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Abstract: The ultimate aim of many researchers is to design a drug, which could arrest or delay specifically the clinical
evolution of symptoms of Alzheimer’s disease (AD). The association of increased activity of glycogen synthase kinase-3
(GSK-3) with neuronal apoptosis, amyloid metabolism, and hyperphosphorylation of protein tau makes this kinase an at-
tractive target for the therapy of neurodegenerative diseases. Lithium has been shown to be an important inhibitor of
GSK-3 activity and therefore recently suggested as one of the treatment of AD. For some time, the most widely accepted
mechanism of action of lithium was its inhibitory effect on inositol monophosphatase, resulting in depletion of inositol
with profound effects on phosphoinositide signaling system. Although much evidence has not supported the inositol de-
pletion hypothesis subsequently, the important role of inositol and inositides in the CNS, in addition to their role in phos-
phoinositide signaling pathways, has been discussed. A new perspective on the role of glucose in neurodegenerative
changes in the CNS has been emerging from several lines of evidence. These accumulated observations may improve our
understanding of the links between deficient glucose metabolism in the aging brain and the events leading to the onset of
AD. The impairment of glucose utilization might act as the common denominator for the development of pathological
hallmarks of AD.
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INTRODUCTION

Effective therapies for Alzheimer’s disease (AD) are
desperately needed since millions people worldwide suffer
from this devastating disease. The current therapeutic strat-
egy for AD is based on the cholinergic theory, which sug-
gests that the degeneration and alteration of the cholinergic
central neurotransmission explains the cognitive deficit in
AD [1,2]. The inhibition of the enzyme acetylcholinesterase
(AChE) is expected to increase the levels of the acetylcho-
line in the brain [3]. Numerous research projects are aimed at
developing drugs focused on preventing the neurodegenera-
tive processes that take place in the brain early at the onset of
AD [4,5]. The intensive fundamental research supported by
rapid technological advances of both biochemistry and mo-
lecular biology reveals complicated network of interactions
among molecules, enzymes, and signaling systems underly-
ing pathological changes in brains of patients with AD. In-
tense efforts are underway to find a n  u n d e rl y i n g m e t a b o l i c 
d i s o r d e r,  which could be targeted by therapy. The ultimate
dream of many researchers and clinicians is to design a drug,
which could arrest or delay the clinical evolution of symp-
toms of this illness – the most frequent obstacle to healthy
aging. The discovery of the pluripotent role of glycogen
synthase kinase-3 (GSK-3) led to the suggestion of tackling
the main brain lesions in AD with lithium [6-8].
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The theoretical base for such speculation emerged from
the knowledge of interactions among amyloid precursor
protein (APP) processing [9], phosphorylation of protein tau,
presenilin genes, and GSK-3 sensitivity to lithium [10,11,6].
The idea of the therapeutic use of lithium in AD has recently
attracted interest of many researchers and clinicians. Lithium
is mainly known from psychiatry, because of its use for the
treatment and prophylaxis of bipolar disorder (BD) [12,13].
The effects of lithium on a number of enzymes and biologi-
cal processes have been studied over the last three decades
[14-17]. It has been demonstrated that lithium administration
regulates multiple GSK-3 targets in vivo supporting the hy-
pothesis that inhibition of GSK-3 may represent a mecha-
nism of lithium´s mood stabilizing properties. For some
time, the most widely accepted mechanism of action of lith-
ium was its inhibitory effect on inositol monophosphatase
(IMPase), resulting in the depletion of inositol and the inhi-
bition of phosphoinositide signaling pathway. The study of
mechanisms of lithium therapeutic effects on various levels
reveals its potential new roles in the therapy of AD [6]. The
evidence of neuroprotective effects of lithium supports its
use as novel therapeutics against neurodegenerative diseases
[15,18].

