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Glycogen synthase kinase-3 beta (GSK3pB) is a multifunctional serine/threonine kinase which was originally identified as a
regulator of glycogen metabolism. It plays a key role in the regulation of numerous signalling pathways including cellular
process such as cell cycle, inflammation and cell proliferation. Over the last few years there is a considerable rise in the number
of journals and patents publication by different workers worldwide. Many pharmaceutical companies are focusing on GSK38
as a therapeutic target for the treatment of disease conditions. The present review is focused on signalling pathways of different
disease conditions where GSK3p is implicated. In this review, we present a comprehensive map of GSK38 signalling pathways
in disease physiologies. Structural analysis of GSK3B along with molecular modelling reports from numerous workers are
reviewed in context of design and development of GSK3p inhibitors. Patent landscape of the small molecule modulators is
profiled. The chemo space for small molecule modulators extracted from public and proprietary Kinase Chembiobase for
GSK3p are discussed. Compounds in different clinical phases of discovery are analysed. The review ends with the overall status

of this important therapeutic target and challenges in development of its modulators.
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Introduction

Glycogen synthase kinase-3 beta (GSK3p) - also known as
human tau protein kinase (TPK I) is a serine/threonine
protein kinase discovered in 1980. It plays a key role in trans-
duction of regulatory and proliferative signals arising out of
the cells, cytoskeletal proteins and transcription factors. Early
interest on GSK3p as a diabetes target arose from its potential
to modulate blood glucose levels (Embi et al., 1980). GSK33
gained prominence as a potential drug target when its impor-
tance in type 2 diabetes and obesity was determined by in vitro
and in vivo experiments (Gum et al., 2003; Ring et al., 2003).
The target gained further interest when it was discovered that
it plays various roles in other disease physiologies. It has
implications in Alzheimer’s disease (AD) and mood disorders
(Hsiung et al., 2003). Recently, it has been associated with
Osteoporosis (Smith and Frenkel, 2005), Atherosclerosis (Rob-
ertson et al., 2006) and Cancer (Inoki et al., 2006). It was also
reported to play a role in Cardiac Hypertrophy (Morisco et al.,
2001). [tis unique in that it is constitutively active in cells and
its inhibition is responsible for cell signalling (Inoki et al.,
2006). Phosphorylation of the residue Tyrosine in 216" posi-
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tion results in the constitutive activity of GSK3p and believed
to be important target for signal transduction (Bhat et al.,
2000; Sayas et al., 2006).

Structure elucidation of GSK3B and mode of interactions
with ligands has gained considerable interest. The protein
data bank (PDB) (Berman et al., 2000) has documented several
X-ray GSK3p-ligand complexes. In addition to these structures
in the public domain, an apo X-ray crystal structure is
reported in patent literature (Bussiere et al., 2002).

The availability of the structural information has led to the
molecular modelling studies on this target. Several molecular
modelling studies of GSK3B-ligand complexes have been
reported. Virtual high-throughput screening, Structure Activ-
ity Relationship and 3D-Quantitative Structure Activity Rela-
tionship studies were reported by many workers (Martinez
et al., 2005; Polgar et al., 2005; Lather et al., 2008; Prasanna
et al., 2009). Modelling studies from our group, reported the
binding mode of the protein-ligand complexes of GSK3f
(Gadakar et al., 2007). This study focused on cross-docking
experiments of ligands with the structures in PDB. Also
reported in this study are the results of enrichment studies for
the retrieval of known actives from a decoy data set obtained
from Jubilant’s KinaseChembiobase™.

Even though GSK38 is an interesting target for drug discov-
ery, its multiple roles in different signalling pathways raises
the issue of druggability and selectivity. Cohen (2001) pointed
out a danger, that the prolonged use of GSK3p inhibitor could
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be potentially oncogenic. This becomes a critical bottleneck
in the design of GSK3p inhibitors for lifelong diseases like
diabetes and neurodegenerative disorders. However, Frame
and co-workers in 2001 had reported a novel approach to the
design of GSK3p inhibition without effecting the wingless
integration (WNT) signalling which is primarily responsible
for the cause of cancer. They are of the view that mutation of
Arg-96 abolishes the phosphorylation of ‘primed’ glycogen
synthase as well as inhibition by PKB-mediated phosphoryla-
tion of Ser-9. Hence, the phosphorylated N terminus acts as a
pseudosubstrate, occupying the same phosphate binding site
used by primed substrates. Significantly, this mutation does
not affect phosphorylation of ‘nonprimed’ substrates in the
WNT signalling pathway (Frame et al., 2001). This hypothesis
avoids the oncogenic potential of GSK3p inhibitors and has
led to new approaches to the design and development of
more selective GSK3 inhibitors for the treatment of diabetes
without causing cancer. A similar approach was also reported
by Martinez and Perez for the design and development of
GSK3p inhibitor for AD avoiding the oncogenic potential of
GSK3p inhibitors (Martinez and Perez, 2008).

Glycogen synthase kinase-3 beta as a key drug target is
getting established, with some compounds in clinical phase
of drug discovery and development. In this review we present
a comprehensive role of GSK3f in metabolic and other thera-
peutic indications to elucidate a full spectrum of its function
(Figure 1). The data were mined and analysed from different
public and commercial databases like KEGG, Biocarta,
Pathart™. Analysis of these databases demonstrates that
GSK3p is important in various diseases causing mechanisms
like different types of cancer, diabetes, cardiac hyperthrophy,
Alzheimer and other central nervous system (CNS) disorders.
We have also analysed and discussed the chemo-space for the
development of modulators for GSK3p and have highlighted
the present status of compounds in clinical phase of drug
development.

Structural features of GSK3p

Due to the growing significance of GSK3f as a therapeutic
target in various disease areas, we have undertaken a study of
the different features of GSK3p with respect to its sequences
and X-ray crystal structure data. The X-ray crystal structures of
GSK3p are of moderate to high resolution (from 3.2 Ato 1.8 A).
The ligands binding to the protein belongs to different chemi-
cal scaffolds (Gadakar et al., 2007). Multiple sequence analysis
— MSA (Thompson et al., 1994) of the reported structures in
PDB revealed that the sequences are across the species and
show exceptional conservation at binding site with few excep-
tions in the N and C terminal regions. A molecular overlay of
these structures based on the C* coordinates for understanding
the different ligand binding pockets was carried out (Figure 2).
It was observed that GSK3p has three binding sites (Figure 2A):
(i) ATP site [Leul32, Tyr134, Vall35, Prol36, Argl4l
(Figure 2B)]; (ii) Axin Binding site [Lys85, Asp133, Vall3s,
Lys183, Asp200 (Figure 2C)]; and (iii) Priming site Arg96
[Arg180, Ser203, Lys2035, Val214 (Figure 2D)]. The Axin site is
the smallest of the three pockets and can be also termed as a
general extension of the ATP binding active site.

