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Objective. To discuss the link between glycogen synthase kinase-3 (GSK3) and the main biological alterations demonstrated in
bipolar disorder (BD), with special attention to the redox status and the evidence supporting the efficacy of lithium (a GSK3
inhibitor) in the treatment of BD. Methods. A literature research on the discussed topics, using Pubmed and Google Scholar, has
been conducted. Moreover, a manual selection of interesting references from the identified articles has been performed. Results.
The main biological alterations of BD, pertaining to inflammation, oxidative stress, membrane ion channels, and circadian system,
seem to be intertwined. The dysfunction of the GSK3 signalling pathway is involved in all the aforementioned “biological causes”
of BD. In a complex scenario, it can be seen as the common denominator linking them all. Lithium inhibition of GSK3 could, at
least in part, explain its positive effect on these biological dysfunctions and its superiority in terms of clinical efficacy. Conclusions.
Deepening the knowledge on the molecular bases of BD is fundamental to identifying the biochemical pathways that must be
targeted in order to provide patients with increasingly effective therapeutic tools against an invalidating disorder such as BD.

1. Introduction

GSK3 is a Ser/Thr kinase originally identified as an enzyme
highly specific for glycogen synthase [1]. However, the reg-
ulation of glucose metabolism is only one of the incredibly
complex functions of this unique kinase. It has been in
fact demonstrated that GSK3 plays a central role in cellular
signalling, regulation of cell proliferation, and neurodevelop-
ment [1].

A dysregulation of GSK3, usually in terms of hyperactiva-
tion, has been called into question for the pathophysiology of
several diseases, such as diabetes mellitus, neurodegenerative
disorders (e.g., Alzheimer’s disease), cancer, and psychiatric
disorders, BD in particular [2]. As far as the latter is con-
cerned, recent researches suggest that oxidative stress (OS)
is crucially involved in its pathogenesis [3]. OS seems to be
strictly linked to GSK3, since many studies have reported
that the kinase is sensitive to redox homeostasis and that

its signalling is involved in the occurrence of the OS-
related damage [4]. Despite the increasing interest on the
pathogenesis of BD, there is still a need of further insights.
In fact, BD is a complex, rather frequent disorder that has
been related to different biological substrates (e.g., altered
circadian system) explaining only certain aspects of the
heterogeneous clinical features [5–7]. It is challenging to
identify a single, shared basis accounting for all the main
biological alterations reported in BD in the last years. In this
regard, GSK3 pathway seems to be a promising candidate.

Some specific questions arise pertaining to the role of
GSK3 in BD: (a) how is GSK3 involved in the pathogenesis of
BD? (b) Can the involvement of GSK3 explain all the complex
biological alterations demonstrated in BD, OS in particular?
(c) Does the involvement of GSK3 have clinical implications?
(d) Is GSK3 the right target for the psychopharmacological
therapies? (e) Is GSK3 the key of lithium efficacy?
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Figure 1: The figure shows the main regulatory mechanisms of GSK3 activity. GSK3: glycogen synthase kinase 3.

In the attempt to answer to these questions, this review
focuses on the link between GSK3 and the main biological
alterations demonstrated in BD, with special attention to
the redox status, also taking into consideration the evidence
supporting the efficacy of lithium (a GSK3 inhibitor) in the
treatment of this psychiatric disorder.

2. Materials and Methods

2.1. Research Strategy. A literature research on the discussed
topics, using Pubmed and Google Scholar, has been con-
ducted. Moreover, a manual selection of interesting refer-
ences from the identified articles has been performed.