Some authors concluded that the cholinergic deficit,
nerve cell atrophy, amyloid plaques, and neurofibrillary tan-
gles (NT) in the brains of AD patients are secondary to the
decline of glucose metabolism [19,20]. A new perspective on
the role of glucose in neurodegenerative changes in the CNS
has been emerging from several lines of evidence. These
accumulated observations may improve our understanding of
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the links between deficient glucose metabolism in the aging
brain and the events leading to the onset of AD.

In this review we therefore first explore the evidence of
the role of glucose in neurodegenerative changes in the CNS.
We then proceed to discussing the potential of lithium in the
treatment of AD and the links of its therapeutic effects to
inositide metabolism and alterations in glucose utilization.
The new perspectives suggest that the impairment of glucose
utilization might act as the common denominator in the
pathogenesis of AD.

DISTURBANCES OF CEREBRAL GLUCOSE META-
BOLISM IN AD PATIENTS

Many studies have documented a close relation between
the regional impairment of cerebral glucose metabolism and
impaired cognitive functions in patients with AD [21-29]
(Table 1). It has been suggested that a disturbance in the in-
sulin signal transduction pathway and decreased glucose
metabolism may be the central and early pathophysiological
events in development of pathological hallmarks of AD with
sporadic origin [30].

Neuroimaging Measures

It is well established that regional cerebral metabolic
rates for glucose assessed by [18F]-2-fluoro-2-deoxy-D-
glucose (FDG) positron emission tomography (PET) in pa-
tients with AD provide a sensitive, in vivo metabolic index of
AD [20,26,31,32]. Sensitivity of PET for distinguishing pa-
tients with dementia with Lewy bodies from AD, however, is
higher than that of clinical evaluation.

This technique also allows the recognition of patients
who are prone to develop AD [33]. In a multicenter study
comprising 10 PET centers (Network for Efficiency and
Standardisation of Dementia Diagnosis - NEST-DD) that
employed an automated voxel-based analysis of FDG-PET
images, the distinction between controls and AD patients
was 93% sensitive and 93% specific, and even in very mild
dementia (at MMSE 24 or higher) sensitivity was still 84%
at 93% specificity. Significantly abnormal metabolism in
mild cognitive impairment (MCI) indicates a high risk to
develop dementia within the next two years. Reduced neo-
cortical glucose metabolism can probably be detected with
FDG-PET in AD on average one year before onset of sub-
jective cognitive impairment [20].

Jelic and Nordberg [34] followed 25 MCI patients with
PET scans and cognitive tests. Six patients converted to AD
during 2 years of follow-up, and all had showed a significant
lower glucose metabolic index at inclusion in the study com-
pared to the MCI patients that did not convert to AD during
the 2 years followup. Alexander et al. [26] compared the
group of 14 AD patients with 34 age-matched healthy sub-
jects using FDG-PET scans. One year later, the AD patients
had significant declines in glucose metabolism. These find-
ings also support the feasibility of using FDG-PET as an
outcome measure to test the ability of treatments to attenuate
the progression of AD.

The MMSE scores and full-scale IQ show significant
correlations with the regional cerebral glucose metabolic
rates (rCMRglc) in the temporal and parietal lobes on both
sides and in the left frontal lobe, which were significantly
reduced in patients with clinically diagnosed AD in compari-

Table 1. Deficient Glucose Metabolism in Brains of AD Patients  (Using FDG-PET Neuroimaging)

Diagnosis No of patients                                                             Parts of the brain                                                Reference

MCI 25 temporoparietal association areas, posterior cingulate and hippocampus [34]

MCI Analysis from refs temporoparietal association areas, posterior cingulate and hippocampus [33]

mild to moderate dementia 17 right hippocampus,  right middle and inferior frontal gyri, right middle temporal
gyrus, prefrontal cortex and left middle frontal gyrus

[32]

Probable AD 8 neocortical, subcortical, and paralimbic regions [21]

AD 8 temporal cortex [22]

