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GSK3 Inhibitors and Disease
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Abstract: This review describes, briefly, the characteristics and regulation of glycogen synthase kinase 3 (GSK3) together
with the role of GSK3 dysfunctions in different pathologies, and GSK3 as target for therapeutic treatment in different dis-
eases. Several GSK3 inhibitors acting at different levels are described in this work, ranging from cations like lithium to
small compounds developed by different pharmaceutical companies. Also, the use of specific interference RNA (iRNA)
for the specific inhibition of the expression of the different GSK3 isoforms is discussed.
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1. INTRODUCTION

In 1988, Ishiguro and his colleagues identified a protein
kinase (activity) associated with brain microtubules which
phosphorylated tau in more than one residue [1] modifying
its electrophoretic mobility. This kinase was designated as
tau protein kinase [E.C.2.7.1.135], but when it was further
characterized, two different proteins were observed in the
original protein fraction. These kinases were called tau pro-
tein kinase I (TPKI) and tau protein kinase I (TPKII) [2],
further identified as GSK3p and CDKS5 [3-4].

In this review, we will focus on TPKI and other GSK3
isoforms. Glycogen synthase kinase 3 (GSK3) was first iden-
tified as one of the kinases able to modify glycogen synthase
[5]. The crystal structure of GSK3p [6-7] has revealed a
typical serine /threonine kinase fold with a small N-terminal
domain and a larger C-terminal domain being located the
ATP binding site at the interface of both domains. In mam-
mals, GSK3 is encoded by two genes, gsk3a and gsk3f, ex-
pressing the proteins GSK3a (51KDa) and GSK3p (47KDa)
and sharing almost a complete sequence identity between
their catalytic domains [8]. The presence of a glycine rich
region present in GSK3a close to the N-terminal region and
absent in the GSK3f isoform, is the most obvious structural
difference between both isoforms. In addition, different iso-
forms could arise from alternative splicing of GSK33 RNA
[9].

2. GSK3 REGULATION

It has been suggested that GSK3 could be constitutively
activated in vivo and, mainly, negatively regulated by its
phosphorylation in its N-terminal region (serine residue 21 in
GSK3a and at serine 9 in GSK3p) [10]. The modification at
those serine residues can be achieved by different kinases
like PKA, PKB (Akt) or PKC [10,11]. More recently, the
action of other kinases like p38 [12] has been suggested,
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although p38 inactivates GSK3p by direct phosphorylation at
its C-terminus. Curiously, only GSK3f but not GSK3a was
phosphorylated by p38 in vitro [12].

On the other hand, newly synthesized GSK3 is modified
at tyrosine 279 (GSK3a) or tyrosine 216 (GSK3p), probably
due to the fact that during the folding process an intramolecu-
lar autophosphorylation takes place [13]. However, it has
been observed that after pharmacological inhibition of GSK-
3 activity, a total correlation of enzymatic activity inhibition
with a decrease in tyrosine phosphorylation at residues
216/279 does not exist. This suggests that other tyrosine
kinases and/or phosphatases may also regulate phosphoryla-
tion of these residues [14].

As indicated, phosphorylation at serine 21(GSK3a) or
serine 9 (GSK3p) could result in the inhibition of GSK3 ac-
tivity. On the other hand, dephosphorylation of those phos-
phoserine residues could activate GSK3. The regulation of
these dephosphorylations has been attributed to the actions
of protein phosphatase 2A (PP2A) [15] and protein phospha-
tase 1 (PP1) [16]. The holoenzyme PP1 contains a catalytic
subunit which when bound to its inhibitor-2, (I-2), abolishes
its activity [16]. A way to regulate PP1 activity is through 1-2
phosphorylation mediated by GSK3, since phosphorylated I-
2 inhibitor is unable to inhibit PP1 activity [17, 18].

Negative regulation of GSK3 takes places through differ-
ent pathways like insulin [11] or wnt [19]. Wnt proteins bind
to the frizzled receptor, activating the disheveled protein,
which in turn inhibits GSK3 activity by disrupting this mul-
tiprotein complex [19]. Also, GSK3 activity could depend on
its subcellular localization, since GSK3 can be found in the
cytoplasm, nucleus and mitochondria [20]. Finally, a novel
way of regulating GSK3 activity involves the removal of a
fragment from the N-terminal region of GSK3, including
regulatory serines 21/9 [21], by calpain.