British Journal of Pharmacology (2010) 160 1-19

We have carried out an analysis of the main chain and side
chain dihedral angles of GSK3p in these structures. The analy-
sis has thrown light on the rigidity/flexibility of the protein’s
backbone at the C* and preferred side chain CP, C" positions.
These studies were carried to understand the mobility and
major geometries of the ligand binding pockets to assess the
available 3D space for design specific modulators of GSK3. It
was observed that in majority of the cases, the backbone is
rigid while the side chains show considerable mobility. We
observed considerable protein mobility in the ligand binding
pockets and this depends on the ligands and its binding
modes (unpublished data). These geometries are of consider-
able interest for the design and development of GSK3p spe-
cific modulators. Any mutations at the residues adjacent to
the binding site residues also influence the mobility of the
backbone as evident from these studies.

GSK3B and human disease

There have been periodic reviews on the role of GSK3p in
human disease physiologies over the years. Frame and Cohen
(2001), elaborately reviewed the role of GSK3B in disease
signalling pathways. Recent reports based on the disease sig-
nalling mechanism of GSK3p have thrown light on the sig-
nificance of this target in various human diseases and the
importance of understanding its full signalling spectrum
(Doble and Woodgett, 2003). It was observed in these reports
that since its discovery in the involvement of type 2 diabetes,
GSK3p was discovered to play a role in many other disease
indications making it a lucrative target as well as a complex
one. Some of the important signalling pathways in which
GSK3p plays a critical role resulting in the disease conditions
in humans are discussed as under.

Insulin signalling pathway

Malfunctioning of insulin signalling pathway leads to diabe-
tes. Dent et al. (1990) has described the molecular mechanism
by which insulin stimulates glycogen synthesis in mamma-
lian skeletal muscle. Type 2 diabetes was the first disease
condition implicated to GSK3, due to its negative regulation
of several aspects of insulin signalling pathway (Embi et al.,
1980). In this pathway 3-phosphoinositide-dependent
protein kinase activates AKT which in turn, inactivates
GSK3B. This inactivation of GSK3p leads to the dephospho-
rylation and activation of glycogen synthase which helps
glycogen synthesis. (Cohen et al., 1997).

Sung and co-workers in 1998 had reported that non selec-
tive GSK3p inhibitors may be useful as therapeutics for the
treatment of the insulin resistance in type 2 diabetes (Sung
et al., 1998). Later on, it was reported that the inhibition of
GSK3pB improves insulin action and glucose metabolism in
human skeletal muscle (Nikoulina et al., 2002). Inhibitors of
GSK3pB are expected to affect lowering of plasma glucose
similar to insulin, making GSK3p an attractive target for the
treatment of type 2 diabetes (Dokken et al., 2005). Treatment
with GSK3f inhibitors caused improvement in glucose dis-
posal, which could be attributed to an approximate two-fold
increase in liver glycogen synthesis. This result was observed
in oral glucose tolerance tests and euglycemic-insulinemic
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Figure 1

Glycogen synthase kinase-3 beta (GSK3p) signalling pathway map. The interaction of GSK3p with different substrates along with

its involvement in different disease causing pathway is shown. Also various cytosolic and nuclear substrates are also shown.

clamp studies in Zucker diabetic fatty (fa/fa) rats (Cline et al.,
2002). Non-Selective GSK3B inhibition enhanced insulin
action in insulin-resistant skeletal muscle of the prediabetic
obese Zucker rat, in part by relieving the deleterious effects of
GSK3p action on post-insulin receptor insulin signalling (Qu
et al., 2006). Other signalling pathways also implicates GSK33
as a negative regulator of insulin signalling pathway. For, e.g.
Protein tyrosine phosphatase 1B (PTP1B) acts as a negative

regulator of insulin signal transduction by activating GSK3p.
This phenomenon was highlighted when Hong and Lee in
1997 had reported that the reduction of PTP1B increases
insulin-dependent metabolic signalling and improve insulin
sensitivity in diabetic animal model (Hong and Lee, 1997).
However, this approach had taken a back seat as the design
and development of modulators for the negative regulators
are quite challenging.
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Figure 2 Different binding pockets of GSK3f. (A) Overlay of X-ray structures at C* depicting different binding sites for GSK38; (B) ATP site;
(C) axin binding site; (D) priming site. The residues of each site are overlaid to understand the mobility of each residue. The helices are denoted
in red, B-sheets in yellow and loops in green colour. The residues are shown in elemental colours. GSK3B, glycogen synthase kinase-3 beta.

AD pathway

Glycogen synthase kinase-3 beta is involved in the abnormal
phosphorylation of pathological tau in AD (Hanger et al.,
1992; Mazanetz and Fischer, 2007). GSK3p is activated in
AmyloidB-peptide pathway (Figure 1). It is well studied in
human, mouse and rat. Cedazo-minguez etfal. (2003)
proved that early activation of GSK3B induces
apolipoprotein(APP)-E4 and B-amyloid, could lead to apopto-
sis and tau hyperphosphorylation. Among other aspect of AD,
Hernadndez and Avila (2008) had also reported the relevance of
activation of GSK3p at molecular level. It also plays an impor-
tant role for axonal elongation. APP intracellular domain
transgenic mice showed activation of GSK3f and phosphory-
lation of Collapsin response mediating protein-2 protein — a
GSK3p substrate that plays a crucial role in Semaphorin3a-
mediated axonal guidance (Ryan and Pimplikar, 2005). Their
report on the potential of GSK3f inhibitors for the therapy of
AD was supported by the fact that the transgene shutdown in
symptomatic mice leads to normal GSK3p activity, normal
phospho-tau levels, diminished neuronal death and suppres-
sion of the cognitive deficit. These data highlights the impor-
tant role for GSK3f in axonal elongation. It also plays a pivotal
role in the development of AD by its involvement in the
formation of (PHF)-tau, which is an integral component of
neurofibrillary tangle deposits that disrupt neuronal function,
and is a marker of neurodegeneration in AD (Takashima, 2006).
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Martinez and Perez (2008) has provided a good rational for
the development of GSK3p inhibitor for treatment of AD. The
data from their study clearly identified GSK3p inhibitors as
one of the most promising approaches for the future treat-
ment of AD. A reduction of the aberrant over activity of
GSK3p might decrease several aspects of the neuronal pathol-
ogy in AD.