Probable AD 25 whole brain, temporoparietal, frontal and occipital association cortex [23]

Probable AD 66 posterior cingulate cortex [24]

AD 26 temporal and parietal lobes on both sides and the left frontal lobe [25]

mild + moderate AD 14 parietal, temporal, occipital, frontal, and posterior cingulate cortices [26]

AD 10 PET centers neocortex [20]

AD 7 twin pairs hippocampus and lateral temporal cortex [27]

AD 86 frontal and anterior cingulate areas [28]

early onset
late onset

74
46

parietal, frontal and subcortical (basal ganglia and thalamus) areas [29]
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son to those in the normal controls [25]. In the demented
twins, the reduction of rCMRglc was detected in the hippo-
campus and lateral temporal cortex, i.e. the brain areas,
which show early changes in pathological and imaging
studies in AD. Their non-demented co-twins showed milder
reductions, which may be an indication of genetic suscepti-
bility for dementia, and an early sign of a dementing illness
in them [27].

Kim et al. [29] compared the overall glucose metabolism
between early onset and late onset of AD in a large sample
of patients. They suggested that greater hypometabolism in
early onset than in late onset patients is required to reach the
same severity of dementia, probably reflecting greater func-
tional reserve in younger than in older subjects. Alterna-
tively, the metabolic decline curve suggests that the early
onset patients may take a more rapid course in the reduction
of glucose metabolism than the late onset patients.

Mosconi et al. [28] investigated whether there is evi-
dence that a genetic predisposition to AD contributes to ac-
celerate declines in brain glucose metabolism. Their FDG-
PET study showed different metabolic phenotypes related to
the ApoE genotype in clinical AD patients, as revealed with
voxel based statistical methods. The results suggested a gen-
eralized disorder in E4 carriers impairing metabolism glob-
ally, in addition to the more localized changes typical of AD
patients. In both human and animal models, peripheral con-
trol of glycemia is reduced with aging (for review see [35]).
Aging also reduces the ability to enhance glucose supply for
cognitive functions. The effects of additional glucose supply
can be seen in the presence of cognitive impairments in AD
[36].

The Parallels between Diabetes Mellitus (DM) and AD

Epidemiologic evidence has suggested that DM signifi-
cantly increases risk for the development of AD [30,37-39].
Recently, Convit [40] suggested an explanatory model on
links between cognitive impairment and abnormalities in
peripheral glucose regulation. In some 25 studies, DM has
been associated with cognitive deficits, including learning
and memory, intelligence, and executive functions. Deficits
in learning and memory have also been described among
non-diabetic individuals with insulin resistance.

Mosconi et al. [28] suggest that in people that have both
DM and an ApoE4 allele, the risk of developing AD is more
than double the risk of people with an ApoE4 allele without
DM. Although DM does not produce any of the usual brain
pathology associated with AD, their study shown that DM
dramatically increases the amyloid deposition and NT in
people with the ApoE4 genotype. The generalized metabolic
disorder in ApoE4 carriers of clinical AD patients was found
using FDG-PET [28,38,41].

Ubeda et al. [42] reported that the deposition of amyloid
within the insulin-producing islets of Langerhans in the pan-
creas is a common pathological finding in patients with dia-
betes mellitus type-2 (DM2). Its relationship with age and
the progression of the disease resembles the pathological
deposition of β-amyloid (Aβ) in the brains of AD patients.
An increased prevalence of islet amyloid in patients with AD
and increased prevalence of cerebral Aβ in patients with

DM2 was studied in a community-based controlled study,
the Mayo Clinic AD Patient Registry [43]. Pancreas and
brain were examined from autopsy specimens obtained from
105 humans (first, 28 cases of AD vs. 21 non-AD control
subjects and, second, 35 subjects with DM2 vs. 21 non-DM2
control subjects) for the presence of islet and brain amyloid.
Both DM2 (35% vs. 18%; P < 0.05) and impaired fasting
glucose (IFG) (46% vs. 24%; P < 0.01) were more prevalent
in AD versus control subjects, so 81% of cases of AD had
either DM2 or IFG. Islet amyloid was more frequent and
extensive in patients with AD than in control subjects. How-
ever, diffuse and neuritic plaques were not more common in
DM2 than in control subjects. These data support the hy-
pothesis that patients with AD are more vulnerable to DM2.

