ZDF rats.

Conversely, over-expression of wild type GSK-3p in 3T3-L1 [44] or expression of
constitutively-active GSK-3p in 3T3-L1 adipocytes [44] or L6 muscle cells [35] or GSK-3a./
B in mouse models [45] had no affect on basal or insulin-stimulated glucose uptake. More
recent studies using genetic ablation of GSK-3a showed no effect on basal or insulin
stimulated glucose transport in isolated soleus or EDL muscle [7] or isolated adipose tissue
(MacAulay & Woodgett, unpublished data). Genetic loss of GSK-3p in muscle was found to
have no effect on basal or insulin-stimulated glucose uptake in isolated soleus or EDL [46].
Taken together these genetic models demonstrate that GSK-3 likely plays no direct role in
the hormonal stimulation of glucose transport. Given that the inhibitor studies demonstrate
increased insulin-stimulated glucose transport in response to GSK-3 inhibition, with no
reported effect on basal uptake, the observations are likely due to enhanced insulin
sensitivity in response to GSK-3 inhibition.

3.2 Glycogen metabolism

The other major contributor to the pathophysiology of T2DM is impaired glycogen storage.
The two rate limiting steps in glucose metabolism are glucose transport into the tissue and
conversion of the glucose to glycogen by GS. Although loss of GSK-3 does not result in an
increase in glucose transporter copy number or rate of glucose transported into skeletal
muscle, is it sufficient to regulate whole body glucose metabolism, in particular, glycogen
synthesis?

Several ATP-competitive inhibitors of GSK-3 have been utilized to investigate the
contribution of GSK-3 to glucose metabolism and insulin resistance. Administration on
CHIR 98023 in Zucker diabetic fatty rats improved glucose tolerance and elevated GS
activity in liver and muscle accompanied by increased hepatic glycogen accumulation [47].
The GSK-3 inhibitor CHIR 98014 led to enhanced glucose sensitivity [41] and activated GS
in CHO-IR cells, primary rat hepatocytes and EDL and soleus from both lean and fatty
Zucker rats [37, 41]. GSK-3 inhibition using CT118637 in Zucker diabetic fatty rats
improved whole body glucose tolerance and insulin sensitivity [43]. Furthermore, basal and
insulin stimulated GS activity was significantly elevated in EDL and soleus muscle of lean
and obese Zucker rats following CT118637 treatment [43].
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A novel peptide inhibitor of GSK-3, L803-mts, has recently been developed. Long-term
administration of L803-mts to ob/ob mice improved glucose tolerance and insulin sensitivity
[25]. However, L803-mts did not sufficiently inhibit GSK-3 to induce GS activation [25].
Interestingly, administration of L803-mts to high-fat fed C57B1/6J mice did result in
enhanced hepatic GS activity [48]. In line with these studies, over-expression of human
GSK-3p in skeletal muscle of mice results in impaired glucose tolerance and suppressed GS
activity and glycogen synthesis, further supporting a role for GSK-3 in T2DM [49]. Genetic
ablation of GSK-3a results in improved glucose (figure 4A) and insulin sensitivity (figure
4B) and this is accompanied by elevated hepatic GS activity and glycogen accumulation
under fasted conditions and following a glucose load (figure 4C) [7]. Furthermore, although
hepatic loss of GSK-3p does not alter glucose tolerance or insulin sensitivity, skeletal
muscle-specific inactivation of GSK-3p does result in improved glucose and insulin
sensitivity. Insulin-stimulated GS activity was found to be increased in skeletal muscle of
muscle tissue-specific GSK-3f knockout animals and this was accompanied by elevated
fasted and fed muscle glycogen content (Patel & Woodgett, in press). Therefore, these
studies suggest that although inhibition of GSK-3 does not affect skeletal muscle glucose
uptake, it is sufficient to activate GS, improve glucose tolerance and insulin sensitivity and
increase glycogen storage [7, 46].