Although these reports implicated GSK3f in neurological
disorders; its roles in normal CNS functions have not yet
been determined. To examine the potential role for GSK3f3
in synaptic plasticity, Peineau et al. (2007) investigated the
effects of inhibition of the enzyme on induction of long-
term depression (LTD) and long-term potentiation (LTP).
This was studied in rat hippocampal slices. Inhibition of
LTD by GSK3p inhibitor lithium was observed regardless of
whether the inhibitor was applied before or after induction
of LTD. This phenomenon suggests that GSK3B might
function in LTD maintenance (Peineau et al.,, 2007). The
role of GSK3f in synaptic plasticity was again determined
by Peineau in 2008 where they had reported that the
blockade of GSK3p influence on the processes that underlie
learning and memory mechanisms. From their various
results on the study of LTP and LTD mechanism, it is being
believed that GSK3p is required for LTD and provides a
mechanism by which LTP can inhibit LTD (Peineau et al.,
2008).



BDNF signalling pathway

Glycogen synthase kinase-3 beta is an intracellular enzyme
implicated as a critical component in many neuronal signal-
ling pathways. Several intracellular signalling cascades and
several neurotransmitter systems including serotonergic,
dopaminergic, cholinergic and glutamatergic converge on
GSK3p to modulate its activity. Due to the changes in these
neurotransmitter systems,GSK3p has been linked to the mood
and bipolar disorders, depression, and schizophrenia. GSK3f
regulation may represent a novel target to treat mood disor-
ders (Jope and Roh, 2006). Dysregulated GSK3p in bipolar
disorder, depression and schizophrenia could have multiple
effects that could impair neural plasticity, such as modulation
of neuronal architecture, neurogenesis, gene expression and
the ability of neurons to respond to stressful, potentially
lethal conditions (Chen et al., 1999). There are also existing
reports from the genetic perspective supporting the role of
GSK3p in the disease physiology of bipolar mood disorder
(Gould, 2006)

The role of GSK3p in mood disorder was highlighted by the
study of lithium and valproate (Klein and Melton, 1996;
Ryves et al., 2002); both of which are GSK3B inhibitors and
are used to treat mood disorders. GSK3p has host of substrates
of which more than dozen are transcription factors (Kannoji
et al., 2008). Most of them get inhibited upon phosphoryla-
tion. Of these transcription factors, CREB is an important one
which plays a critical role in mood disorder (Blendy, 2006).

Mai etal. in 2002 has reported that brain-derived neu-
rotrophic factor (BDNF) increases the serine9-phosphorylation
of GSK3p which inhibits its activity. This is in addition to the
increased phosphorylation of Fork-head transcription factors
(FKHRL1). Over expression of GSK3p did not affect BDNF-
induced phosphorylation of AKT, extracellular signal-
regulated kinases 1/2 (ERK1/2) or FKHRL1, but abolished CREB
phosphorylation (Mai et al., 2002). The inhibition of BDNF-
induced CREB phosphorylation in GSK3p-overexpressing
SH-SYSY cells were blocked by treatment with lithium.

It was reported by Emamian et al. (2004), that alterations in
AKT1-GSK3p signalling contribute to schizophrenia patho-
genesis. They observed a decrease in AKT1 protein levels and
its phosphorylation of GSK3f at Serine-9 in the peripheral
lymphocytes and brains of individuals with schizophrenia. It
was also reported that schizophrenia with deficiency of AKT1,
is more sensitive to the sensorimotor gating-disruptive effect
of amphetamine (Smith and Frenkel, 2005). Although pre-
clinical data from biochemical, behavioural and human
genetic studies supports the therapeutic role of GSK3p in
mood disorder, but proof of concept in the clinical trials is yet
to be established as emphasized by Gould (2006).

Oncology pathway

Glycogen synthase kinase-3 beta’s role in cancer is a well-
accepted phenomenon where it acts as a negative regulator for
cell growth. Of all the different pathways leading to cancer,
WNT signalling is the predominant ones. WNT signalling
pathway is involved in disease physiologies like Osteoporosis
and Cancer. It stimulates translation and cell growth by acti-
vating the tuberous sclerosis complex (TSC) — a mammalian
target of rapamycin (mTOR) pathway via GSK3 (Shao et al.,

GSK3B and inhibitors
S Phukan et al 5

2005). Inhibition of GSK3pB by AKT positively regulated the
G1/S cell cycle progression. Growth hormone activates AKT,
which in turn inhibits the GSK3p activity. This leads to
increase in cyclin D1 and inhibition of Forkhead family tran-
scription factors and the tumour suppressor tuberin (TSC2)
(Liang and Slingerland, 2003). GSK3p is inactivated after phos-
phorylation when stimulated with IL-6. Inhibition of GSK3f3
activity is sufficient to suppress cell growth and induce apop-
tosis thus overriding the effects of IL-6 in myeloma cells (Inoki
et al., 2006). GSK3p also control oncogenicity via B-cell CLL/
lymphoma 3 (BCL-3). GSK3p phosphorylate BCL-3 and modu-
lates its degradation and its oncogenicity (Viatour et al., 2004).
ERK1/2 plays important in cell proliferation. GSK3 phospho-
rylation is dependent on the activation of ERK1/2 induced by
tungstate (Gomez-Ramos et al., 2006).

Although till now any mutation in GSK3p is not found
which can be related to disease conditions, but mutations in
downstream substrates have been reported (Sagae etal.,
1999). For e.g. B-catenin gene mutation at potential GSK3f3
phosphorylation sites results in accumulation of B-catenin
protein within the cells and its translocation to nuclei. Accu-
mulated B-catenin protein may be involved in the develop-
ment of endometrioid-type ovarian carcinomas (Ohira et al.,
2003). Due to the pronounced importance of the role of
GSK3B in cancer, in the following text we discuss its role in
various types of cancer.

Lung cancer. 'Wingless integration inhibits GSK3p, leading to
increase free B-catenin and up-regulation of E-cadherin in
lung cancer cells. This phenomenon was reported by Ohira
et al. in 2003. Their finding supports that E-cadherin induc-
tion by WNT/B-catenin signalling is an evolutionarily con-
served pathway in lung cancer cells. Loss of WNT7a
expression may be important in lung cancer development or
progression by its effects on E-cadherin (Ohira et al., 2003).
The possible role of GSK3p in causing lung cancer was also
studied by Tian et al. (2006) where they reported that in vitro
cigarette smoke components notably inhibited GSK3 similar
to lithium or SB216763. The inhibition of GSK3p either with
cigarette smoke or GSK3B inhibitors like lithium and
SB216763 significantly enhanced involucrin expression in
cultured porcine tracheobronchial epithelial cells probably
via negative regulation of AP-1 activity leading to squamous
differentiation. These studies throw light on the probable role
of GSK3B in causing lung cancer.