3. GSK3 SUBSTRATES AND REQUIREMENT OF
PRIMING KINASES

In addition to tau and the PP1 inhibitor (I-2), GSK3 can
modify many proteins present in different subcellular com-
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partments. Some substrates of GSK3, like tau and amyloid
precursor protein [22], are present in the cytoplasm, whereas
others, like some transcription factors, are present in the nu-
cleus. Indeed, it was reported the presence of GSK3 associ-
ated with the nucleus envelope [23] and inside the nucleus
[24] has been reported. Therefore, it has been suggested that
GSK3 activity could be also regulated by its intracellular
localization [20].

Many GSK3 substrates require a previous (priming) phos-
phorylation by other kinase (priming kinase) at a residue
located four aminoacids towards the C-terminal of the resi-
due to be modified by GSK3. Among these priming kinases
are PKA [25]; PKC [26]; casein kinase I [27]; cdk5 [28], or
PARI [29]. Thus, theses kinases could regulate the phos-
phorylation of different substrates by GSK3.

4. GSK3 AND DISEASE

Dysregulation (usually increase) of GSK3 activity is be-
lieved to play a role in different and important disorders like
cancer [30], heart disease [31], neurodegenerative disorders
[32], diabetes [33] or viral infections [34]. More recently, the
requirement of GSK3 for a type of human leukemia has been
reported, suggesting GSK3 as a candidate drug target for the
treatment of this cancer [35]. Among neurodegenerative dis-
orders, GSK3 dysregulation has been related to Alzheimer
disease, bipolar disorder, or Huntington disease [10-32]. Re-
cently, an association of a GSK3f polymorphism with Alz-
heimer disease and with frontotemporal dementia has been
reported [36].

In the case of bipolar disorders, patients with an in-
creased copy number of the gene encoding GSK3f [37] have
been shown. Also, GSK3 inhibitors like lithium [38] have
been used for the treatment of this disorder. On the other
hand, GSK3p can also play a role in the abnormality of cir-
cadian rhythm [39,40] which is shortened when the GSK3
activity increases [41]. Thus, it has been found that lithium
(GSK3 inhibitor) increases the circadian rhythm [42]. It will
be of interest to know if other GSK3 inhibitors play a similar
function than lithium in this process [43].

On the other hand, the role of wnt signaling, (which re-
sults in a decrease of GSK3 activity), in the development of
the blood-brain barrier (BBB) has been reported. Breakdown
of BBB has been involved in the pathology of some central
nervous disorders like stroke [44]; and in the future it should
be tested if GSK3 inhibitors may facilitate the repair of BBB.

5. GSK3 INHIBITORS AND NEURODEGENERATION

The potential role of GSK3 inhibitors as therapeutical
tools in different disorders has been studied. Some of these
inhibitors could act in an indirect way by regulating phos-
phatases or priming kinases acting on GSK3 substrates. Ex-
amples of compounds regulating GSK3 activity, as discussed
above, are kinases like PKB, PKC, PKA, p38, or phospha-
tases like PP2A or PP1 [32].

On the other hand, compounds can act on the expression
of GSK3 isoforms. In this way, hairpin siRNA expression
vectors have been used to inhibit GSK3a and GSK3f ex-
pression, although a further good design for these iRNA will
be needed, in order to have a specific, but not simultaneous,
inhibition of both GSK3 isoforms [45].
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Another approach to decrease GSK3 activity has been the
use of small molecules, as highly specific inhibitors for
GSK3, like lithium [46-49]. Thus, several GSK3 inhibitors
like indirubines [50], maleimides [51], 3-amino pyrazoles
(that are mainly decreasing GSK3a activity) [52], paullones
[53], thiazoles [54] or Thiadizolidinones [55] have been in-
dicated as GSK3 inhibitors. It should be mentioned that paul-
lones are not only GSK3 (TPKI) but also cdk5 (TPKII) in-
hibitors, a characteristic which share other compounds like
hymenaldisine [56]. Another point that should be always
taken into account is that essentially there are no specific
inhibitors able to inhibit exclusively GSK3a or GSK3p iso-
forms, although, as previously indicated [52], it has been
suggested that 3-aminopyrazoles are mainly decreasing
GSK3a activity. Also, lithium can preferentially inhibit
GSK3p over GSK3a (see below). More recently, a method to
design selective GSK3p inhibitors using virtual screening
methods [57] has been described.