2.1.1. GSK3: General Information. It is highly conserved dur-
ing mammalian evolution. Two GSK3 isoforms, 𝛼 (51 kDa)
and 𝛽 (47 kDa), practically identical in terms of amino acid
sequence, are known.GSK32 is a variant ofGSK3𝛽discovered
in 2002 containing a 13-amino acid residue [1, 8]. Many of
the substrates of GSK3 need a “priming phosphate” (a phos-
phorylated Ser/Thr residue) triggering the phosphorylation
process, the latter usually determining the inactivation of
the substrate. GSK3 is constitutively active, but its activity
is strictly regulated through multiple ways. The need of a
priming phosphate represents itself as a form of regulation.
In addition, GSK3 is susceptible to serine (inhibitory) and
tyrosine (stimulatory) phosphorylation by other kinases and
even by autophosphorylation [9]. Protein kinase B/Akt and
Wnt signalling pathway are two renowned inhibitors of GSK3
[1, 10]. Tyrosine kinase Pyk2 is an activator of GSK3. The
specific residues targeted by the inhibitory or activatory
kinases can change according to the isoform considered [11].
The subcellular localization of GSK3 is another regulator
of its activity: nuclear GSK3, for example, is specifically
involved in the regulation of transcription factors. Moreover,
the removal of specific fragments (e.g., serines 9/21) from
the N-terminal region of GSK3 (proteolytic cleavage) is a
recently reported activatorymechanism [12] (Figure 1). GSK3
is widely distributed in the human body and nearly 100
proteins have been identified as its substrates. However, it
is highly represented in the brain [13]. In fact, GSK3 is
involved in several aspects of the neuronal development
[14]. More specifically, it regulates neuronal differentiation
(from polarization to migration), axonal growth [15, 16],

survival of neuronal cells, synaptic transmission [17, 18],
neurotransmitter release [18], regulation of ions channels,
and neuronal cell cycle [19]. The importance of GSK3 is
confirmed by its extremely relevant targets: Wnt system,
insulin pathway, nuclear factor kappa beta (NF-𝜅B), cAMP
response element-binding protein (CREB), tau [2, 13], heat
shock factor-1, nuclear factor of activated T cells, and beta-
catenin [9], just to name a few. It goes without saying
that GSK3 plays a fundamental role in crucial physiological
processes, among which apoptosis, cellular differentiation
and proliferation, inflammation, glucose metabolism, and
stem-cell renewal [2].

2.1.2. GSK3 and Oxidative Stress. By redox homeostasis we
mean the maintenance of the balance between reactive oxy-
gen species (ROS) production and elimination. When it fails,
the production of reactive species exceeds their elimination
and OS occurs with detrimental effects on DNA, lipids, and
proteins [20]. Sincemitochondria are great producers of ROS,
their dysfunction relates to OS in a vicious cycle where the
damaged mitochondria produce more ROS which, in turn,
cause them further damage [21].

Growing evidence suggests a role of GSK3 in the regula-
tion of the mitochondrial function. In fact, GSK3 has been
found to directly control the mitochondrial permeability
transition in cultured renal tubular epithelial cells through
the phosphorylation of its targets [4]. Moreover, it has been
demonstrated that GSK3 can translocate from the cytosol to
the mitochondria through a fascinating mechanism of recog-
nition of an N-terminal domain [22]. GSK3 is involved in the
response to stress and the link between this kinase and OS is
so strong that some authors have defined GSK3 as “redox-
sensitive enzyme” [23]. The inhibition of GSK3 has been
found to be protective against the OS-related cellular loss [4]
and to protect the mitochondrial function [24, 25]. GSK3 is
inducible byOS [26] and represents a pathway involved in the
stress response [27, 28]. Moreover, GSK3 is the target of the
heat shock proteins (Hsps), molecules regulating the redox
status, and the protein folding. At the same time,Hsps present
sites targeted by GSK3 [29–31]. In addition, the redox status
interferes with GSK3 activity; in fact, 4-hydroxynonenal, a
major product of membrane lipid peroxidation, is a powerful
inhibitor of GSk3 via the phosphorylation in Ser9 [23]. The
phosphorylation of Ser9 is performed by anticancer drugs
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Figure 2: The strict link between GSK3 and redox status is explained according to the evidence. GSK3: glycogen synthase kinase 3; OS:
oxidative stress.

and relates to the enhancement of the antioxidant defences,
such as heme-oxygenase 1, in the cells [32]. GSK3 usually
mediates the negative effects of OS [4, 33] through, for
example, the inhibition of transcription factors, thus leading
to massive cell loss [34]. Hsp90 contributes to the stability of
GSK3 and protects it from degradation.The decrement of tau
phosphorylation due to Hsp90 inhibitors has been related to
a reduction in the levels of GSK3 [30] (Figure 2).