Breast cancer. Erythroblastic leukemia viral oncogene
homolog 2 (ErbB2) can cooperate in mammary epithelial cell
transformation. Activation of MAPK and PI3K/AKT, indirectly
inhibits GSK3p, leading to the production of excess ErbB2
signals. These ErbB2 signals can modulate cyclin D1 and p27
and dysregulates the G1-to-S transition of cell cycle leading to
mammary epithelial cell transformation (Lenferink etal.,
2001). Hyperactive WNT signalling is associated with the
development and progression of human breast cancer. Jong
etal. (2006) demonstrated that WNT signalling engages
tumour cell dedifferentiation and tissue-invasive activity
through an Axin2-dependent pathway. Axin2 regulates epi-
thelial mesenchymal transition (EMT) by acting as a nucleo-
cytoplasmic chaperone for GSK3B. GSK3p is responsible for
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controlling Snail protein turnover and activity. The identifi-
cation of a B-catenin-T cell factor (TCF)-regulated Axin2-
GSK3B-Snaill axis provides new mechanistic insights into
cancer-associated EMT programmes (Jong et al., 2006). The
clinical evidence for the first time in support of the WNT/
beta-catenin signalling in breast cancer was recently reported
by Prasad et al. (2009). They reported the WNT/beta-catenin
signalling up-regulation in invasive ductal carcinomas and
key components of this pathway - E-cadherin, Slug and
GSK3pB with beta-catenin in the development of EMT. Their
studies demonstrated significant correlation between GSK3f
nuclear localization and tumour grade (P = 0.02), suggesting
its association with tumour progression.

Colon cancer. In a study on colon cancer cells by Shakoori
et al. (2005), it was observed that the inhibition of GSK3f
activity by chemical inhibitors and its expression by RNA
interference induced apoptosis and attenuated proliferation.
This phenomenon suggests that there is a role of GSK3p in
promoting tumour cell survival and proliferation. It was also
observed by others that through the inhibition of GSK38,
Prostaglandin E2 transactivated the B-catenin/TCF-dependent
transcription induction of TCF-4 in colon cancer cells (Liao
et al., 2004). Inhibition of GSK-3, a downstream target of
active AKT, completely blocked the induction of TNF-related
apoptosis-inducing ligand (TRAIL) by wortmannin. This was
reported by Wang et al. (2002). Their study demonstrated the
induction of the TRAIL by inhibition of PI 3-kinase in colon
cancer cell lines. The studies further opened up the opportu-
nity for understanding the role of PI 3-kinase/AKT/GSK-3
pathway in intestinal cell homeostasis. In 2008 Kang and
co-workers had demonstrated that the inhibition of GSK3p in
human tumour cell regulates the ubiquitin-mediated pro-
teolysis of Cdc25A during early phases of the cell cycle. The
overproduction of Cdc25A during the G1 phase of cell cycle
strongly correlated with GSK3f inactivation. The PI-3K/AKT
pathway negatively regulates both GSK3p and CHK1 and this
in turn promotes cell cycle advancement by elevating Cdc25A
levels (Kang et al., 2008).

Ovarian cancer. GSK3f plays an important role as a positive
regulator of human ovarian cancer cells (Cao et al., 2006).
The mutational studies implicating the role of GSK3f in
ovarian cancer were reported way back in 1999 (Kim et al.,
1999). The over expression of the GSK3f in ovarian cancer
cells led Cao and coworker to study the role of GSK3f in
ovarian cancer. When treated with inhibitors of GSK3p in
ovarian cancer cell lines they reported that there were
marked reductions in the tumour growth. Similar reduction
in tumour volume and size was also observed in nude mice
having cancer xenograft model when treated with GSK3f
inhibitor LiCl. It was also observed that the GSK3p inhibition
via integrin-linked kinase (ILK)-mediated signalling pathway
leads to the stabilization of Snail and B-catenin and regula-
tion of transcriptional programs that control ovarian cancer
(Rosano et al., 2005).

Prostate cancer. Glycogen synthase kinase-3 beta activity is
required for androgen-stimulated gene expression in prostate
cancer cells (Thiel ef al., 2006). B-catenin mediates the cross-
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talk between PI3K/AKT and androgen pathways. Liang and
Slingerland (2003) had reported the multiple roles of PI3K/PK
in cell cycle progression. The PI3K/AKT signal induces phos-
phorylation and inactivation of GSK3p resulting in increased
nuclear levels of B-catenin. Consequently, increased B-catenin
elevates androgen receptor activity to stimulate prostate cell
growth and survival (Sharma et al., 2002). GSK3 suppression
sensitizes prostate cancer cells to TRAIL-induced apoptosis
that is dependent on caspase-8 activities but independent of
NF-xB activation. This suggests that a mechanism involving
GSK3p activation may be responsible for TRAIL resistance in
prostate cancer cells (Koul et al., 2005).

Other types of cancer. In addition to the types of cancers
discussed above GSK3 is also reported to be involved in the
cause of other cancers like stomach cancer, melanoma and
glioblastoma. It was also reported that inhibition of GSK3f by
AKT in the pathway leads to stomach cancer (Krymsky et al.,
2001). Thiel etal. (2006) had also observed that Phorbol
12-myristate 13-acetate (PMA) induced cyclooxygenase-2
(COX-2) protein expression was mediated through PKC/PI3K/
AKT pathway where GSK3 is the downstream target. Accord-
ing to them this type of GSK3f inhibition leads to stomach
cancer.

Inhibition of GSK3pB by the activated AKT in the IGF-1
signalling pathway leads to the stabilization of B-catenin
leading to melanoma. Stabilized B-catenin then translates
into nucleus and promotes the transduction of the cell pro-
liferation leading to melanoma. This phenomenon was
reported by Diehl efal. (1998). In 2008, Bellei efal. had
reported the effect of inhibiting GSK3p activity on the regu-
lation of melanocyte differentiation. They studied the effect
of GSK3p specific inhibitors (SB216763, SB415286, BIO and
LiCl) in murine melanoma cell line B16 and normal human
melanocytes. It was observed that there is a dose dependent
accumulation of B-catenin leading to melanoma. This study
almost confirms the role of GSK3f in the development of
melanoma.

