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Abstract
Deciphering what governs inflammation and its effects on tissues is vital for understanding many
pathologies. The recent discovery that glycogen synthase kinase-3 (GSK3) promotes inflammation
reveals a new component of its well-documented actions in several prevalent diseases which involve
inflammation, including mood disorders, Alzheimer’s disease, diabetes, and cancer. Involvement in
such disparate conditions stems from the widespread influences of GSK3 on many cellular functions,
with this review focusing on its regulation of inflammatory processes. GSK3 promotes the production
of inflammatory molecules and cell migration, which together make GSK3 a powerful regulator of
inflammation, while GSK3 inhibition provides protection from inflammatory conditions in animal
models. The involvement of GSK3 and inflammation in these diseases are highlighted. Thus, GSK3
may contribute not only to primary pathologies in these diseases, but also to the associated
inflammation, suggesting that GSK3 inhibitors may have multiple effects influencing these
conditions.
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Introduction
Few things are more exciting, rewarding, and difficult, than identifying new interactions
between previously unrelated fields. Nearly 40 years ago Professor John Blass embarked on a
research career aimed at discovering if metabolic dysregulation contributed to the
pathophysiology of neurological and psychiatric diseases. Not only did he directly contribute
to our current appreciation of these links, but he provided the stimulus for his collaborators
and students to follow this direction, as is well-documented in this issue of the journal honoring
his achievements. The once revolutionary idea that alterations in metabolic enzymes make a
significant contribution to the pathophysiology of neurological and psychiatric diseases is now
in the mainstream of neuroscience research. One of the more surprising metabolic enzymes
that has been implicated in the pathophysiology of multiple diseases is the formerly
inconspicuous enzyme, glycogen synthase kinase-3 (GSK3), a multi-tasking serine/threonine
kinase now known to regulate such critical cellular functions as structure, gene expression,
mobility, and apoptosis.
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Among the diverse functions that are regulated by GSK3, inflammation has recently emerged
as one of the most interesting. In this review, we address two major topics that are linked by
GSK3. The first is the recent discovery that GSK3 is an important positive regulator of the
inflammatory process. The second major topic addressed here is the surprisingly large number
of prevalent diseases which share the common feature of chronic inflammation in which very
strong connections have been established between GSK3 and pathophysiology and/or
therapeutics. These include psychiatric diseases (with a focus on bipolar mood disorder),
neurodegenerative diseases [with a focus on Alzheimer’s disease (AD)], diabetes, and cancer.
Within these topics, we raise two concepts, that inhibitors of GSK3 may provide an important
therapeutic strategy to control inflammation, and that some of the already established
associations between disease pathophysiology and GSK3 may be related to, or extended to,
the inflammation-promoting effects of GSK3 and thus the anti-inflammatory effects of GSK3
inhibitors.

Regulation of GSK3
To adequately appreciate GSK3, first the initial impression conveyed by its name must be
overcome, and second, one must not be overwhelmed by the large number of substrates that it
phosphorylates (over 50 known to date) which connects it to a great many cellular processes.
GSK3 was named based on its initial identification as a kinase that phosphorylates the
glycogen-synthesizing enzyme, glycogen synthase [1,2]. For many years GSK3 was relegated
to this backwater area of glycogen metabolism. Interest began growing when GSK3 was found
to be a key member of the insulin and Wnt signaling pathways. This interest was amplified
following implications that GSK3 contributed to the neuropathology of AD by regulating
phosphorylation of the microtubule-associated protein, tau, that is the predominant component
of neurofibrillary tangles in AD. More recently it has become evident that GSK3 is a crucial,
and often central, component of many cellular functions, contributing to the regulation of
apoptosis, cell cycle, cell polarity and migration, gene expression, and many other functions.
This multi-tasking is achieved by the many substrates phosphorylated by GSK3 and the
convergence on GSK3 of many regulatory intracellular signaling pathways.

The many functions regulated by GSK3 (through its phosphorylation of numerous substrates)
suggests that the activity of GSK3 must be highly regulated. Four key mechanisms have been
identified that contribute to regulating the actions of GSK3 in a substrate-specific manner [3].
These include regulation by phosphorylation of GSK3 itself, the subcellular localization of
GSK3, the formation of protein complexes containing GSK3, and the phosphorylation state of
GSK3 substrates, as depicted in Fig. 1. The most well-defined regulatory mechanism is
inhibition of the activity of GSK3 by phosphorylation of a regulatory serine in either of the
two isoforms of GSK3, serine-9 in GSK3β or serine-21 in GSK3α [2]. The phosphatidylinositol
3-kinase (PI3K)/Akt signaling pathway activated in response to insulin and many other growth
factors often is a major regulator of GSK3 because Akt phosphorylates GSK3 on these
inhibitory serine residues, but several other kinases also can phosphorylate these regulatory
serines, such as protein kinase C and protein kinase A [4]. Conversely, the enzymatic activity
of GSK3 is enhanced by phosphorylation of tyrosine-216 in GSK3β and tyrosine-279 in
GSK3α, but the mechanisms regulating this modification are not well-defined. The actions of
GSK3 are also regulated by control of its intracellular localization, as it is dynamically
regulated within the nucleus and mitochondria, where it is highly active [5], and in other
subcellular regions to selectively control its actions in these compartments. For example, GSK3
is locally inhibited in growth cones [6], whereas conversely, the activity of GSK3 to
phosphorylate MAP1B is reported to be spatially restricted to growing axons [7]. Substrate-
specific regulation of GSK3 is also achieved by positioning it within protein complexes that
direct, or inhibit, its actions toward specific substrates. For example, in the canonical Wnt
signaling pathway, GSK3 and the transcriptional co-activator β-catenin are colocalized on the
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scaffold protein Axin which directs GSK3 to phosphorylate β-catenin, targeting β-catenin for
degradation. Activation of Wnt signaling removes GSK3 from accessing β-catenin, causing
accumulation of active β-catenin. Finally, the action of GSK3 is usually regulated by the
phosphorylation state of its substrate, an indirect mechanism that can regulate how efficiently
GSK3 phosphorylates a substrate. This is because most substrates of GSK3 must be “primed,”
i.e., prephosphorylated at a residue 4-amino acids C-terminal to the GSK3 phosphorylation
site. This necessitates temporal coordination of the activity of the priming kinase along with
GSK3 activity for the latter to phosphorylate the primed substrate. These complexities in the
mechanisms controlling the actions of GSK3 provide substrate-specific control of its actions,
an especially important capacity for an enzyme that can phosphorylate so many substrates that
regulate numerous cellular functions.

Inflammation and migration: regulation by GSK3
A new cellular function regulated by GSK3 was identified by recent findings showing that
GSK3 is a vital factor in the inflammation process [8]. Consequently, inhibitors of GSK3
provide strong anti-inflammatory protection. Since inflammation is an important component
of many prevalent diseases, including mood disorders, neurodegenerative diseases, diabetes,
and cancer (Fig. 2), this close association between GSK3 and inflammation provides a new
link between GSK3 and these conditions, an association that should be considered in evaluating
the therapeutic potentials of GSK3 inhibitors.