In addition to phosphorylation by GSK-3, GS is known to be regulated by several other
mechanisms. This is nicely illustrated by the fact that in animals in which the PKB
inactivating phosphorylation sites (serine 21 and 9 of GSK-3a and f respectively) are
mutated to alanine, insulin is still able to promote glycogen synthesis [50]. This finding
suggests that in the absence of a means to inactivate GSK-3 via phosphorylation, tissues may
adapt to retain responsiveness to insulin, perhaps through insulin-stimulated changes in
glucose-6-phosphate (G-6-P) acting to activate GS via allosteric mechanisms. GS is
activated by dephosphorylation by PP1 [24]. This dephosphorylation can be facilitated by
G-6-P. Binding of G-6-P to GS results in a conformation change which allows better binding
of PP1 and hence G-6-P allosterically activates GS by facilitating PP1 binding [24,51]. In
addition to G-6-P both glucose and glycogen are also thought to regulate the activity status
of GS [51, 52]. GS activity is also regulated indirectly by glycogen phosphorylase given that
glycogen phosphorylase allosterically regulates PP1 activity [53]. The relative importance of
each of these mechanisms affecting GS is not known although the dominance of the effects
of GSK-3 inhibitors suggest, for example, that compensatory inactivation of PP1 does not
occur. It is possible that selective allosteric activators of GS could be developed as an
alternative or complementary therapeutic strategy to GSK-3 inhibition.

3.3 GSK-3 and gluconeogenesis

In addition to stimulating glucose uptake and conversion of glucose into glycogen, insulin
also regulates blood glucose concentration by inhibiting hepatic glucose output. Inhibition of
hepatic glucose output by insulin occurs largely through PEPCK (phosphoenolpyruvate
carboxykinase) [54, 55] and G-6-Pase (glucose-6-phosphatase) [56]. Dysregulation of
PEPCK and G-6-Pase has been shown to contribute to the development of T2DM [57]. In
models of T2DM, insulin fails to inhibit PEPCK and G-6-Pase. Inhibition of GSK-3, using
Li, SB-216763 and SB-415286, results in repression of PEPCK and G-6-Pase [58]. IGFBP-1
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(insulin-like growth factor-binding protein-1) expression is also inhibited in H4I1E-C3 cells
using Li, SB-216763 and SB-415286 [59]. Furthermore, GSK-3 over-expression in
hepatoma cells decreases the sensitivity of IGFBP-1 to insulin [59]. These studies further
suggest GSK-3 as a potential therapeutic target for the treatment of T2DM. Interestingly,
mice expressing constitutively active GSK-3, in which GSK-3 is not inactivated by insulin,
PEPCK, G-6-Pase and IGFBP-1 were inactivated normally in response to feeding [60]. This
later study suggests that inactivation of GSK-3 by PKB is not required for the regulation of
PEPCK, G-6-Pase and IGFBP-1 by insulin [60].

3.4 GSK-3 and Insulin Receptor Substrates

The increased insulin sensitivity observed in response to GSK-3 inhibition has been
attributed to signaling though IRS-1. Following priming at Ser336, GSK-3 has been shown to
phosphorylate IRS-1 at Ser332 [61]. Serine phosphorylation of IRS-1 is thought to impair
tyrosine phosphorylation by the insulin receptor [62], thus attenuating insulin signaling. This
hypothesis is further substantiated by the observation that mutation of Ser332 and Ser33 to
alanine enhanced insulin stimulated IRS-1 tyrosine phosphorylation and PKB activation
[61]. IRS-1 phosphorylation status has also been examined in models of diabetes and insulin
resistance. Inhibition of GSK-3 in muscle of Zucker diabetic fatty rats using CT118637
increased insulin-stimulated IRS-1 tyrosine phosphorylation, with no effect on insulin
receptor B tyrosine phosphorylation [43] This enhanced IRS-1 tyrosine phosphorylation was
accompanied by increased IRS-1-associated p85 activity [42]. Short-term inhibition of
GSK-3 with CT98014, increased insulin-stimulated insulin receptor B tyrosine
phosphorylation and IRS-1 tyrosine phosphorylation in soleus of Zucker diabetic fatty rats
and decreased insulin-stimulated Ser397 phosphorylation [37]. Furthermore, incubation of
cultured human muscle cells with CHIR98023 resulted in increased IRS-1 protein
expression in a time- and concentration-dependent manner [63]. The elevated insulin
sensitivity and insulin-stimulated PKB and GSK-3f phosphorylation observed in liver in
response to genetic loss of GSK-3a. was attributed to enhanced insulin signaling through
IRS-1. This was based on the observation that IRS-1 protein expression was significantly
higher in liver tissue of GSK-3a knockout animals [7].