Results of the work carried out by Welcker et al. (2003)
exhibited that blocking the ILK/AKT pathway is a potential
strategy for molecular targeted therapy for gliomas. Down-
stream regulation of GSK3B phosphorylation through AKT,
mTOR in glioblastoma cells leads to the decreased cell prolif-
eration, invasion and angiogenesis. The role of GSK3p in
glioblastoma was further validated by the recent study on the
role of lithium in the treatment of glioblastoma (Nowicki
et al., 2008). They reported that the examination of known
targets of lithium showed that inositol monophosphatase
inhibition had no effect on glioma migration, whereas
notable effect was observed on glioma migration during the
inhibition of GSK3. According to them specific pharmaco-
logical GSK3p inhibitors and siRNA knockdown of GSK3f
isoforms both reduced cell motility. These results not only
throws light into the previously unidentified biochemical
pathways in glioblastomas, but also guides in the develop-
ment of inhibitors for the treatment of glioblastoma.

Osteoporosis
It was reported that dexamethasone (DEX) activates GSK3[3
and inhibits a differentiation-related cell cycle that occurs at



a commitment stage immediately after confluence. Inhibi-
tion of a PI3K/AKT/GSK3p/B-catenin/Lymphoid enhancer
binding factor (LEF) axis, and stimulation of histone deacety-
lase 1 (HDAC1) cooperates to mediate the inhibitory effect of
DEX on WNT signalling and the osteoblast differentiation-
related cell cycle (GA et al., 2002). Osteoporosis also develops
due to the disruption of the balance between the adipocytes
and osteoblast. These imbalance occurs when adipocytes
develops at the expense of the osteoblasts (Cohen and
Frame, 2001). In this context Laure-Emmanuelle et al. (2008)
has reported the effect of GSK3p inhibitors in control of
adipocytes. Their studies demonstrated the potential of
GSK3pB as target to control adipocytes and hence control
osteoporosis.

Cardiac hypertrophy

Recent years has witnessed a host of reports by various
workers on the possible role of GSK3f in cardiac hyperthro-
phy. In 2002, Hardt and Sadoshima, and in 2007, Kerkela et al.
reported the pivotal role of GSK3p in cardiac hypertrophy. It
was reported by Robertson et al. (2006) that the inhibition of
GSK3p by B-adrenergic stimulation abrogates GSK3p-induced
nuclear export of GATA binding protein 4 (GATA4). This phe-
nomenon may represent an important GSK3P signalling
mechanism mediating cardiac hypertrophy. Although the
involvement of GSK3p in cardiac hypertrophy was initially
reported in 2001 by Morisco et al., till recently there is very
less clarity of the mechanism by which GSK3p plays a role in
cardiac process. Sugden et al. (2008) has elaborately reviewed
the probable role of GSK3p in cardiac process. However, due
to various conflicting reports, it is opined that still there is a
dilemma whether the activation or inhibitory effect of GSK33
would lead to therapeutically acceptable molecule to treat
cardiac hypertrophy (Sugden et al., 2008). However, a latter
report from the Sadoshima’s group (2008) reported that main-
taining the unphosphorylated S9 of GSK3f in Knockin mice
prevents cardiac decompensation on cardiac hypertrophy and
function during pressure overload (Matsuda efal., 2008).
These reports further validates the role of GSK3p in cardiac
hypertrophy. However, from these studies it is observed that
to have an efficient modulator it is important to have isoform
selectivity.

Hypertension

The role of GSK3p in causing hypertension in animal models
has been reported. In hypertensive rats, enhanced GSK3p
activity modestly augments the effects of PI3K but does not
appear to contribute greatly to the altered arterial reactivity in
deoxycorticosterone-salt hypertension (Loberg et al., 2003).
GSK3pB-mediated regulation of mitochondrial permeability
transition pore formation in the ischemic reperfused heart
was studied by Mozaffari and Schaffer (2008). They found that
the treatment with GSK3p inhibitors, LiCl and SB-216763
reduced infarct size at both pressures, with the effect more
marked at the higher perfusion pressure. This study empha-
sized the role of GSK3p in controlling hypertension. However,
more studies are required to validate this as a target in drug
discovery space.
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Cross-talk in signalling pathways
implicating GSK3p

Since the discovery of GSK3f and its implications in various
disease physiologies, it has been studied in isolation w.r.t its
effect in various signalling pathways. However, last few years
have seen a change in the approach to the study of the role of
GSK3p in relation to disease physiologies. In addition to the
individual signalling pathways — as discussed earlier in this
review — it was observed from various reports that GSK3[3
signalling pathways are implicated in crosstalk with other
signalling pathways in disease physiologies. These reports
from different workers highlight the importance of the cross-
talk between these cascades. One of the common signalling
pathway involved in the crosstalk during a variety of cellular
processes is the WNT signalling pathway. It was reported by
Ross et al. in 2000 that WNT signalling, mediated by WNT-
10b, is a molecular switch that governs adipogenesis. From
their experimental results they have found that disruption of
WNT signalling also causes trans-differentiation of myoblasts
into adipocytes in vitro. This finding highlights the impor-
tance of this pathway not only in adipocyte differentiation
but also in mesodermal cell fate determination (Ross et al.,
2000). It was also reported by Framer in 2005 that phospho-
rylation of C/EBPbeta at a consensus ERK/GSK3P site is
required for the PPARgamma-associated expression of adi-
ponectin during the terminal stages of adipogenesis.GSK3[3
also influences PPARy activity by regulating the turnover and
subcellular localization of beta-catenin, which is a potent
transcriptional activator of WNT signalling. They had also
reported a crosstalk between PPARy and beta-catenin signal-
ling. Activation of PPARgamma induces the degradation of
beta-catenin during preadipocyte differentiation by mecha-
nisms that require GSK3p and the proteasome (Farmer, 2005).
Kotoh and Katoh (2006) has reported that cross-talk between
WNT and FGF signalling pathways at GSK3p leading to the
regulation of B-catenin and SNAIL signalling cascades which
has implication in malenoma. The involvement of GSK3p in
the regulation of Snail is of considerable interest, as GSK3p is
involved in the regulation of WNT and hedgehog pathways.
These pathways are already known to control cell fate and
morphogenesis during development and tumourigenesis
(Zhou and Hung, 2005). WNT signalling has also been linked
to type 2 diabetes. It is been reported that carriers of variants
of the transcription factor 7-like 2 gene, an important com-
ponent of the WNT pathway, are at enhanced risk for devel-
oping type 2 diabetes (Bordonaro, 2009). Earlier, Yi et al.
(2008) had demonstrated the cross-talk between insulin sig-
nalling and WNT from intestinal endocrine L cells. In their
study they found that in the GLUTag cells, insulin-induced
activation of glu expression occurred through the same TCF
site that mediates cat/TCF activation. This simulation was
attenuated by Phosphatidylinositol 3-kinase inhibition. In
addition to it, nuclear beta-catenin content in the intestinal L
cells was increased by insulin. According to them, these find-
ings indicate that enhancement of beta-catenin nuclear trans-
location and cat/TCF binding are among the mechanisms
underlying the cross-talk between the insulin and WNT sig-
nalling pathways in intestinal endocrine L cells (Yi etal.,
2008). In AD pathogenesis GSK3pB is reported to have a
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dynamic cross-talk with CDKS. Although these two proteins
were analysed from their individual roles in AD, Engmann
and Giese in 2005 had reported that there is a dynamic cross-
talk between the two proteins. Evidence from the p25 trans-
genic mice suggests that during aging or prolonged over
activation of CDKS, GSK3f activity may alter in favour of AD
pathogenesis (Engmann and Giese, 2009). GSK3p pathway is
reported to be one of the common pathway disrupted by
insulin resistance and amyloid beta. This was reported by
Zhao and Townsend (2009) where they studied the process of
type 2 diabetes and AD. Studying these processes at the cel-
lular level they suggested that the insulin resistance and
Amyloid beta aggregation may not be the consequence of
excitotoxicity, aberrant Ca2+ signals and pro-inflammatory
cytokines built in can also promote these pathological effec-
tors. These reports on the cross-talks of GSK3B with different
proteins and signalling pathways throws open a new vista of
understanding the disease physiologies/mechanism. Further
studies on this area would lead to new concepts and
approaches to the design and development of modulators for
GSK38.