Inflammation is a crucial function of the mammalian immune system involving many types of
cells and utilizing many signaling mediators to provide protection from pathogens. Responses
of the immune system are classified as adaptive or innate based on the activation timing and
antigen. The first line of defense against pathogens is provided by innate immune cells which
act as sentinels to detect signs of distress, which includes cells such as macrophages, dendritic
cells, neutrophils, and others. When activated, sentinel macrophages and other cells release
soluble mediators of inflammation, such as cytokines and chemokines, to promote the
infiltration of damaged tissue by other immune cells. Adaptive immunity, on the other hand,
is a slower response dependent on T-cells and B-cells reacting with antigen-presenting cells.
Thus together, the innate and adaptive immune systems constitute the process of inflammation.
Dysregulation of either immune system can contribute to a variety of pathological conditions.

In contrast to other organs, the brain does not display a classical immune response, so for many
years it was considered to be immune privileged. This view has changed as much evidence has
shown that the brain is capable of mounting its own immune and inflammatory responses. The
blood brain barrier serves to separate the brain’s local inflammatory responses from systemic
inflammation by limiting the penetration of peripheral inflammatory mediators and only
allowing the penetration of leukocytes when appropriate signals are received [9,10]. This
unique protection from systemic inflammation is thought to be necessary because neurons are
post-mitotic cells unable to divide and with limited capacity to recover from injury. As a result,
autodestructive immune processes could have devastating consequences for the brain even
though they may have little effect on other organs.

When this protective barrier is disrupted and/or inflammation invades the brain, there is
infiltration of circulating immune cells, such as macrophages and monocytes, and activation
of resident glia cells, including astrocytes and microglia. Microglia are generally considered
equivalent to macrophages in the periphery and are thought to be the key immune cell of the
central nervous system (CNS). A variety of stressors activate glia in the CNS, such as ischemia,
trauma, infection, and many neurodegenerative diseases, leading to two major responsive
actions of glia, an inflammatory response and migration. Acutely, these glial responses are
thought to be beneficial because they allow glia to migrate to afflicted sites where they produce
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cytokines and growth factors that can contribute to the recovery of affected neurons.
Conversely, a long-term inflammatory response mediated by chronically activated glia appears
to be detrimental to neuronal function and survival. However, these generalizations remain
controversial and variable depending on the cytokines, cell-types, and inflammatory conditions
that are involved, as discussed in detail in many excellent reviews [11–16]. There is no doubt,
however, that inflammation is linked to many diseases of the nervous system [17–19].

Therefore, it is of interest that GSK3 has been identified as a strong regulator of both
inflammation and cell migration. These effects raise the possibilities that GSK3 may contribute
to the long-term detrimental effects of unchecked inflammation both in the periphery and in
the CNS and that conditions that involve chronic inflammation may be ameliorated by
therapeutic application of inhibitors of GSK3.

The recent identification of GSK3 as a major regulator of peripheral inflammatory responses
showed that GSK3 promotes the stimulus-induced production of several cytokines and the
subsequent development of disease symptoms in animal models of inflammatory conditions.
This role of GSK3 in inflammation was first established by our report that GSK3 activity is
necessary for full stimulation of the production of several pro-inflammatory cytokines, such
as interleukin-6 (IL-6), IL-1β, and tumor necrosis factor (TNF), following stimulation of
several types of Toll-like receptors in monocytes and peripheral blood mononuclear cells [8].
Conversely, GSK3 reduced the production of the anti-inflammatory cytokine IL-10.
Reciprocally, inhibitors of GSK3 greatly reduced the production of pro-inflammatory
cytokines and increased anti-inflammatory cytokine production. This raised the novel
possibility that inhibitors of GSK3 may prove to be beneficial in many conditions involving
inflammation. Remarkably, in vivo administration of GSK3 inhibitors provided protection
from endotoxin shock sufficiently enough to allow survival of most mice from an otherwise
lethal (LD100) dose of lipopolysaccharide [8]. This study showed for the first time the powerful
ability of GSK3 inhibitors to shift the balance of the inflammatory response from pro-
inflammatory to anti-inflammatory, and revealed the therapeutic potential for these drugs in
inflammatory conditions [8].

The reduced Toll-like receptor-induced production of inflammatory cytokines attained by
inhibiting GSK3 was shown to be due to inhibition of the transcriptional activity of nuclear
factor (NF)-κB [8]. This supported the previous conclusion that GSK3 is necessary for the full
transcriptional activity of NF-κB [20]. Interestingly, GSK3 was recently shown to support NF-
κB transcriptional activity in a promoter-specific manner, demonstrating that GSK3 selectively
supports the expression of a subset of genes activated by NF-κB [21]. For example, NF-κB-
mediated expression of IL-6 and monocyte chemoattractant protein-1 required GSK3β for
efficient expression, but IκBα and macrophage inflammatory protein-2 did not [21]. This
selective action of GSK3β on NF-κB-induced gene expression will likely facilitate the
therapeutic anti-inflammatory uses of GSK3 inhibitors since it indicates that inhibition of
GSK3 will not interfere with all the actions of NF-κB.

During the last year, knowledge about the crucial involvement of GSK3 in inflammatory
responses has been expanded to other conditions. GSK3 inhibitors were reported to reduce the
systemic inflammatory response, renal dysfunction, and hepatotoxicity associated with
endotoxemia in rats [22]. In other inflammatory conditions, GSK3 inhibitors diminished
inflammatory responses in experimentally induced colitis in rats [23] and in arthritis caused
by administration of type II collagen in mice [24]. Arthritis and peritonitis in mice were also
reduced by in vivo administration of the GSK3 inhibitor lithium [25]. Altogether, it is now
evident that GSK3 is an important component of the inflammatory response and that the
administration of GSK3 inhibitors can have therapeutic effects in a number of conditions
associated with inflammation. Application of this therapeutic strategy may prove beneficial in
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the treatment of additional chronic diseases that have an associated inflammatory component,
potentially including conditions involving inflammation in the CNS, as discussed later in this
paper.

Besides producing molecules associated with the inflammatory response, a closely linked
important characteristic of inflammatory cells is their capacity to migrate. Migration is a
prominent component of immune surveillance, for example, leukocytes in the circulation
migrate to sites of infection and tissue damage, as do glia cells in the CNS. Cell migration is
not only critical in immune responses, but also during development, for tissue maintenance
and repair, as well as during pathological processes such as chronic inflammation, vascular
disease, and metastasis invasion. Cell migration has been conceptualized as a cyclic process
of cell movement initiated by polarization of a cell [26]. This is followed by polymerization
of actin to support protrusions of cells in the direction of migration. This “leading edge” of a
migrating cell is stabilized by the formation of adhesions to neighboring cells or to the
extracellular matrix which allows the cell to move forward. Concurrently, adhesions at the rear,
or “trailing edge,” of the cell disassemble to allow the cell to detach and move forward.