Heterozygous loss of the insulin receptor or homozygous loss of IRS-2 promotes insulin
resistance and diabetes through effects on pancreatic p-islet cells [64, 65]. Crossing of these
animals with mice heterozygous for GSK-3p substantially restored glucose sensitivity,
protected the B-islet cells and prevented the onset of diabetes. Moreover, tissue-specific
inactivation of GSK-3 only in the p-islet cells was sufficient to protect against IRS-2-
induced diabetes [66]. These findings indicate a cell-specific function of GSK-3p in islets
and suggest this enzyme interacts with IRS-2 signaling in this tissue.

4. Expert opinion

Numerous lines of evidence have accumulated linking GSK-3 to the development of insulin
resistance and T2DM which can each be used to build a case for GSK-3 inhibition for the
treatment of T2DM. However, GSK-3 inhibitors available to date do not discriminate
between GSK-3a and GSK-3p, and therefore, it is unclear as to which isoform (or both)
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may be responsible for the improved insulin sensitivity and glucose metabolism observed in
response to GSK-3 inhibition.

To date, the majority of studies published have focused on GSK-3p. This is most likely due
to the observation that the rat GSK-3 isoform rescued the shaggy (Drosophila GSK-3
homologue) mutation in Drosophila, whereas GSK-3a did not [67], perhaps for trivial
reasons such as expression efficiency. GSK-3p embryos die late in embryogenesis which
indicates that GSK-3a is not sufficient to compensate for GSK-3p and also suggesting
functional diversity between the two isoforms. Genetic ablation of GSK-3a results in
enhanced glucose tolerance and insulin sensitivity [7]. This insulin sensitization is thought to
be as a result of increased IRS-1 expression (as discussed above), and, consequently, insulin-
stimulated PKB and GSK-3p phosphorylation was found to be significantly higher in liver
samples of GSK-3a knockout animals compared to wild type animals [7]. Loss of GSK-3a
did not affect insulin-signaling in the muscle. The enhanced glucose tolerance is thought to
be attributed to the increased GS activity and glycogen deposition observed in the liver. No
alteration was observed in GS activity or glycogen accumulation in the muscle tissue of
GSK-3a knockout animals. Furthermore, specific inactivation of GSK-3p in the liver has no
effect on insulin signaling or glycogen metabolism, whereas inactivation of GSK-3f in
skeletal muscle results in significantly elevated GS activity and muscle deposition of
glycogen [46]. Interestingly, whereas insulin activates GS in muscle of animals containing
constitutively active GSK-3a (GSK-3a21A/21A) constitutively active GSK-3p
(GSK-3B99A) prevents insulin-stimulated activation of GS [46]. Specific inactivation of
GSK-3p in pancreatic B-cells is sufficient to rescue insulin resistance and diabetes caused by
inactivation of both alleles of IRS-2 [66]. Taken together these findings strongly suggest that
GSK-3a and GSK-3p have unique tissue-specific functions with respect to glycogen
metabolism.