Furthermore, GSK3 takes part in the complex regulatory
mechanisms of cell survival. Its crucial role in mitochondrial
permeability, its cross talk with a huge number of other
signalling pathways, and the multiple ways controlling its
activity make GSK3 an extremely fascinating kinase with
effects that are sometimes difficult to understand [35, 36].
This is why GSK3 can exert both prosurvival and prodeath
effects and its inhibition can result in different outcomes
according to the cellular type. From a general point of
view, the acute stimulation of GSK3 could favor adaptive
cellular mechanisms, while its chronic overexpression could
promote massive cell loss or proliferation according to the
tissues involved [35]. Simplistically, it can be stated that the
overexpression of GSK3 is generally considered a key step
in the pathogenesis of several disorders, such as Alzheimer’s
disease, cancer, diabetes, and BD [8], mostly because of its
prooxidative and proinflammatory properties [34, 37].

2.1.3. The “Biological Causes” of BD. BD is a common and
invalidating psychiatric disorder characterized by recurrent
manic and depressive symptoms. This disorder presents a
high rate of heritability and cannot be defined as a “brain dis-
order” but as a systemic disease. Many “biological causes” of
BD have been studied in recent years. In particular, the most
studied abnormalities pertain to inflammation (altered levels
of cytokines and altered apoptosis regulation), oxidative
stress (mitochondrial dysfunctions and altered endoplasmic
reticulum (ER) stress response),membrane ion channels, and
circadian system [5–7].

(1) Inflammation. Several reports have highlighted a higher
concentration of interleukin (IL) 4 and 2-R as well as tumor
necrosis factor (TNF) alpha in patients with BD. The altered

inflammatory status has been found in euthymic phases, but
it is enhanced in case of a depressive/manic episode [38].

It has been stated that BD could be considered as a
“multisystem inflammatory disease.” In fact, after controlling
for life-style habits and adverse effects of pharmacological
treatments, BD presents high rates of comorbidity with car-
diovascular disorders. Proinflammatory cytokines are highly
expressed from the occurrence of BD to the late stage of
the disease, during manic and depressive episodes. It is well
known that inflammation represents the trigger for many
cardiovascular risk factors, such as atherosclerosis and dia-
betes [39]. Inflammation affects mood, since it activates the
degradation of both tryptophan and serotonin and relates to
behaviours favoring suicide, such as aggression, impulsivity,
and depression [39, 40]. Moreover, the proinflammatory
status decreases the expression of the brain-derived neu-
rotrophic factor (BDNF) and induces OS and nitrosative
stress, thus contributing to the neural loss [39]. The link
between inflammation and OS has been recently related to
the nod-like receptor pyrin domain-containing 3 (NLRP3),
an inflammatory redox sensor whose activation has been
associated with the production of ROS [41]. In addition, the
expression of nitric oxide (NO), typical of the inflammatory
states, can facilitate the occurrence of OS, thus leading to
cellular damage, particularly in the brain. NF-𝜅B, a family of
proteins crucially involved in inflammation, plays a central
role in limiting the NO-related apoptotic processes; NO itself
enhances its activity [42].

Neuroprogression, accounting for the neurodegenerative
processes and the worsening of the clinical features occur-
ring over the course of BD (e.g., shortening of symptom-
free intervals, reduced response to therapy, and cognitive
decline) has been linked to stage-dependent inflammatory
and redox status [43]. In fact, the expression of the anti-
inflammatory IL-10 decreases over time, decreeing the failure
of the compensatory mechanisms against inflammation. On
the contrary, the antioxidant defences such as glutathione
are expressed as a tardive attempt to protect the cells from
further OS-related damage. Unfortunately, the antioxidant
agents seem to be ineffective, since BD is sadly characterized
by various evidences of oxidative damage [44].
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Figure 3: The biological alterations reported in bipolar disorder are shown, as well as their consequences. ER: endoplasmic reticulum.