Each step in cell migration is regulated by many intracellular signals, one of which is GSK3.
The actions of GSK3 on migration, from the initiation of polarization and the extension of
processes to the modulation of adhesions, have been studied in a variety of different cell-types.
The most interesting concept that has been established by many of these studies is that GSK3
is regulated very locally within in cells at critical sites in the migratory process. At the leading
edge of migrating cells, GSK3 is contained in a protein complex with PKCζ and Par6. Cdc42,
a small GTPase which is a key regulator of polarity and directional movement [27], inactivates
GSK3 specifically in this complex by stimulating PKCζ-induced inhibitory serine-
phosphorylation of GSK3. This inhibition of GSK3 prevents it from phosphorylating
adenomatous polyposis coli (APC) protein which allows APC to associate with the plus-ends
of microtubules to establish cell polarity and control the direction of cell protrusion [28].
Localized inhibition of GSK3 also occurs in growth cones [6]. PKCζ-induced inhibition of
GSK3 has also been shown to abolish random motility of endothelial cells [29]. These studies
clearly document that local inhibition of GSK3 promotes migration. Conversely, activation of
GSK3 causes growth cone collapse in response to semaphorin stimulation in neurites [6], an
effect likely related to phosphorylation by GSK3 of the microtubule-associated proteins
CRMP2 [30,31] and MAP1B [32], indicating that in contrast to local inhibition, local activation
of GSK3 blocks the migratory process by controlling microtubule networks. As opposed to
local regulation, inhibition of total cellular GSK3 prevented migration of epithelial cells [33]
and extension of lamellipodia in keratinocytes [34] and filopodia in neurons [32]. Thus, a
selectively inactivated compartment of GSK3 is spatially localized at protrusions and the
leading edge of migrating cells to allow movement, but complete inhibition of cellular GSK3
inhibits these events.

Glycogen synthase kinase-3 also plays a role in regulating focal adhesions, or sites of integrin
clustering. These structures are important for regulating cell migration since adhesions
assemble at the leading edge of migrating cells while disassembling at the trailing edge. Focal
adhesion kinase (FAK) plays an important role in regulating protein–protein interactions at
sites of cell attachment and also transmits adhesion-regulated signals intracellularly. Thus,
FAK phosphorylates adhesion-associated proteins, such as paxillin, to disassemble adhesions
and promote migration [35]. GSK3 directly phosphorylates FAK, reducing its activity and
consequently impeding cell spreading and migration [36]. Reciprocally, FAK inhibits GSK3
by promoting its serine-phosphorylation which may allow FAK to escape the inhibitory
phosphorylation by GSK3 in some situations [37]. In contrast, other evidence indicates that
GSK3 is able to promote cell spreading in some situations, for example, by phosphorylating
paxillin [38]. GSK3 also binds the adhesion-regulating protein h-prune, such that GSK3 and
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h-prune cooperatively regulate the disassembly of focal adhesions to promote cell migration
[39]. Presumably, these contradictory effects of GSK3 on adhesion are segregated spatially or
temporally, or different mechanisms are utilized in a cell-type specific manner to regulate focal
adhesions.

Glycogen synthase kinase-3 also can regulate cell adhesion and migration by regulating the
degradation of β-catenin in the Wnt pathway. Increasing β-catenin levels by using a selective
GSK3 inhibitor or treatment with Wnt-1 inhibited neural crest cell spreading and migration
[40]. Activation of the CXCR4 chemokine receptor was also reported to increase β-catenin
levels and regulate cell migration [41]. These effects likely depend on the role of β-catenin in
adhesion junctions where it links cadherin to α -catenin, because α -catenin associates with the
intracellular actin cytoskeleton to make a crucial contribution in the organization of actin at
the adherens junction [42]. The integrity of this core protein complex is critical for the
formation and maintenance of stable adhesions. Recent evidence, which remains somewhat
controversial, indicates that there is cross-talk between the levels of β-catenin in the Wnt
pathway with the more stable pools of β-catenin in adhesion complexes [43–46], findings
which, with further clarification, may indicate that GSK3 has further influences on adhesion
and migration through its regulation of β-catenin.

In conclusion, the roles of GSK3 in cell migration are diverse, and at times conflicting findings
have been reported, perhaps in part because these studies used a variety of cell-types expressing
different receptors and utilizing a variety of intracellular signaling mechanisms. Despite these
differences, it is now evident that GSK3 plays many important roles in cell migration, from
initiation to termination. These studies also indicate that spatial and temporal regulation are
critical in specifying the actions of GSK3. Thus, GSK3 has strong regulatory effects on both
inflammation and migration, actions that are likely to be important in inflammation-associated
diseases and which may indicate that targeting GSK3 pharmacologically could provide a
therapeutic mechanism to control inflammation and migration.

Psychiatric diseases: GSK3 and mood disorders
Lithium has been used therapeutically for 50 years as a mood stabilizer in patients with bipolar
mood disorder, previously called manic-depression, but its therapeutic mechanism of action
was unknown. However, in 1996 lithium was discovered to be a selective inhibitor of GSK3
and evidence is growing that this may be the basis for lithium’s mood stabilizing effects in
bipolar disorder [47]. Thus, it is interesting to note that humans were unknowingly treated with
a GSK3 inhibitor, lithium, for many years.

Lithium binds to GSK3 to directly inhibit its activity, acting as a competitive inhibitor with
respect to magnesium [48]. However, at a therapeutic concentration of lithium, which is
approximately 1 mM, GSK3 is only moderately inhibited because lithium’s Ki for inhibition
of GSK3 is approximately 2 mM. However, in addition to this direct inhibitory action of lithium
on GSK3, treatment with lithium of mice, cultured cells, or human blood cells increases the
inhibitory serine-phosphorylation of GSK3 [49,50; reviewed in Ref. 51]. This serine-
phosphorylation of GSK3 following its initial direct inhibition by lithium appears to be
mediated by a feedback loop involving regulation of protein phosphatase-1 [52] or by increased
Akt activity following lithium treatment [53]. This phosphorylation-mediated amplification
mechanism allows the low (approximately 1 mM) concentrations of lithium that are achieved
in patients undergoing lithium therapy to reduce the activity of GSK3 to a greater extent than
would be possible based on only the direct inhibitory action of lithium. Thus, the current
concept is that lithium-induced serine-phosphorylation of GSK3 amplifies the direct inhibitory
effect of lithium on GSK3 to allow therapeutic levels of lithium to moderately inhibit GSK3.
However, since complete inhibition of GSK3 would have widespread consequences on many
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cellular functions [3], even with both mechanisms of inhibition acting together a therapeutic
level of lithium does not completely inhibit GSK3 but only reduces its maximal activity.