From these data it is plausible that GSK-3a and GSK-3p do not function equally in the
insulin signaling cascade in insulin-responsive tissues. The studies by MacAulay et al., Patel
et al. and McManus et al., suggest that GSK-3a functions as the hepatic GS kinase
regulating glycogen synthesis and deposition primarily in the liver. Conversely, GSK-3p has
a minimal role in glycogen metabolism in the liver tissue. In contrast, GSK-3p plays an
important role in skeletal muscle tissue and B-islet cells where its knockout leads to
enhanced GS activity and glycogen accumulation or insulin responsiveness respectively.
GSK-3a does not appear to be an important regulator of glycogen metabolism in the muscle.

The major contributing factor in the pathogenesis of T2DM is insulin resistance which is
subsequently accompanied with impaired glucose transport and conversion of glucose into
glycogen. Given that selective, global inhibition of GSK-3a significantly improves insulin
sensitivity and hepatic glycogen deposition, GSK-3a maybe a good therapeutic target for
the treatment of T2DM. However, this begs the question of GSK-3a/p isoform specific
inhibitors which, to date, have not been developed. Given the highly conserved ATP binding
pocket of GSK-3a and GSK-3p, generation of isoform specific inhibitors may prove to be
extremely challenging. However, GSK-3p inhibition in skeletal muscle and b-islet cells also
modulates glucose metabolism. Hence pan-GSK-3 inhibitors are likely to result in
combinatorial effects in multiple tissues. It is also likely that a wide therapeutic window
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metabolism are manifested by <50 % inhibition of GSK-3 whereas effects on p-catenin are
not observed until ~80 % of the kinase inhibition is achieved.

In summary, a role for GSK-3 in the development of insulin resistance has been established.

GSK-3 inhibition has been shown to enhance insulin sensitivity and promote glycogen
synthesis, suggesting GSK-3 as a viable therapeutic target for the treatment of T2DM.
Recent data shows that GSK-3a and GSK-3p have distinct physiological functions in
insulin-sensitive tissues, particularly in glycogen metabolism. These data reveal a
complexity of function previously unappreciated but do not necessarily complicate the

therapeutic potential of GSK-3 inhibitors in treating diabetes.
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Figurel.
Schematic diagram of mammalian GSK-3a and GSK-3p. The N-terminal regulatory

phosphorylation sites are shown by yellow arrow heads. The GSK-3a specific glycine-rich
N-terminal extension is shown in blue and the highly conserved protein kinase domains are
shown in red.
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Insulin

Figure2.
Insulin induces receptor autophosphorylation and association of IRS molecules, which then

recruit PI3K to the plasma membrane. Subsequent production of P1(3,4,5)P3 allows
signaling downstream of PI13K. PKB translocates to the plasma membrane where it is
activated via phosphorylation by PDK1/2. GSK-3a/p is subsequently phosphorylated and
inactivated by PKB thus preventing phosphorylation of down-stream substrates such as
glycogen synthase. Glycogen synthase is activated by dephosphorylation by protein
phosphatase 1 (PP1).
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Figure 3.

Schematic diagram of human skeletal muscle glycogen synthase. The casein kinase 1l
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(CKII) priming phosphorylation is shown in red. The GSK-3 target sites are highlighted in
yellow and the glucose 6-phosphate binding site in green.
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Glucose tolerance, insulin sensitivity and hepatic glycogen deposition in GSK-3a knockout
animals. Mice were fasted overnight and injected intraperitoneally (i.p.) with (A and C) 2
mg/g glucose and (B) 1 mU/g insulin. Blood glucose concentration was determined at
indictated times. (C) 2 hours post glucose administration liver tissue was extracted, acid
hydrolyzed and glycosyl units assayed. Figures A and B demonstrate enhanced glucose and
insulin sensitivity in response to GSK-3a knockout. Figure C shows elevated fasted and
glucose-stimulated hepatic glycogen deposition in GSK-3a knockout animals. (A) n = 12
animals, *p < 0.001. (B) n=8 animals, *p < 0.05. (C) n=8 animals, *p < 0.05 versus WT for
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fasted; *p < 0.001 versus WT for 2 hr glucose. For more detailed experimental method
description please refer to [7].
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