A variety of analyses could be required to explain the
mechanism for the inhibition mediated by small molecules
on GSK3 activity. One of these analysis is to obtain the X-
ray crystal structure of GSK3f complexed with its inhibitor
[6, 7]. GSK3 structure is similar to that of other kinases, ex-
cept at their N-terminal and C-terminal regions. The ATP-
binding pocket has been identified and there are compounds
that compete with ATP at the active centre of the enzyme
(ATP competitors), while others, as lithium, are non-ATP
competitive inhibitors. In some cases the inhibition corre-
lates with a further phosphorylation of GSK3 at serine
21(GSK3a)/9(GSK3p) and, in other cases, self phosphoryla-
tion of GSK3 at its tyrosine 279(a)/216(p) is prevented. An
example of a specific and well known inhibitor is lithium.
Lithium does not only inhibit GSK3 but also inhibits several
other enzymes being inositol monophosphatase (IMPase),
inositol polyphosphatase 1-phosphatase, fructose 1, 6-bis-
phosphatase, bisphosphatase nucleotidase, and phosphoglu-
comutase as the best studied [58], although other additional
enzymes have been described as targets of lithium [58-59].
Lithium is a non-competitive inhibitor with respect to ATP,
but a competitive inhibitor of magnesium [17], cation which
is required for GSK3 enzymatic activity. More recently, it
has been suggested that lithium may destabilize a complex
where PKB (Akt) and PP2A are present. As a consequence
of this destabilization, Akt is not dephosphorylated, retaining
its activity and promoting GSK3 inhibition [60]. In addition,
GSK3p engages in a positive feedback loop with protein
phosphatase 1 (PP1) [61]. This takes place through GSK3
phosphorylation of PP1 12 (inhibitor 2 of the phosphatase)
(I-2) which results in PP1 activation. This increase in phos-
phatase activity results in the dephosphorylation of GSK3f
at ser 9 and the additional activation of the kinase. Recent
data suggested a preferential phosphorylation of GSK3f over
GSK3a in the presence of lithium, suggesting that PP1 in-
hibitor could probably act in a better way on the inhibition of
GSK3p dephosphorylation than on the dephosphorylation of
GSK3a [34]. Curiously, SB415286 (an ATP competitor),
another GSK3 inhibitor, facilitated the phosphorylation of
ser 21 of GSK3a isoform over the phosphorylation of serine
9 of GSK3p [62]. The possible mechanism for this difference
is under study. No such a difference in modifying ser 9
(GSK3p) or ser 21 (GSK3a) was detected for other GSK3
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inhibitors (Hernandez F. et al. to be published), like the non
ATP competitive TDZ compounds [55]. On the other hand,
preliminary studies suggest a different behavior for ATP
competitive and non competitive compounds. For ATP com-
petitive molecules, a decrease in the phosphorylation of Tyr
279 (GSK3a) or Tyr 216 (GSK3p) was found, whereas no
such decrease was observed for non competitive GSK3 in-
hibitors, like lithium or thiadiazolidinone (NP-12).

6. GSK3 INHIBITORS AND AXONAL REGENERA-
TION

In addition to its possible relevance to prevent neurode-
generation, GSK3 inhibitors may also be useful to foster
other forms of neuronal repair, including axon regeneration.
Thus, systemic application of GSK-3 inhibitors including a
clinical dose of lithium to rats with thoracic spinal cord tran-
section or contusion injuries induce a significant descending
corticospinal and serotonergic axon sprouting in caudal spi-
nal cord which promotes locomotor functional recovery [63].
This observation agrees well with previous works showing
that overexpression of insulin like growth factorl (IGF-1)
(which should inhibit GSK3 activity), provides neuroprotec-
tion after spinal cord injuring in rats [64], or that GSK3 inhi-
bition reduces damage in spinal cord trauma [65]. Also, lith-
ium reinforces the axonal regeneration promoted by chondri-
otinase ABC, after spinal cord injury [66]. These results are
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consistent with previous ones demonstrating that inhibition
of GSK-3 results in enhanced neurite growth in rat cerebella
granule neurons, DRG neurons and hippocampal neurons
[67-69]. However, there is also some evidence that strong
suppression of GSK-3 activity profoundly disrupts axon
growth [70, 71]. Indeed, Munoz-Montano et al. (1999) first
observed that the percentage of cerebella neurons with
countable neurites was increased with lithium treatment at
low concentration while it was decreased with high concen-
tration of lithium [67]. The interesting effect observed with
partial GSK-3 inhibition is consistent with the therapeutic
roles for GSK-3 inhibitors over a certain concentration
range.