(2) OS. A dysfunction in the mitochondria complexes has
been demonstrated in bipolar patients [45]. More specifically,
the mitochondrial complex I subunits seem to be particularly
involved [41, 45]. In fact, a downregulation of this system, and
the consequential overproduction of ROS, has been variously
reported [41, 46]. In addition, an impaired endoplasmic ret-
iculum (ER) stress response, negatively affecting neurodevel-
opment and neuroplasticity (it is worth pondering over that
ER is involved in the regulation of protein folding), has been
identified as one of the multiple biological bases of BD [47].
The investigation of the expression of ER stress-related genes
(such as CHOP and calreticulin) on lymphoblastoid cells
derived from bipolar patients showed an altered ER stress
response [47].

(3) Ion Channels and Circadian System. From genome-wide
association studies, it is known that many of the genes related
to BD regulate the structure and the activity of ion chan-
nels (e.g., CACNA1C for calcium channels and KCNQ2 for
potassium channels) that are involved in neurotransmission,
neuroplasticity, emotional processing, and cognition [18, 48,
49]. Once again, OS is called into question, since mitochon-
dria and ER regulate the intracellular Ca2+ signalling [50]. As
previously stated, an alteration of the circadian system has
been revealed in BD,with different functional profiles accord-
ing to the current episode of mood alteration [51–53]. The
headquarters of the circadian system is the suprachiasmatic
nucleus (SCN), considered as a pacemaker [54]. Several cir-
cadian clock genes (ARNTL, CLOCK, CRY2, CSNK1epsilon,
DBP, NPAS2, PER1, PER2, and PER3), encoding for proteins
involved in the generation of the internal rhythm, have been
linked to BD [54, 55]. OS is involved in this case, too: the
disruption of the circadian system has been in fact related to
an increased lipid peroxidation in a sample of female bipolar
patients [56]. From a clinical point of view, it is apparent
that sleep disorders not only are frequent but represent core
symptoms in BD, no matter the phases (depression, mania,
and euthymia) [52]. Sleep deprivation, light therapy, and the

melatonergic agonist agomelatine are some of the therapeutic
tools for mood disorders that confirm the attention drawn
to the circadian system [57]. The latter modulates, apart
from sleep and hormone secretion [58], emotion regulation
[51], eating behaviour [59], and mood [51]; all of these areas
can be variously affected in a patient with bipolar disorder
[52, 57, 60, 61] (Figure 3).

2.1.4. GSK3 and the “Biological Causes” of BD. GSK3 is
involved in all the complex biological alterations of BD
(inflammation, oxidative stress, membrane ion channels, and
circadian system).

(1) Inflammation. GSK3 is known to exert a complex regula-
tory activity on the inflammatory and apoptotic processes,
also according to the cellular localization [62]. Generally
speaking, GSK3 can be considered as a proinflammatory
molecule, stimulating the production of various inflamma-
tory cytokines and tumor necrosis factors and inhibiting the
production of anti-inflammatory agents, such as IL-10. The
inhibition of GSK3 has been in fact proven to be beneficial in
inflammatory conditions [37].

GSK3 is involved in neuroinflammation, since it enhances
the inflammatory response induced by the microglia acti-
vation through the activation of TNF alpha [63]. GSK3 is
usually seen as a powerful stimulator of apoptosis, but it
can exert both proapoptotic and antiapoptotic effects [36]
according to the cellular localization (cytosolic GSK3 seems
to promote cell survival), the cell type, and the pathways
involved [36]. This peculiarity can be explained by its
differential regulatory activity on two apoptotic processes:
it promotes the mitochondrial intrinsic apoptotic pathway
while inhibiting the extrinsic apoptotic signalling pathway.
The first is activated by cell damage, and the latter depends on
a receptor-mediated mechanism (ligands stimulating death
receptors on the cellular surface).This is why the inhibition of
GSK3 can result in apparently paradoxical effects on the cell
fate [36, 64].
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(2) OS. As previously stated, GSK3 is amodulator of themito-
chondrial functions [65]. In particular, it regulates the mito-
chondrial permeability transition (MPT) pore. The exposure
to OS leads to mitochondrial dysfunction, massive opening
of the MPT pore, and cell death. All these detrimental effects
have been related to the redox-sensitive activation of GSK3
[4]. For example, the kinase mediates the mitochondrial
dysfunction and the dopaminergic cell death caused by 1-
methyl-4-phenylpyridinium iodide (MPP+), an inhibitor of
the mitochondrial complex I [24]. While the inhibition of
GSK3 is a promising therapeutic tool against cancer, the
chemotherapeutic induction of mitochondrial stress, leading
to GSK3 activation, enhances the MPT pore opening, thus
promoting tumor cell death [66]. This further supports the
fact that GSK3 can show both negative and positive effects. As
an example, GSK3 fromArabidopsis thaliana has been proved
to favor the resistance to salt stress through the activation of
Glc-6-phosphate dehydrogenase, which guarantees the redox
balance [67].