Although much has been learned about lithium’s inhibitory effect on GSK3 and the cellular
actions of GSK3 during the last 10 years, many questions remain about the relationship between
lithium’s inhibition of GSK3 and the mood stabilizing action of lithium in the treatment of
bipolar disorder. First, it is not known which action of GSK3 that is inhibited by lithium is
critical for lithium’s therapeutic mood stabilization. Second, until other GSK3 inhibitors are
tested as therapeutic agents, it cannot be concluded unequivocally that GSK3 is the therapeutic
target of lithium. Third, it is unknown what aberrations linked to GSK3 occur in bipolar disorder
and how these are manifested as the disease. These are all difficult questions to address
experimentally, so most evidence is based on correlative data. For example, lithium inhibits
GSK3 both in mouse brain [49] and in human blood cells [50], which has led to the hypothesis
that lithium also inhibits GSK3 in human brain. Since impaired serotonergic activity has long
been linked to depression, the finding that enhanced serotonergic activity or anti-depressants
acting on serotonergic systems cause inhibition of GSK3 in mouse brain in vivo lends further
support to the possibility that impaired control of GSK3 is a component of mood disorders
[54]. That GSK3 is important therapeutically is also supported by recent behavioral studies in
rodents based on the hypothesis that hyperactive GSK3 may partially contribute to mood
disorders. Using the forced swim test, which is used to assess depressive behavior and the
effects of therapeutic agents, administration of a peptide inhibitor of GSK3 rapidly induced
anti-depressant-like behavioral effects [55]. Furthermore, large reductions in immobilization
time in the forced swim test were induced not only by inhibition of GSK3 by lithium
administration, but also by the lowered GSK3β levels expressed in heterozygote GSK3β+/−

mice [56]. These reports demonstrate convincingly that GSK3 has a critical role in this widely
used paradigm to assess depressive activity. But the key actions of GSK3 that are attenuated
by therapeutically administered lithium remain unknown. Many actions of GSK3 lend
themselves to intriguing hypotheses about how inhibition of GSK3 may be therapeutic. GSK3
regulates many transcription factors, and by doing so can regulate the expression of numerous
genes, so it is tempting to speculate that altered gene expression resulting from lithium’s
inhibition of GSK3 may contribute to lithium’s therapeutic effects. But equally possible are
regulation by lithium of GSK3’s actions on cell survival, synaptic activity, cellular plasticity,
and others. Thus, we are beginning to understand the functions of GSK3 and the ramifications
of inhibiting GSK3 with lithium, but much remains to be learned about how these are linked
to the therapeutic use of lithium in mood disorders.

The discovery that inhibition of GSK3 reduces inflammation, taken in conjunction with
evidence of inflammation associated with mood disorders, raises the new possibility that part
of the therapeutic effect of lithium-induced inhibition of GSK3 may result from reduction of
inflammation, as reported to occur in mice treated with a clinically relevant dose of lithium
[8]. There is a large literature linking inflammation with mood disorders. For example, many
studies have reported increased levels of inflammatory cytokines in patients with major
depression or bipolar disorder [e.g., Refs. 57–59]. Furthermore, administration or increased
production of cytokines in humans or animals can induce biochemical and behavioral changes
having many similarities to those characteristic of mood disorders [60–62]. Although it is not
known if the inflammatory condition contributes to the causes or is an effect of these diseases,
many investigators suggest that controlling inflammation may contribute to therapy based on
both the (a) depressive effects that cytokines can produce, as well as (b) on much evidence that
classical anti-depressants have anti-inflammatory effects [59,63]. Thus, the new finding that
lithium and other GSK3 inhibitors have anti-inflammatory properties raises the possibility that
this contributes to therapeutic effects. Furthermore, sodium valproate has recently become very
widely used as a mood stabilizer to treat bipolar disorder [64]. Although, like lithium, the
therapeutic mechanism of action of valproate is not known, it is of considerable interest that

Jope et al. Page 7

Neurochem Res. Author manuscript; available in PMC 2007 September 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



recent reports indicate that valproate also shares with lithium the ability to reduce inflammation
and ameliorate inflammation-associated conditions in experimental animals [65,66]. Thus, the
two most widely used mood stabilizers may have in common the capacity to reduce
inflammation. However, other anti-inflammatory drugs do not share lithium’s mood stabilizing
action, so it is clear that reducing inflammation alone is not enough to achieve mood
stabilization. Nonetheless, reducing inflammation by inhibiting GSK3 may contribute some
part of lithium’s actions in controlling mood fluctuations and its long-term prophylactic action
in preventing recurrences of episodes.

Neurodegenerative diseases: GSK3 and AD
A remarkable number of connections between GSK3 and the neuropathological hallmarks of
AD have been identified, as reviewed previously [3,4]. After a brief review of these links
between GSK3 and AD, we discuss a more insidious interaction that has previously not been
recognized, the promotion by GSK3 of inflammation, a potentially serious influence of GSK3
on the progression of AD.

Two pathological hallmarks define AD, plaques composed primarily of the amyloid β-peptide
(Aβ), and neurofibrillary tangles consisting predominantly of hyperphosphorylated tau, a
microtubule-binding protein. Although familial AD is much less common than sporadic AD,
mutations causing familial AD have provided tremendous insight into the pathological process.
Known mutations include those in amyloid precursor protein, the protein from which Aβ is
derived via cleavage by proteases, and in presenilin-1, an enzyme involved in proteolysis of
amyloid precursor protein. Current concepts of the pathological process suggest that abnormal
accumulation of toxic oligomers of Aβ lead to both plaque formation and to tau
hyperphosphorylation, which evolves into tangles. Furthermore, toxic oligomers of both Aβ
and tau lead to synaptic dysfunction and cell death. GSK3 has been found to promote most of
the key steps in these pathological process in AD.

Abnormal accumulation of Aβ is a critical early stage in AD neuropathology, and several
studies have shown that Aβ production is promoted by GSK3 and reduced by GSK3 inhibitors
[67–70]. Nevertheless, the mechanism whereby GSK3 promotes Aβ production remains to be
clarified, perhaps being associated with the reported phosphorylation of the amyloid precursor
protein by GSK3 [71] or the binding of GSK3 to presenilin-1 [72], because GSK3
phosphorylates and regulates the processing of presenilin-1 [73]. Furthermore, expression of
an AD-related mutated presenilin-1 activates GSK3 [72,74,75]. In addition to Aβ, other
cleavage products of the amyloid precursor protein also bind and/or activate GSK3, indicating
multiple points of contact between GSK3 and metabolism of the amyloid precursor protein
[76–78]. Not only is GSK3 intimately involved in many aspects of amyloid precursor protein
metabolism and Aβ production, but GSK3 also contributes to Aβ-induced neuronal toxicity.
Aβ is well-known to cause neuronal death when applied to cultured cells or to brain in vivo,
and inhibition of GSK3 by a variety of methods significantly attenuates the neurotoxicity
caused by Aβ [79–85]. This appears not to be a “bystander” effect of GSK3 because treatment
with Aβ activates GSK3 in a number of conditions, indicating a direct link between Aβ-induced
GSK3 activation and neurotoxicity [79,86,87]. These many interactions of GSK3 with Aβ
suggest that GSK3 inhibitors may be therapeutic, and this has been demonstrated in transgenic
mouse models of AD in which administration of GSK3 inhibitors reduced the Aβ burden
[68,70,88]. Thus, GSK3 regulates many aspects of amyloid precursor protein metabolism and
promotes the production and toxicity of Aβ.