With these caveats in mind, GSK-3 is still a possible
therapeutic target for promoting functional recovery of adult
CNS injuries. Therefore the administration of GSK-3 inhibi-
tors at low or moderate doses may facilitate the effective
treatment to CNS injuries including spinal cord trauma.

7. GSK3 INHIBITORS FOR THE TREATMENT OF
DIFFERENT DISEASES-CLINICAL TRIALS

Previously, it has been suggested that the dysregulation
of GSK3 activity may be important for the pathology of can-
cer, heart disease, diabetes, viral infections or neurodegen-
erative disorders like Alzheimer disease. In this way, GSK3
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Fig. (1). GSK3 inhibitors: Structure of some of the GSK3 inhibitors discussed in this work.
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inhibitors, (like lithium), have been patented for the treat-
ment of viral infections by the respiratory syncitial virus [34]
, or for the treatment of diabetes or Alzheimer disease. Also,
lithium has been suggested to be used for the treatment of
Alzheimer disease (AD) pathology. Indeed, in [http://clini-
caltrials.gov/ct2/results?term=Alzheimer+disease] the use of
lithium and valproate is indicated as possible GSK3 inhibi-
tors [72] for the treatment of the disease. In a more indirect
way, there is a study of administration of nasal insulin as a
potential GSK3 inhibitor [10-73].

There are also small compounds like thiazoles, thiadia-
zolidinones, maleimides, 3-aminopyrazoles or purine de-
rivates, used as GSK3 inhibitors. Some of these inhibitors,
developed by several pharmaceutical companies, have reached
the clinic [74].

Chiron Corp. (now Novartis AG) developed some purine
derivatives (like CT-98023) that were proposed to be useful
for type 2 diabetes [75]. Astra Zeneca was investigating thia-
zoles (like ARA-014418) [54] (Fig. 1) as GSK3 inhibitors
for the treatment of Alzheimer disease, however it appears
that this study (Phase 1) has been discontinued at the begin-
ning of 2008. Kemia is investigating GSK3 inhibitors for the
treatment of type 2 diabetes and neurodegenerative disor-
ders. Glaxo-Smith-Kline (GSK) have identified pyrazolo-
pyridine compounds as potent GSK3 inhibitors. Also, since
malemide core is a common motif for GSK3 inhibitor, GSK
has isolated several compounds (like SB-216763) with this
motif. Roche-Holding AG is also using maleimides as GSK3
inhibitors for osteoporosis treatment. In addition, Eli Lilly
and Co. has developed pyrrole-2, 5-dione derivates for the
treatment of type 2 diabetes [76]. DeveloGen AG has iso-
lated cazpaullone, a 1-azakenpaullone derivate, as a GSK3
inhibitor [77]. Mitsubishi-Pharma and Sanofi-Aventis started
to investigate new GSK3 inhibitors, but there is no develop-
ment reported since 2007. Novo Nordisk is testing the use of
aminothiazoles for the treatment of diabetes. Also, Crystal
Genomics, Amphora Discovery Corp. and Cyclacel Pharma-
ceuticals have developed GSK3 inhibitors for the treatment
of diabetes, whereas Deciphera Pharma is looking for GSK3
inhibitors compounds against leukemia.

Finally, Neuropharma (now Noscira) has in Clinic phase
1 a GSK3 inhibitor thiadiazolidinone (NP-12) [78]. The main
feature of this compound, compared to the other ones is the
nature of its mechanism of inhibition, since NP-12 is a non
ATP competitive inhibitor.

Among marine natural products, new GSK3 inhibitors
have been found and are now under study [79], but they are
far from clinical studies. These inhibitors of marine origin
are the manzamines, B-carboline alkaloids, isolated from
sponges [80], that are non competitive inhibitors of ATP
binding on GSK3 [7]. The structure-activity relationship
(SAR) of these compounds on GSK3 activity has been ana-
lyzed [79]. This SAR for these and other GSK3 inhibitors
has not been commented in this short review, since there is a
recent review on the subject [74].

In summary, dysregulation of GSK3 may play a role in
several human disorders, like metabolic disorders, diabetes,
viral infections or neurodegenerative diseases, including
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Alzheimer disease, as GSK3 activity is increased in these
pathologies. GSK3 inhibitors should correct the activity
status of this enzyme. Some of these GSK3 inhibitors have
been briefly reviewed in this work.
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