Knockout studies

There are reports regarding the knockout studies carried out
in the context GSK3p as a target. Kim et al. (2006) found no
gross morphological deficits in nervous system development
in GSK3B null mice. In contrast, it is also reported that dis-
ruption of the murine GSK3B gene results in embryonic
lethality caused by severe liver degeneration during mid-
gestation (Hoeflich et al., 2000). GSK3o/f double-knockout
mouse embryonic stem cell displayed hyperactivated
WNT/B-catenin signalling and were severely compromised in
their ability to differentiate, but could be rescued to normality
by re-expression of functional GSK38 (Doble et al., 2007). The
rheostatic regulation of GSK3p highlights the importance of
considering the contributions of both homologs when study-
ing GSK3P functions in mammalian systems (Michelon et al.,
2006).

Single nucleotide polymorphism (SNP) in GSK3p

Single nucleotide polymorphism, which is the major cause of
abnormalities in the metabolic behaviour in the human, was
also identified in case of GSK3B. An SNP (-50 T/C) falling into
the effective promoter region (nt -171 to +29) of the gene
coding for GSK3 has been linked with different age at onset
of bipolar illness and with different antidepressant effects of
total sleep deprivation (Benedetti et al., 2005). Two functional
SNPs in the GSK3p gene viz S0T-C (rs334558) — a promoter
polymorphism were identified,in which the T allele has
greater transcriptional activity in vitro, and 157T-C in intron 5
(rs6438552), which is an intronic polymorphism were iden-
tified by Kwok et al. (2005). In this study the T allele is
observed to be associated with increased levels of GSK3f
lacking exons 9 and 11. Increased levels of GSK3p lacking
exons 9 and 11 was correlated with enhanced phosphoryla-
tion of MAPT in vitro concluding that GSK3p polymorphisms
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Figure 3 Glycogen synthase kinase-3 beta (GSK3p) patents filed in
last 10 years. The gradual increase in the number of patents shows
the importance of GSK3f as an emerging drug target.

interact with MAPT haplotypes to modify disease risk in Par-
kinson Disease (Kwok et al., 2005).

siRNA

siRNA technology is used to study the signal transduction
process for GSK3B. Use of this technology to determine the
role of GSK3pB for various disease conditions are reported
recently by various workers. It was used to exhibit that burn
injury stimulates GSK3p activity in skeletal muscle and that
GSK3p may regulate glucocorticoid-mediated muscle wasting
(Fang et al., 2007). GSK3B and h-prune cooperatively regulate
the disassembly of focal adhesions to promote cell migration
and that h-prune is useful as a marker for tumour aggressive-
ness (Kobayashi etal., 2006). GSK3p is required for 17f-
estradiol (E2)-induced estrogen receptor-alpha (ERalpha)
phosphorylation at Ser-118 and full transcriptional activity of
the receptor upon E2 stimulation (Grisouard et al., 2007). In
2008 Nowicki et al. through siRNA knockdown of GSK3f had
demonstrated the role of GSK3p in glioblastoma.

Patent landscape of GSK3p

Although GSK3p was discovered 28 years back, the interest in
it as potential drug targets became prominent only in the
beginning of this century. To evaluate the importance of this
target in the therapeutic patents, GSK3p patent analysis
revealed that the number of patents published had increased
nearly three times from merely 4 in 1999 to 20 in 2001
reaching a peak of 136 publication in 2008 (Figure 3). GSK3p3
has found prominence in the different therapeutic area with
Alzheimer’s being the most prominent ones followed by
Cancer and Diabetes (Figure 4). Of the total number of
patents published around 153 are in the area of Alzheimer’s
with Cancer and Diabetes around 170 publications. This
clearly indicates the growing importance of GSK3 in Phar-
maceutical industry. But interestingly in spite of this increas-
ing number of patents published in recent years for GSK3p3
inhibitors, the number of compounds in the different phases
of clinics or discovery phase of research is very minimal. A
company wise distribution of global patent publication
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Figure 4 Different area of therapeutic indications affected by
GSK3p. Alzheimer being the most preferred once with 32% of the
total published patents falling in this therapeutic area followed by
Obeisity. GSK3B, glycogen synthase kinase-3 beta.

Assignee/Applicant vs. Number of Patents

Number of Patents

Figure 5 A comparison of worldwide patent activity of major com-
panies which are actively filing patent applications related to GSK3p.
Vertex Pharma, AstraZeneca and Glaxo-SmithKline stand at the top in
this domain followed by Sanofi-Aventis, Novartis, Astex Therapeutics,
Pfizer. GSK3, glycogen synthase kinase-3 beta.

exhibits that Vertex pharmaceuticals, Astra Zeneca, Glaxo-
SmithKlime along with Sanofi are the major players in the
arena (Figure 5).

Development of GSK3p inhibitors

It is promising that GSK3f inhibition throws a great hope in
the modulation of many disease pathways. With newer infor-
mation on the different aspect of GSK3 in the disease physi-
ologies, priority on the search of its inhibitors has been high
and many reports (journal literature and patents) have been
published. Many different chemo spaces are being explored to
design specific as well as non-specific GSK3p inhibitors.