Abnormal hyperphosphorylation of tau and its aggregation into oligomers and eventually
neurofibrillary tangles is the second pathological hallmark of AD, and many reports have found
GSK3 to be involved in this pathological process. Dephosphorylated tau binds to microtubules
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to contribute to the stability of microtubules and thus to neuronal structure [89]. Tau was
identified as a substrate of GSK3β in vitro [90,91] and in intact cells [92,93] and GSK3 is now
widely acknowledged to be a bona fide tau kinase. Recently it was found specifically that the
phosphorylation of Thr231 in tau by GSK3β is a critical site in impairing the ability of tau to
bind and stabilize microtubules [94]. GSK3β can phosphorylate many sites on tau, some of
which are the same sites that are abnormally hyperphosphorylated in AD brain [89,95]. By
impairing the binding of tau to microtubules this action of GSK3β can impact neuronal structure
and plasticity, may cause abnormal localization and/or accumulation of tau, and may contribute
to tau aggregation and eventual tangle formation. GSK3 can also regulate the splicing of tau
[96], hyperphosphorylated tau itself can be neurotoxic [97], and inhibition of GSK3 protects
cells from aggregated tau-induced neurotoxicity [98]. Furthermore, tau phosphorylation is
increased in transgenic mice overexpressing GSK3β [99,100]. Thus, GSK3 may contribute to
the abnormal hyperphosphorylation of tau, the major component of neurofibrillary tangles in
AD brain, which promotes tau aggregation and neurotoxicity.

It is well-established that inflammation occurs in AD, raising a new connection between GSK3,
which promotes inflammation, and pathological mechanisms in AD. As previously reviewed
[101–103], the levels of many cytokines and chemokines are upregulated in AD, such as
IL-1β, IL-6, and TNF, among others. Even transgenic mouse models of AD display
inflammation and increased cytokine production [104,105]. Activation of astrocytes and
microglia and the ensuing production of inflammatory molecules has been reported to be
stimulated by degenerating neurons, neurofibrillary tangles, Aβ and other cleavage products
of amyloid precursor protein, and activated astrocytes and microglia are found surrounding
amyloid plaques in AD brain [106–108]. Evidence indicates that astrocytes beneficially
contribute to clearance of accumulated Aβ [109,110], but also contribute to inflammatory-
induced neuronal damage such as by producing neurotoxic nitric oxide [111] and cytokines.
Activated microglia also release inflammatory cytokines and nitric oxide, as well as reactive
oxygen species, and activate the complement system [112]. Thus, on one hand, these
inflammatory molecules produced by glia cells are thought to contribute to the pathological
progression of AD, while on the other hand, by contributing to the clearance of Aβ and secreting
growth factors, both activated astrocytes and microglia are not thought to be entirely
detrimental in AD [113,114]. In fact, therapeutic intervention by administration of Aβ
antibodies appears to increase the clearance of Aβ by activated microglia [115,116]. However,
the general consensus remains that inflammation associated with activated astrocytes and
microglia contributes to the pathological progression of AD [101]. Therefore, blocking
components of the inflammatory system in the brain is a potential therapeutic avenue that is
being explored, particularly with the use of non-steroidal anti-inflammatory drugs (NSAIDs).
Although epidemiological evidence and studies in animal models provide a strong case for
NSAID use in AD, clinical trials have provided mixed, and controversial, results [117]. It has
been suggested that the variable results obtained in clinical trials are in part because long-term
administration of NSAIDs is necessary to achieve beneficial effects, such as delayed
progression and reduced symptomology, including a slower rate of cognitive decline [103,
118]. While the effectiveness and mechanisms of NSAIDs remain to be more clearly defined,
it is notable that reduced inflammation in the brain also might be achieved by inhibitors of
GSK3. Thus, not only might GSK3 inhibitors reduce Aβ production and tau phosphorylation,
they also may contribute therapeutic anti-inflammatory actions in AD brain.

Diabetes and GSK3
Impaired regulation of glucose production and utilization is associated with insulin-resistance
and diabetes, including both type 1 insulin-dependent and type 2 insulin-independent diabetes,
which are increasingly prevalent conditions [119–121]. Insulin receptors in most peripheral
tissues, as well as in the brain, stimulate a signaling cascade leading to activation of Akt which
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phosphorylates, to inhibit, GSK3 [122]. By this signaling mechanism insulin stimulates
increases in the phosphorylation levels of both Akt and GSK3, which increases and decreases,
respectively, their activities [123]. Since GSK3 contributes to the regulation of glucose
homeostasis, during the last few years increasing attention has been focused on diabetes-
associated changes in GSK3 and the possibility that GSK3 may be a useful therapeutic target
in diabetes to facilitate control of glucose levels [124].

Despite its being a potential therapeutic target, there have been only a few studies of the in
vivo phosphorylation state of GSK3 in peripheral tissues in insulin-resistant animal models,
and these have produced variable results. In mice with high fat diet-induced diabetes, the
activity of GSK3β was increased in epididymal fat, slightly decreased in liver, and not changed
in skeletal muscle, demonstrating that regulation of GSK3 in diabetic conditions can differ
dramatically among tissues [125]. Others also found no changes in diabetic animals in skeletal
muscle GSK3β activity [126,127]. However, GSK3 activity was elevated approximately
twofold in skeletal muscle samples from human patients with type 2 diabetes [128]. There was
also decreased insulin-induced serine-phosphorylation of GSK3 in the myocardium of diabetic
rats [129]. Thus, while still few, these studies indicate that the effects of insulin-resistance on
GSK3 vary considerably among different tissues with some evidence of dephosphorylated,
hyperactive GSK3 associated with insulin deficiency.