On the other hand, resveratrol, an antioxidant contained
in grapes, protects the cells fromoxidative damage, apoptosis,
glutathione depletion, and mitochondrial dysfunction. Its
antioxidants properties have been in part related to the
increased inhibitory phosphorylation of GSK3 downstream
of the AMP-activated protein kinase [68]. In addition, the
activation of the powerful antioxidant heme-oxygenase 1 has
been related to phosphatidylinositol-3 kinases (PI3K)/Akt
signalling, involved in the inhibition of GSK3. It is interesting
to notice that lithium is a PI3K activator [69]. The PI3K-Akt-
GSK3 signalling protects against the GSK3-mediated oxida-
tive damage (massive opening of MPT and ROS production)
occurring as a consequence of GSK3 translocation to the
mitochondria [70]. A prompt activation of this pathway has
been demonstrated to exert protective effects against iron-
induced OS in hippocampal neurons [71]. Unfortunately, the
considerable changes in cell functioning related to OS can
interfere with the efficiency of the compensatory mecha-
nisms. As an example, the powerful oxidant hydrogen per-
oxide paradoxically increases the inhibitory phosphorylation
of GSK3.This would be useful to avoid further damage. Why
is, then, the activity of GSK3 increased in the presence of
OS, thus favoring the progression of oxidative damage? The
answer could lay in the transient increase inCa2+ intracellular
concentrations caused by the peroxide. As a result, calpain
is activated. This molecule is responsible for the cleavage
of GSK3 into two fragments with the loss of the inhibitory
domain. The cleavage counteracts the attempts to inhibit
GSK3 activity. Hence, the activation of GSK3 by oxidants can
be reconducted to the activation of calpain [72]. It is interest-
ing to notice that lithium is capable of inhibiting both full-
length and cleaved GSK3 [73]. Some authors have proposed
a model explaining the proinflammatory and prooxidative
condition characterizing BD as associated with a disruption
of the blood-brain barrier integrity. The brain could be
then exposed to cytokines and ROS and the activation of
microglial cells could further negatively affect the neuronal
functions [74]. In this regard, it is noteworthy that the beta-
catenin mediated inhibition of GSK3 has been associated
with an increased expression of p-glycoprotein, an efflux

transporter, in brain endothelial cells [75]. Neuroinflam-
mation has been associated with the activation of GSK3,
which alters the barrier properties of the brain through the
stimulation of the inflammatory response in the vascular
endothelium through the stimulation, for example, of the
vascular cell adhesion molecule-1 [76]. The activation of
GSK3 can be due toOS and to various other conditions,which
are not independent from OS, such as hypoxia, glutamate
excitotoxicity, DNA damage, and mitochondrial toxins. The
consequence of GSK3 activation lays in apoptosis and many
GSK3-mediated apoptotic processes can be reconducted to its
effects on mitochondria [77]. In vitro studies on human lens
epithelial cells have demonstrated that the inhibition of GSK3
protects against oxidative stress. The cells have been exposed
to GSK3 inhibitors and placed, before and after treatment,
in a medium containing fluorogenic indicators of oxidative
damage. After exposure to GSK3 inhibitors, the cells showed
an increased mitochondrial membrane potential, a higher
expression of glutathione, and lower markers of apoptosis
[78]. Moreover, GSK3 is a regulator of ER stress response.
It has been demonstrated that this enzyme enhances the
expression of the death inducing the transcription factor
CHOP in neural cells after ER stress; the latter often occurs
when there is a cellular accumulation of misfolded proteins,
as in neurodegenerative disorders [29].