Lithium and GSK3p inhibition
Lithium is a well known inhibitor of GSK38, which was dis-
covered in 1996 3f. Lithium alone and with some other drugs
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is in clinical phase of discovery time space, to study its inhibi-
tory effect on GSK3p (discussed later). Therapeutic plasma
lithium concentration ranges from 0.6-1.2 mM to inhibit the
GSK3p activity (Phiel and Klein, 2001).

Lithium has shown to increase phosphorylation of GSK3f3
at serine-9 site in the treated cells (De sarno et al., 2002) and
inhibits GSK3p by competition for magnesium (Mg?"), but not
ATP or substrate (Ryves et al., 2002).

Lithium protects tau from hyperphosphorylation and may
rescue memory retention in the rats by inhibiting GSK3p
activity (Qu et al., 2006). Specific inhibition of cellular GSK33
by lithium or GSK3B antisense, elicits a reduction in
B-amyloid (AB). Ryder ef al. in 2003 had reported that the oral
administration of lithium significantly reduces A production
whereas direct intracerebroventricular administration of ros-
covitine augmented AP production in the brains of PDAPP
[APP (V717F)] mice. The data supports a function for GSK3f3
in APP processing, further implicating the GSK3p in the
pathogenesis of AD (Ryder et al., 2003). Recently, Mendes
et al. (2009) evaluated the transcriptional regulation of GSK33
in lithium treated primary cultures of rat and hypocampal
neurons and found that there was a dose dependent reduction
in the number with the expression of GSK3B which was
further confirmed by in vivo experiments in different brain
regions. This study reinforces the potential of lithium for
inhibition of pathological pathways in AD. The regulation of
behavioural effect of lithium was reviewed by Beaulieu and
Caron (2008). They have explained the molecular mechanism
involved in the behavioural effect brought about by the effect
of lithium.

Other GSK3p inhibitors

The inhibitors of GSK3B for its chemo-space has been
analysed using KinaseChemBioBase™. A search in the
KinaseChemBioBase™ exhibited that inhibitors of various
efficacy are reported. Although there are 45 520 compounds
reported in the published literature and patents as GSK3f
inhibitors only 8193 of them have been reported with activ-
ity values. Most of the compounds (2540) were reported to be
at the range of 10 nM-1 puM activity. Similarly, 1525 number
of compounds was reported to have the activity value
between 1uM and 100uM. Around 12 compounds
(Raymond et al., 1999; Patricia etal., 2003; Thierry etal.,
2003; Joong et al., 2004; Pascal et al., 2004; Shudong et al.,
2004; Toshiyuki etal., 2004; Shudong etal., 2005) are
reported to have a very high potency of <1 nM against GSK3f3
where a substantial compounds amounting to 485 in
numbers are reported to have shown potency between 1 and
100 nM. Although majority of the compounds from the pub-
lished patents is reported to have a micro-molar potency
(Table 1), there are several high nanomolar inhibitors of
GSK3B.

Various classes of compounds are reported to occupy the
chemo space as inhibitors of GSK3p (Table 2). It was observed
that among various classes of compounds, Pyrimidine class
has the highest number of compounds followed by com-
pounds of Pyridine derivatives. Pyrazoles and Thiazole along
with the Indole and Imidazole have a significant amount of
compounds among all the classes of compounds reported as
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Table 2 Various chemotypes present in GSK3 inhibitor molecules

Chemotype structure Chemotype name No. of molecules Off-target kinases
/ A
| Azaindole 733 PKA, Erk2, EGFR, CK1, CDK1, VEGFR, PKCalpha, PKCbeta, PKCgamma,
N~ N// CDK1/Cyclin B, c-Met, TAKTA, c-Kit, FIt3, KDR, Jak3, Syk
N\/\
<\ | Benzimidazole 880 CDK2/Cyclin A, Src, Aur2, Lck, EGFR, VEGFR2, erbB2
N/\/
O\/\
<\ | Benzoxazole 18 CDK5/p25, CDK2/Cyclin A, CDK9/Cyclin T1
N/\/
S\/\
\ | Benzthiazole 460 Src, AKT, CDK2/Cyclin A, CDK5/p25, CDK9/Cyclin T1, ILK1, AUR2
N/\/
N
\ / Imidazole 3751 Aur2, CDK5/p25, CK1, CK2, VEGFR, PKA, EGFR, Erk2, HER2
N
(t@ Indole 2075 PKCalpha, PKCgamma, PKCbeta, CDK1, CDKS5, ILK1, MSK1, MEK1,
N CK2, Chk1, Chk2, p38, AKT1, PDK1, AurA, AurB, Fak, Tie2, EGFR,

VEGFR2, ABL1, Src, JNK

O

Oxazole 2 861 N/A

—~I

\

Piperidine 2814 Erk2, Aur2, CDK5/p25, EGFR, VEGFR2, CK1, CK2, PKA, CDK1/Cyclin B,
CDKT, Src, Syk, MK-2, PRAK, ROCKT, INK3

jz/%z IZC _
/2 —
Z
w4

Purine 11 CDK2/Cyclin A, Aur 2
N
N
N\) Pyrazine 1378 CDK5/p25, CDK1/Cyclin B, PIM1, CK1, CK2, PKG, PKA, INK, MAPKK,
cRaf, Erk1, Erk2, Src, Srk, Aur2, Syk, VEGFR2

N\N
\ / Pyrazole 4571 AUR2, Erk2, Src, AKT, CDK2/Cyclin A, Syk, MK-2, PRAK
X
| Pyridine 12944 Aur2, INK3, CDK2/Cyclin A, Lck, CDK2, EGFR, CK1, CK2, PKA, Erk2,
— HER2
N
SN
| /J Pyrimidine 14 880 Aur2, JNK3, Lck, Src, Erk2
N
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Chemotype structure Chemotype name No. of molecules

Off-target kinases

N
;\ /; Pyrrole 935
N
=
m Quinazoline 1378
. N
S
&W Thiazole 4 364
N
S
\\ // Thiophene 3338

CDK5/p25, Erk2, CDK2/Cyclin A, Lck, CDK1, CDK5, JNK3, c-met,
CDK4/Cyclin D1, MEK1, CK1

Aur2, CDK2/Cyclin A, Src, AKT, Src, Erk, PRAK, MK-2, Syk, Lck,
ROCK2, Chk1, PDK1, PKA, ]NK, MAPK, SAPK

CDK5/p25, INK3, Erk2, VEGFR, CDK1, PKA, EGFR, SYK, Aur2

EGFR, VEGFR, PDGFR, HER2, Erk2, CK1, CK2, CDK1/Cyclin B, PKA

GSK3p, glycogen synthase kinase-3 beta.