In contrast to studies of the effects of diabetic conditions on peripheral tissues, little is
understood about diabetes-associated changes in the brain even though cognition is often
impaired in diabetic subjects [130]. Recently, two related mechanisms have been found to
contribute to the regulation of GSK3 in the brain: insulin and glucose levels. First, it has been
demonstrated that insulin activates the same signaling pathway leading to phosphorylation of
Akt and GSK3 in brain as in peripheral tissues. Thus, injection of insulin increased GSK3
phosphorylation in mouse brain [131] and brain GSK3 phosphorylation was reduced by
blockade of insulin signaling by knockout of the insulin receptor [132] and in mice with diet-
induced insulin-resistance [133]. It is important to note that glucose levels were not changed
in these latter two studies, because glucose levels were recently found to also regulate GSK3
phosphorylation. Thus, it was initially surprising to find that insulin depletion, which is
associated with hyperglycemia, greatly increased the phosphorylation of GSK3 in mouse brain
[134]. These results revealed that after insulin depletion changes of GSK3 in the brain are
relatively large and opposite to changes in peripheral tissues. The insulin-depletion-induced
increases in the phosphorylation of GSK3 in mouse brain were found to result from the
hyperglycemia associated with insulin depletion. Thus, strong roles were found for
physiological and pathological changes in the circulating concentrations of both insulin and
glucose in regulating GSK3 in mouse brain. Hyperglycemia in the presence of normal or
deficient insulin levels caused large increases in the phosphorylation level of GSK3 in the
brain, as did acute insulin administration, whereas it was reduced by hypoglycemia. Since both
fasting and acute glucose administration altered the phosphorylation level of GSK3, it appears
that GSK3 phosphorylation is perpetually fluctuating in response to food intake or deprivation.
The regulation of brain GSK3 differentiates the response of this enzyme in the brain from
changes in peripheral tissues in insulin-resistant conditions, as GSK3 in epididymal fat was
dephosphorylated while the phosphorylation level of GSK3 in the brain was dramatically
increased in diabetic mice. These results show that glucose as well as insulin contributes to the
in vivo regulation of the phosphorylation of GSK3 in mouse brain, with hyperglycemia ensuing
from insulin depletion causing large increases in the phosphorylation level of GSK3 in the
brain. Similar effects on brain GSK3 phosphorylation were observed in the IRS-2-deficient
mouse model of diabetes which had increased brain phospho-Ser9-GSK3β [135] and these
mice are hyperglycemic [136]. These findings indicate that insulin has a significant influence
on the phosphorylation level of GSK3 in the brain, which decrease with deficient insulin
signaling if glucose levels remain normal. However, if hyperglycemia is associated with insulin
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deficiency, the elevated glucose levels cause large increases in the phosphorylation level of
brain GSK3. Thus, both insulin and glucose contribute to regulating the phosphorylation level
of GSK3 in the brain.

Although as noted above there is limited data indicating that GSK3 in peripheral tissues is
abnormally activated in diabetes, this is not a requirement for GSK3 inhibitors to contribute
to the control of glucose levels, an outcome reported in several recent studies. Administration
of a peptide inhibitor of GSK3 increased glucose tolerance in diabetic mice [137]. Also,
rosiglitazone, a peroxisome proliferator-activated receptor agonist that also inhibits GSK3,
reduced circulating blood glucose levels in Zucker diabetic fatty rats and in patients with type
2 diabetes [138,139]. In several models of diabetes, two GSK3 inhibitors lowered plasma
glucose levels in a dose-dependent manner by as much as 50% [140]. Additionally, the GSK3
inhibitor CHIR98023 lowered glucose concentrations in Zucker diabetic fatty rats during a
glucose tolerance test [127,141]. These results demonstrate that inhibition of GSK3 improves
glucose regulation in diabetic animals. Consistent with this, overexpression of GSK3β in
skeletal muscle was sufficient to cause glucose intolerance [142]. Taken together it appears
that GSK3 may be hyperactivated in some peripheral tissues during diabetes, and that inhibition
of GSK3 may be able to contribute to controlling glucose levels in diabetic subjects.

Therapeutic intervention with GSK3 inhibitors in diabetes has been based on the regulatory
role of GSK3 in glucose utilization and production, however it is also interesting to note an
additional link, that inflammation is often associated with diabetes and that GSK3 is a pro-
inflammatory enzyme. The levels of cytokines such as TNF and IL-6 often are elevated in
insulin-resistant conditions and much evidence has shown that these cytokines can impair
insulin signaling in cells and animals [143,144]. For example, TNF levels in the circulation
are elevated in obese subjects and blocking the action of TNF can promote insulin signaling
[145,146]. Additionally, adipose tissue is the source of a large portion of IL-6 in the blood and
elevated IL-6 levels predict the development of type 2 diabetes [147], an interesting link to the
finding that GSK3 promotes IL-6 production [8]. IL-6 is well-documented to cause insulin-
resistance in liver and fat [148,149]. TNF and IL-6 represent only two examples of numerous
inflammatory molecules for which elevations have been linked to the development of type 2
diabetes, and several anti-inflammatory drugs have been reported to decrease the risk of
developing type 2 diabetes [150]. Overall, many studies have shown that in obesity and type
2 diabetes the plasma levels of inflammatory molecules are increased and these molecules can
impede the actions of insulin, and similar studies suggest that elevated cytokine levels promote
the development of type 2 diabetes [151]. Taken along with the finding that GSK3 inhibitors
reduce the production of inflammatory molecules, therapeutically GSK3 inhibitors may prove
to be useful for both contributing to the control of blood glucose levels and reducing
inflammation associated with, or preceding, insulin-resistance.

Cancer and GSK3
Glycogen synthase kinase-3 has arisen as a potential mediator contributing to neoplastic
transformation in part because it belongs to both the canonical Wnt/β-catenin and the PI3K/
Akt signaling systems, two major pathways often dysregulated in cancer. In the Wnt signaling
pathway, the transcriptional co-activator β-catenin promotes growth and survival. The Wnt
signaling protein complex composed of the tumor suppressor APC, the scaffold protein Axin,
β-catenin, and GSK3 promotes the phosphorylation of β-catenin by GSK3 to target it for
degradation by the proteasome [152]. Activation of Wnt signaling inhibits GSK3 selectively
in this complex, causing accumulation of β-catenin and the translocation of β-catenin to the
nucleus where it interacts with the T-cell factor/lymphoid enhancer factor transcription factors
to activate gene expression, including oncogenes such as cyclin D1, Myc, and c-jun [153].
Thus, activation of the Wnt signaling pathway has emerged as an oncogenic pathway which,

Jope et al. Page 11

Neurochem Res. Author manuscript; available in PMC 2007 September 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for example, is associated with colorectal cancer [154]. Therefore, GSK3 acts as a potential
tumor suppressor protein in the Wnt signaling pathway, since its inhibition when this pathway
is activated promotes the stabilization, as well as expression, of oncogenic proteins. In the
PI3K/Akt signaling pathway, which is activated by growth factors such as insulin or insulin-
like growth factors (IGFs), GSK3 is a substrate of Akt which phosphorylates GSK3 on its
regulatory serine residues (Ser21 in GSK3α and Ser9 in GSK3β) causing inhibition of the
activity of GSK3 [4]. Upon activation of growth factor receptors, PI3K and subsequently Akt
are activated leading to the inhibition of GSK3. The PI3K/Akt signaling pathway is frequently
activated in cancers [155], suggesting again that GSK3 functions as a putative tumor
suppressor. Thus, in these two major signaling pathways cancer cell viability is associated with
inhibition of GSK3.