(3) Ion Channels and Circadian System. Considering that
phosphorylation is a crucial step for the regulation of ion
channels [79], it is easy to imagine how GSK3, being a kinase
with a huge number of targets, could be involved in the
modulation of calcium, sodium, and potassium channels [18].
The impact of GSK3 on neurotransmission is yet unclear,
but it is known that it interferes with the synaptic vesicle
fusion since its targets are crucially involved in the process
of neurotransmitter release [17, 80]. More specifically, GSK3
is responsible for the phosphorylation of an intracellular
loop of a P/Q-type voltage-dependent calcium channel, thus
negatively affecting the channel activity. In vitro studies
allowed to demonstrate that the overexpression of wild type
GSK3𝛽 caused a reduction of neuronal calcium influx [17].
This kinase affects excitability also regulating the highly
complex mechanism of the formation of the sodium channel
complex favoring the assembly of proteins [81]. The GSK3-
dependent phosphorylation of the voltage-gated potassium
channel KCNQ2 results in a reduced channel activity [48].
The activity ofGSK3 is also extended to the receptor channels,
such as those of N-methyl-D-aspartate. The inhibition of
GSK3 leads to a reduction of the ionic and synaptic current
related to this channel [82]. As far as the circadian system is
concerned, the importance of GSK3 in its regulation can be
deduced by the fact that it is listed among the clock genes,
related to BD [54]. GSK3-𝛽 gene is, in fact, the mammalian
ortholog of the Drosophila gene SHAGGY encoding for a
serine/threonine kinase [83]. In studies conducted on mice,
it has been demonstrated that GSK3 phosphorylates at least
5 core clock proteins and shows a circadian oscillation in the
phosphorylation state (inactivation) of the 𝛽 isoform [83, 84].
GSK3 interacts with PER2 [83] and this interaction seems
to be fundamental to the regulation of the periodicity of
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the endogenous clock mechanism; in fact, the inhibition of
GSK3 leads to a certain delay in the mPER2 transcription.
Hence, some authors have proposed GSK3 as a candidate
mammalian “core” clock gene [85].

2.1.5. GSK3 in BD: Clinical Aspects. From a clinical point
of view, GSK3 has been linked to BD from the evidence
that mood stabilizers are GSK3 inhibitors. It has been
rightfully suggested to avoid taking for granted that GSK3
is hyperactive in BD since its inhibition is useful in terms
of pharmacotherapy. In fact, the alteration could pertain to
the upstream or downstream signals linked to GSK3 and the
inhibitory agents could reestablish the balance [77]. However,
a higher activity of GSK3 has been demonstrated in bipolar
patients [86]. Higher levels of both GSK3 isoforms have been
reported among patients experiencing a manic episode com-
pared to healthy subjects. After treatment, the levels did not
change, but the inhibitory serine-phosphorylation of GSK3
increased [86]. Mice overexpressing GSK3 show a decreased
rod b-wave amplitude at 𝑉max in the electroretinogram, that
is, a biological endophenotype in young offspring at high
genetic risk for schizophrenia and bipolar disorder [87].
Recent studies reported a dysregulated activity of GSK3, in
terms of hyperactivation, due to a lower serine inhibitory
phosphorylation among bipolar patients [88]. Hence, more
than the overexpression, the dysregulated activity seems to be
fundamental in mood disorders, also considering that while
the GSK3 activity is finely regulated, its expression is rather
stable [88].

Genetic studies further demonstrate the importance of
GSK3 in BD.