0]

o o=(" ° \N4 h
N g N s
N
A B C

Figure 6 Moieties and groups for active inhibitors. (A) Pyrimido[1,2-a]pyrimidin-4-one, (B) pyrrole-2,5-dione, (C) thiazo-1,2-one, (D)
pyrrolo[2,3-c]azepin-8-one, (E) 2-phenyl-benzoimidazole, (F) pyridazin-3-one.

GSK3B inhibitors. However, compounds like Thiophene, Ben-
zthiazole, Benzoxazole and others chemotypes are not much
explored for the inhibition of GSK3p Compounds from the
chemotypes of Benzimidazole, Pyrimidine, Pyridine, Pyrazole
and Imidazole had been reported to have high potency GSK33
inhibitor with <1 nM activity (Table 1). It was observed that
the molecules containing the groups like Pyrrolidine-2-one,
Pyrrolidine-2,5-Dione, Piperidin-2-one or Piperidin-2,6-Dione
were showing high to moderate (0.2 uM-50 uM) inhibition of
GSK3B. It was observed that Benzimidazole is also an impor-
tant moiety for the high activity against GSK3p. Janssen Phar-
maceutical has reported a unique moiety of the type
pyrido(3,2-b)azepin-6-one which exhibits a potency of
<100 nm activity for GSK3p.

Further a detailed analysis of all the 485 molecules which
were showing less than 100 nanomolar activities from dif-
ferent companies revealed that these molecules belong to 17
different classes of scaffolds and many compounds are
having resemblance and might be an analog of the highly
nonselective kinase inhibitor Staurosporine. In spite of
achieving potent GSK3B inhibitors, the selectivity may be
hindering development. Less diversity of functional groups
is observed in the high nano-molar inhibitors (Figures 6
and 7).

Clinical status of GSK3p

The published patents on GSK3p inhibitors are increasing
exponentially. Majority of the compounds are still in the
discovery phase and few are in the clinics. Some of the can-
didates are studied for the secondary outcome measure
studies instead of direct effect of GSK3B. Of the clinical
candidates as GSK3f inhibitors majority of them are in the
area of Cancer. In a Phase II trial, Genentech and MD Ander-
son Cancer centre is investigating the role of Erlotinib
(Tarceva) in the transitional cell carcinoma. One of the objec-
tives of this study is to evaluate the downstream signalling
pathway of GSK3p to gain more information on the biological
response on a given tumour. GSK3p assessment as a biomarker
in relevance to the drug Enzastaurin is under Phase I study by
Eli Lilly and National Cancer Institute. This is in addition to
the pharmacological safety studies carried out for the combi-
nation therapy of Enzastaurin and Bevacizumab with patients
having Metastatic Cancer. Enzastaurin in combination with
the Carboplatin is being studied as a Phase I trial for the
indication of CNS Tumours. In this study the activation of
GSK3p in the peripheral mononuclear blood cells are corre-
lated with the clinical outcome. Moreover, recently in a com-
bination study of Enzastaurin with other targeted agents,Vogl
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Figure 7 Glycogen synthase kinase-3 beta (GSK3f) inhibitors from
different companies. The patents and the affiliations are (A) WO
04/103958, A2, Michigan State University, (B) WO 02/057240, A1,
Ortho Mc Neil Pharmaceutical, (C) WO 03/076398, A2, Eli Lilly, (D)
WO 03/027116, A2, Safoni-syntheLab, (E) WO 05/00836, A1, Janssen
Pharmaceutical, (F) WO 02/46197, A1, Ortho Mc Neil Pharmaceuti-
cal, (G) WO 05/042525, A2, Cyclacel Ltd, (H) WO 04/072062, A2,
Novartis AG, (I) WO 03/072579, A1, Crystal Genomics.

etal. (2009) has reported that Sorafenib and Sunitinib in
combination with Enzastaurin showed synergistic reduction
of viable renal cell carcinoma. This was due to the inhibition
of cell growth through the inhibition of phosphor-S6-kinase
and GSK3p

Inhibitory role of GSK3B in AD is conducted by the
National Institute of Neurological Disorders and Stroke
(NINDS) with lithium and with the combination of the drug
Divalporex. Lithium or in combination with Divalporex is
known to inhibit GSK3p. This might reduce the phosphory-
lation of the Tau to reduce the pathogenic effect of Alzheimer.
For progressive Supranuclear Palsy (PSP), another neurode-
generative disease, the inhibitory effect of GSK3 by lithium
and valporic acid is under study. Nates University Hospital is
studying the effect of Valporic acid in the inhibition of GSK38
and the reduction of tau phosphorylation for a neuroprotec-
tive effect. Westat and NINDS analysed the effect of lithium
on GSK3p which reduced tau phosphorylation as a secondary
outcome measure for PSP.

Neuropharma have reported moving GSK3p inhibitors into
the Phase I of clinical studies but details of the studies are not
available. Also many pharmaceutical companies like Pfizer,
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Chiron, Vertex and others are focusing on GSK3p inhibitors
for various therapeutic conditions (Table 3).

Conclusion

The journey of three decades for GSK3p in its therapeutic
landscape has seen many interesting phenomenon - from its
initial discovery it is a target for the treatment of diabetes
including a recent report of proof of concept (Frame and
Zheleva, 2006). Being a kinase there are issues relating to the
selectivity with respect to other kinases as well as its own
isoforms. However, there are reports of compounds like
AR-A014418 to be a selective GSK3p inhibitor with its mod-
erate ability to cross blood-brain barrier (Bhat et al., 2003). In
addition to it, Meijer et al. (2003) had also reported a GSK3f
selective inhibitor from the chemical class Tyrian purple
indirubins. Structure-based approaches are also gaining prime
importance in the design of specific inhibitors for this target
(Patel ef al., 2007). Inspite of all apprehensions, it is evident
from exponential increase in reports (both patents and
journal literature) that it is an important and viable target.
Preclinical data indicates that its inhibition can play a vital
role in the treatment of neurological disorders (Gould, 2006).
Although the role of GSK3p in Cardiac hypotrophy is still not
very clear, it can be a viable target with short-term adminis-
tration. There are apprehensions in certain quarters that the
prolonged use of GSK3p inhibitors might leads to cancer. In
this regard, Frame and Zheleva (2006) opinioned that it is
more overemphasized keeping in view of the data from
various experiments. Patel and Woodgett (2008) have also
opined that the fear of GSK3P inhibitors repressing beta
catenin has now given a new dimension. According to them
there has been a reversal of such effect. The trend in the
clinical studies for GSK3p inhibition will throw out more light
into this interesting but complex target. With the advent in
structural activity data, the probability of many GSK3p inhibi-
tors entering to clinic looks promising.
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