Considering the possibility that GSK3 inhibition may contribute to tumorigenesis, it is
particularly interesting that no inactivating mutations in GSK3 have been found yet in human
cancers [156]. This is in marked contrast to the relatively frequent mutations that have been
found in human cancers in the genes encoding β-catenin or APC in the Wnt pathway or in
components of the PI3K/Akt pathway [153,155]. This suggests that GSK3 is fundamentally
required for cell survival, which is consistent with a study showing that a knockout of the
GSK3β gene in mice is lethal at developmental day E14 due to massive hepatocyte apoptosis
because of hypersensitivity to TNF [20]. Alternatively, it may be that mutations in GSK3 have
not been found in association with cancers because each of the isoforms of GSK3 are encoded
by separate genes and spontaneous mutations in both genes would appear with a rare frequency.
Moreover, since each isoform can compensate for the other in most known cellular functions,
a spontaneous mutation in the gene of one isoform may be unlikely to be sufficient for
tumorigenesis.

Therefore, the involvement of GSK3 in tumorigenesis may be linked to the dysregulation of
its activity rather than to inactivating mutations, a hypothesis that has been tested in many
carcinogenic models in mice. Thus, mice developing either DEN-induced or spontaneous
hepatocellular carcinoma show an early inhibitory phosphorylation of Ser9-GSK3β which
correlates with the appearance of neoplastic nodules [157]. In chemically induced two-stage
mouse skin carcinogenesis and in tumors generated by subcutaneous injection of Akt-
transformed keratinocytes, GSK3β activity is downregulated by Tyr216 dephosphorylation
and increased Ser9 phosphorylation [158]. Similarly, constitutive inhibition of GSK3β has
been reported in human hepatocellular carcinoma [157,159] and in human hepatoma cell lines
[160]. Not only its activity but also the expression level of GSK3 has been reported to be
dysregulated in tumors, as downregulation of GSK3 expression occurs in squamous cell
carcinoma of the tongue [161]. Furthermore, silencing of GSK3β expression is frequently
associated with advanced prostate cancer [162]. In contrast, in colo-rectal cancer cell lines and
colorectal tumors, the levels of GSK3β expression and its active form are higher in tumor cells
than in their normal counterparts, but these cancers are often associated with mutations in β-
catenin or APC which abrogate the normal function of GSK3 in the Wnt signaling pathway
[163,164]. Therefore, while there appears to be some selectivity based on the tumor cell-type,
the consensus concept indicates that GSK3 is inhibited during the process of carcinogenesis.
Consistent with this conclusion that GSK3 is inhibited in cancer, evidence indicates that
inhibition of GSK3 might promote tumorigenesis processes in vivo. Thus, transgenic mice
overexpressing a kinase-inactive GSK3β under the control of the mouse mammary tumor virus-
long terminal repeat develop more mammary tumors than control mice [165]. In addition, the
localization of GSK3 in the cell has emerged as an important process contributing to
tumorigenesis. Thus, redistribution of GSK3 in the cell based on the loss of cytoplasmic GSK3
activity has been identified as another mechanism by which, for example, β-catenin can be
dysregulated and contribute to human cancers [166]. However, the inhibition of GSK3 does
not seem to be sufficient to transform cells since patients with mood disorders treated with the

Jope et al. Page 12

Neurochem Res. Author manuscript; available in PMC 2007 September 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GSK3 inhibitor lithium for many years do not have an increased risk of developing cancer
compared with the general population [167], although this result should be interpreted
cautiously because it still needs to be repeated in a larger population. Consistent with this,
genetically predisposed APC mutant mice treated with lithium for 60 days do not develop a
significantly increased number of tumors [168]. Altogether these data suggest that the role of
GSK3 in neoplastic transformation remains to be more completely clarified since by
participating in oncogenic signaling pathways GSK3 should function as a tumor suppressor
but its inhibition alone is not sufficient to increase the incidence of cancer.

Therefore, while the direct involvement of GSK3 in tumorigenesis remains to be clarified,
much evidence suggests that oncogenic processes target GSK3 to inhibit its activity in order
to promote proliferative or invasive signals or to inhibit apoptotic signals. GSK3
phosphorylates many oncogenic factors such as the transcription factors c-Myc, β-catenin,
Snail, and BCL3 to target them for degradation through the proteasome pathway [153,169,
170]. Therefore, inhibiting GSK3 can benefit transformed cells by maintaining the stability of
these proliferative signals. For example, in colon cancer oncogenic K-Ras stimulates Wnt
signaling through inhibition of GSK3 to promote tumorigenesis [171]. Additionally, since
GSK3 also phosphorylates the translation factor eIF2B to inhibit protein synthesis [172],
inhibition of GSK3 is favorable for cancerous proliferation.

Besides its role in tumor formation, recently evidence has appeared indicating that inhibition
of GSK3 plays a fundamental role in metastasis. The metastatic cascade is generally believed
to start with the escape of a tumor cell from the primary tumor into the bloodstream or lymphatic
system where it migrates to establish a colony at a distant organ. Cells acquire an invasive
capacity through changes in adhesiveness by proteolysis of the extracellular matrix and
increased motility [173]. The increased motility and invasiveness of cancer cells in the first
phase of metastasis resemble the epithelial-mesenchymal transition during embryonic
development [174]. The transcription factor Snail has a fundamental role in the epithelial-
mesenchymal transition by suppressing expression of the adhesion protein E-cadherin, and the
level of Snail correlates with breast cancer metastases [170]. In tumor cells, since GSK3
promotes degradation of Snail, inhibition of GSK3β causes upregulation of Snail and
downregulation of E-cadherin. Therefore, the regulation of Snail by GSK3β, as well as the
other migration mechanisms regulated by GSK3 discussed above, reveals that GSK3 inhibition
in tumors would promote cancer cell invasion and metastases [170].

An intrinsic feature of cancer cells is their resistance to apoptosis, so in addition to proliferation
and migration, GSK3 may also be important in cancerous tissues because of the widespread
regulatory role of GSK3 in apoptosis [175]. For example, in neuroblastoma SH-SY5Y cells
[176] or in hepatoma cell lines [177,178], inhibition of GSK3 impedes the apoptotic signaling
pathway and thereby induces resistance to chemotherapeutic agents, such as camptothecin,
etoposide, and doxorubicin. This is in part because GSK3 promotes the actions of major tumor
suppressor proteins such as p53 [177,179]. The short-lived p53 protein was linked to GSK3
by the finding that following treatment with chemotherapeutic agents, GSK3β forms a complex
with nuclear p53 that both increases GSK3 activity and promotes p53-induced gene expression
and apoptosis [176,177,179]. Considering the major role of p53 in tumorigenesis, this evidence
indicates that GSK3 can play a role in neoplastic transformation by influencing tumor
suppressors such as p53.