A single nucleotide polymorphism (−50 T/C) falling into
the effective promoter region (nt −171 to +29) of the gene
of GSK3𝛽 has been identified and it has been reported that
homozygotes for the wild variant (T/T) show an earlier age
at onset of BD than carriers of the mutant allele [89]. In
addition, the less active GSK3𝛽 promoter gene variants relate
to milder clinical features of BD; moreover, in a sample of
patients the less active GSK3-𝛽 rs334558∗C gene-promoter
variants and the long-term administration of lithium were
associated with an increase of white matter in several brain
regions [90]. Higher frequencies of the C:A haplotype and
lower frequencies of the A:C haplotype at the GSK3𝛽 gene
(rs1732170:rs11921360) have been related to a higher risk of
suicidal behaviour in bipolar patients [91]. It is worthy of
consideration that GSK3 is a regulator of both polarities of
mood, since the altered inhibitory serine-phosphorylation
of GSK3 is involved in manic-like as well as depressive-like
behaviour inmice [92]. Hence,massive evidence supports the
central role of GSK3 in BD, as confirmed by the efficacy of
lithium, aGSK3 inhibitor, in the treatment of this invalidating
psychiatric disorder (see below).

2.1.6. GSK3 in BD: Evidence from Lithium Efficacy. After
decades from the first reports of its efficacy [93, 94], lithium
still remains the gold standard in the treatment of BD, being
efficacious in treating manic and depressive symptoms, in
preventing recurrent episodes of mood alteration, and in

reducing the suicide risk [95]. It is an alkali metal used under
the form of a cationic salt Li+ in association with carbonate
or citrate [96].

The inhibition of GSK3 has been investigated in the
last years as an important target mediating the therapeutic
effects of this peculiar drug. Apart from the direct inhibi-
tion of GSK3, most probably consisting in competing for
a magnesium-binding site within GSK3𝛽 [96, 97], lithium
has indirect inhibitory effects through the activation of
the GSK3 inhibitor Akt; as a result, the inhibitory serine-
phosphorylation of GSK3 is increased [96].The latter mecha-
nism has been demonstrated by assessing the level of serine-9
phosphorylated GSK3𝛽 in platelets of bipolar patients. After
treatment with lithium, the level was higher and related to
the clinical improvement [98]. Many effects of lithium can be
reconducted to its inhibitory action on GSK3.

All of the four previously mentioned “biological causes”
of BD (inflammation, oxidative stress, membrane ion chan-
nels dysfunction, and altered circadian system) are antago-
nized by lithium, as described below.

(1) Inflammation. Lithium has got anti-inflammatory (signif-
icant reduction of IL-6, IL-1𝛽, and TNF𝛼) and antiapoptotic
properties that have been related to its inhibition of GSK3
[26, 40]. In fact, it is considered as a neuroprotective drug
and it has been proposed as a potential therapeutic tool
against neurodegenerative disorders [99]. Lithium enhances
the expression of the BDNF [100, 101], that has been found
to be lower in bipolar patients, in both depressive and manic
episodes and is considered as a biomarker for BD [102, 103].
The crosstalk between BDNF and the Wnt pathway, which
is an important step for the BDNF-related stimulation of
the neuronal growth, finds in GSK3 its key mediator. In
addition, BDNF indirectly regulates GSK3 activity through
the activation of its inhibitor Akt [88].

(2) OS. It has been reported that lithium is an antioxi-
dant, as demonstrated by its effect on OS parameters. In
particular, lithium reduces the superoxide dismutase and
catalase ratio, thus reducing OS. In addition, it exerts a
protective role against ROS production, DNA damage, and
lipid peroxidation [104, 105]. In addition, lithium seems to
exert positive effects on mitochondrial dysfunctions and ER
stress response [106, 107]. The inhibition of GSK3 due to
lithium administration has been found to be responsible for
the resistance to OS of murine hippocampal neuronal cells
[108].