To summarize, many putative oncogenic signaling pathways converge on GSK3 to inhibit its
activity. Additionally, the apoptotic role of GSK3 may also be targeted during tumor
progression [157]. These findings indicate that inhibition of GSK3 can contribute to tumor
development by promoting proliferation and inhibiting apoptosis of tumor cells. However,
presently it appears that inhibition of GSK3 alone is not sufficient to cause to cellular
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transformation because even with GSK3 inhibition at very early stages in tumor formation
[157], all the studies on the role of GSK3 inhibition in tumorigenesis indicate that a prior
induction of the tumor is required. This is in agreement with the observations that patients
treated with lithium do not spontaneously develop more tumors than the general population
and that lithium by itself is not tumorigenic. It could also be speculated that inhibition of GSK3
is likely the result of simultaneous activation of many oncogenic pathways, so examination of
one pathway at a time cannot provide a complete picture of the complex biology of the tumor.

Inflammation is closely linked to cancer, as the association between immune cells and cancer
has been known for over a century [180]. As early as 1863, Virshow noted that cancers tend
to occur at sites of chronic inflammation [180]. On the other hand, acute inflammation may
contribute to the regression of cancer [181]. Thus, whereas acute activation of adaptive immune
cells in response to tumors should promote eradication of malignant cells, chronic activation
of innate immune cells at premalignant tissues promotes tumor development [182]. Therefore,
by reducing cytokine production mediated by monocytes, inhibited GSK3 could prevent the
deleterious effects of acute inflammation on tumor progression. On the other hand, attenuation
of innate inflammation following GSK3 inhibition could explain the absence of an effect of
lithium alone on tumor formation, since in the absence of infiltration of immune cells,
components of tumor development, such as increased cell survival, tissue remodeling,
angiogenesis, and suppression of anti-tumor adaptive immune responses, are perturbed [182,
183]. Of particular note, GSK3 inhibition leads to a decrease of Fas receptor expression
[177]. The Fas ligand/Fas receptor system is a mechanism used by lymphocytes to eliminate
non-self cells since lymphocytes secrete Fas ligand which once recognized by its receptor on
the receptive cell triggers a signaling pathway leading to apoptosis. This suggests that by
decreasing Fas receptor expression, inhibition of GSK3 could render tumor cells more resistant
to eradication by the adaptive immune system and thus promote the persistence of tumor cells.
However, although cancer, inflammation, and GSK3 are complexly intertwined, the role of
GSK3 in inflammation during tumorigenesis remains to be clarified.

Conclusion
Chronic inflammation is a common feature of many pathological conditions. Therefore,
deciphering the mechanisms that govern inflammation in tissues and diseases should provide
new strategies for therapeutic intervention. The recent finding that GSK3 is a powerful
regulator of inflammation has increased the focus on this Ser/Thr kinase that was already
characterized as having a tentacular capacity to influence numerous aspects of cell function,
often acting as a centralized integrator of many intracellular signals. Abnormal function of
GSK3 was already implicated in a large number of prevalent diseases, such as mood disorders,
AD, diabetes, and cancer. These conditions are associated with a high rate of mortality and
inadequate therapeutic options. Taking into account that these pathologies are linked to
abnormal functioning of GSK3 and are associated with inflammation, the new revelations
showing that GSK3 promotes inflammation raises the possibility that inhibitors of GSK3 may
provide therapeutic anti-inflammatory effects in a broad range of conditions.
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Fig 1.
Mechanisms that regulate the actions of GSK3. Four mechanisms act in concert to regulate the
phosphorylation of substrates by GSK3. (1) Primed substrate—substrate phosphorylation by
GSK3 is limited by the activity of a priming kinase which prepares the substrate for GSK3.
This is because GSK3 most often phosphorylates primed substrates that are prephosphorylated
four residues C-terminal to the GSK3 phosphorylation site. The example shows the substrate,
glycogen synthase (GS), primed by casein kinase II (CKII) followed by sequential
phosphorylation by GSK3 at multiple sites spaced four residues apart toward the N-terminal
end of GS. (2) Phosphorylation of regulatory serine—a major mechanism for inhibiting the
activity of GSK3 is by serine-phosphorylation, so activity is inhibited when serine-9 of
GSK3β or serine-21 of GSK3α is phosphorylated. Conversely, the activity of GSK3 is optimal
when phosphorylated on tyrosine-216 of GSK3β or tyrosine-279 of GSK3α (not shown). Many
kinases are capable of phosphorylating the regulatory serines of GSK3α/β. The example shows
this being carried out by Akt (also known as protein kinase B) which itself is activated by
phosphorylation on two sites, one mediated by phosphoinositide-dependent kinase-1 (PDK1)
and the other by an unidentified kinase. Akt activation follows stimulation-induced activation
of PI3K, and its catalysis of the formation of 3′-phosphoinositides, by receptors for insulin,
insulin-like growth factors (IGFs), and other receptor sub-types. When the substrate is
prephosphorylated and GSK3 is active, with the regulatory serine dephosphorylated, two
spatial restrictions also contribute to regulating the actions of GSK3, its subcellular localization
and its association with other proteins in regulatory complexes. (3) Subcellular localization—
GSK3 is considered to be largely a cytosolic enzyme, but it is also associated with, or
internalized in, subcellular compartments such as the nucleus, mitochondria, and growth cones,
so dynamic regulation of the subcellular localization of GSK3 can regulate its access to
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substrates within subcellular compartments. The example depicted shows GSK3 transport into
the nucleus where it can phosphorylate a variety of substrates, including several transcription
factors (TF). (4) Complex formation—in addition to this gross cellular distribution of GSK3,
its distribution in the cell is constrained by its propensity to be associated in protein complexes
which provides an important mechanism for regulating its phosphorylation of specific
substrates that are colocalized in such complexes. The example shows that a complex of cdc42,
Par6, and protein kinase C-ζ (PKCζ) binds GSK3β and catalyzes the phosphorylation of
serine-9 to inhibit GSK3β to regulate the phosphorylation of APC and thereby control the
association of APC with the plus-end of microtubules. Thus, substrate-specific regulation of
phosphorylation by GSK3 is achieved by regulation of the priming kinase activity,
phosphorylation of GSK3, the subcellular localization of GSK3, and assembly of GSK3 in
protein complexes
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Fig 2.
GSK3 may be an important component of multiple inflammatory diseases. GSK3 can influence
inflammation throughout the body which may influence many inflammation-associated
conditions. Neuroinflammation within the CNS is mediated by microglia and astrocytes, as
well as infiltrating cells, which likely contributes to a wide variety of diseases, such as multiple
sclerosis, mood disorders, and neurodegenerative disorders, including Alzheimer’s disease
(AD). Peripheral inflammation is mediated in part by monocytes and macrophages, and GSK3
promotes inflammatory conditions such as colitis and arthritis. Localized inflammation, such
as cytokine production by adipocytes, apparently contributes to the development of diabetic
conditions which may be exacerbated by active GSK3. Inflammation also contributes to
numerous types of cancer and inhibition of GSK3 exacerbates tumorigenesis
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