(3) Ion Channels and Circadian System. A dysregulation in
the homeostasis of the ion channels has been demonstrated
in BD. In particular, bipolar patients have been found to
present an impairment in the Na+-K+ ATPase [109], which
allows the exit of three sodium ions for two potassium ions.
The Na+/Ca2+ exchanger activity depends on the pump.
In fact, it allows the entry of Ca2+ inside the cell in the
presence of high concentrations of Na+. Hence, the failure
of the Na+-K+ ATPase leads to intracellular K+ depletion
and Na+ accumulation. As a result, the Na+/Ca2+ exchanger
begins to pump Ca2+, thus enhancing the cellular excitability
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[110, 111]. The hypothesis of cellular hyperexcitability in BD
is supported by the finding of higher intracellular Ca2+
concentration in platelets of patients compared to con-
trols [112, 113]. Lithium is a powerful regulator of cortical
excitability [114]. It modulates the Na+-K+ ATPase and has
a peculiar mechanism of action: it enters the cell through
the sodium channel and suppresses the outward membrane
current [114]. Lithium also regulates the expression of the
isoforms of voltage-dependent Na+ channels and part of this
activity has been linked to the inhibition of GSK3 [115].
Moreover, lithium reduces the intracellular Ca2+ concentra-
tions, blocking the metabolism of the intracellular second
messenger inositol-1,4,5-trisphosphate and antagonizing the
N-methyl-d-aspartate receptors [116]. It is also fascinating
that a Li+/Ca2+ exchange exists [117]. In addition, lithium
affects the regulatorymechanism of calcium storage in the ER
performed by the sarcoplasmic/endoplasmic reticulumCa2+-
ATPases (SERCAs); the lithium-related inhibition of GSK3
has been shown to determine an increased expression of
SERCA2a [118]. Moreover, it has been proposed that a part of
lithium efficacy could be due to the block of the GSK3-related
phosphorylation of the potassium channel KCNQ2 [48]. As
far as the circadian system is concerned, treatment with
lithium results in a prolongation of the period of firing rate
in the neurons. The effect on the pace-making properties of
the cells finds an explanation in the induction of a phase delay
inmPer2 transcription consequential to GSK3 inhibition [85]
(Figure 4).

2.1.7. GSK3 and OS in BD: What about Lithium. Since GSK3
is so deeply involved in the pathogenesis of BD, it is not
surprisingly that its inhibition contributes to the therapeutic
actions of lithium, other mood stabilizers, and even electro-
convulsive therapy [77]. The importance of GSK3 on lithium
efficacy has been demonstrated in genetic studies, too. In fact,
GSK3 variants seem to affect the risk of BD, age of onset
in females, and response to lithium [119]. The haplotype 1
(T-A) is predictive of a higher response to treatment, while
haplotype 2 (C-A) is related to a lower response [120]. Despite
the fact that lithium is an “old” drug, its mechanism of
action is not deeply understood, and, apart from GSK3, the
actions onNa+-K+ ATPase and onCREBhave been identified
as crucial steps determining the therapeutic effect [121].
Ouabain, a powerful inhibitor of the Na+-K+ ATPase, has

been used as a model of mania in rats [122]. Transgenic mice
overexpressing GSK3 represent animal models of mania,
too. They are characterized by increased locomotor activity,
decreased habituation, and reduced brain weight [123]. It has
been reported that lithium and the other mood stabilizer
valproates protect the cells from the ouabain-induced apop-
tosis [124]. It is fascinating that the Na+-K+ ATPase has been
demonstrated to be a link between oxidative damage and
neuronal death reported in BD [125]. In a study published
in 2012, the lithium-related enhancement of Na+-K+ ATPase
activity related to a reduction of lipid peroxidation in bipolar
patients [126]. Taking CREB into consideration, it is known
that GSK3 inhibits its activity, while lithiumdoes the opposite
[127]. The CREB pathway is a key step of neuroprotection
against OS [128]. Once again, the link betweenOS, GSK3, and
BD is confirmed.

3. Concluding Remarks

In the light of what has been here reported, the main biolog-
ical alterations of BD, pertaining to inflammation, oxidative
stress, membrane ion channels, and circadian system, seem
to be intertwined. The dysfunction of the GSK3 signalling
pathway is involved in all the aforementioned “biological
causes” of BD. In a complex scenario, it can be seen as the
commondenominator linking them all. Lithium inhibition of
GSK3 could, at least in part, explain its positive effect on these
biological dysfunctions and its superiority in terms of clinical
efficacy. Deepening the knowledge on the molecular bases of
BD is fundamental to identifying the biochemical pathways
that must be targeted in order to provide patients with
increasingly effective therapeutic tools against an invalidating
disorder such as BD.
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