It is not without interest, that the utility of lithium or
other GSK-3 inhibitors is currently studied for intervention
in DM2 [44,45]. DM2 is associated with an increased risk of
cognitive dysfunction and AD. Although some uncertainty
remains about the exact pathogenesis, the role of insulin re-
sistance of the brain and/or insulin–induced amyloid pathol-
ogy has been identified in several studies [46]. Insulin
stimulation led to a transient increase in tau phosphorylation,
before becoming inhibitory over the long term [47].

The interpretation of paralles between DM, decline of
cognitive deficit, and the onset of AD is a complex one. With
regard to glycemic control, the impact of DM is to create a
deficit similar to that observed in aging but more marked.
Persistent hyperglycemia can markedly down-regulate glu-
cose transport across the brain blood barrier (BBB). The
treatment with intensive insulin therapy has the common side
effect of producing periodic hypoglycemic episodes (for
review see [35]). Repeated hypoglycemia appears to improve
the supply of glucose to the brain. The finding that periodic
hypoglycemic episodes can attenuate age-related cognitive
decline is consistent with the findings from studies of calorie
restrictions [48].

Aging is associated not only with impaired glucose
regulation but also with impaired insulin sensitivity. Insulin
receptors are expressed in the brain regions that support the
formation of memory [49]. Craft et al. [50] reported that
adults with AD showed memory enhancement when plasma
insulin levels were raised to 85 µU/ml, whereas normal
adults' memory was unchanged. Some AD patients have im-
proved cognitive function following intranasal insulin ad-
ministration [51].

Steen et al. [52] demonstrated extensive abnormalities in
insulin and insulin-like growth factor type I and II (IGF-I
and IGF-II) signaling mechanisms in brains with AD, and
showed that while each of the corresponding growth factors
is normally made in CNS neurons, the expression levels are
markedly reduced in AD. These abnormalities were associ-
ated with reduced levels of insulin receptor substrate (IRS)
mRNA, tau mRNA, IRS-associated PI 3-kinase, phospho-
Akt, increased GSK-3β activity, and APP mRNA expres-
sion. The strikingly reduced CNS expression of genes en-
coding insulin, IGF-I, and IGF-II, as well as the insulin and
IGF-I receptors, suggests that AD may include neuroendo-
crine dysfunction that resembles yet is distinct from DM.
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The Effect of Impaired Glucose Metabolism on Cho-
linergic Deficit and Aβ Formation

The cholinergic hypothesis suggests that the reduction of
cholinergic neurotransmission could explain the most im-
portant cognitive deficit in AD (for review see [2]). The ba-
sal forebrain nuclei that give rise to cholinergic fibers show
cell degeneration in brains of AD patients. The 60-70% de-
pletion of AChE and choline acetyltransferase in the cortex
and in the limbic structures of patients with AD is one of the
most consistent and profound changes as early as one year
after onset of the disease [53]. Cortical AChE activity was
found to be significantly lower in patients with AD than in
age-matched normal controls [20,54]. These authors exam-
ined AChE activity in vivo in the nucleus basalis of Meynert
(nbM), the amygdala, and cerebral neocortex. Measurements
were performed in normal controls and in patients with mild
to moderate AD with PET and [11C]-labeled N-methyl-4-
piperidyl-acetate, which is a specific substrate of AChE.
AChE activity was reduced significantly in amygdala and
cerebral cortex. In contrast, AChE activity and glucose me-
tabolism appeared preserved or even increased in the nbM.
The authors concluded that neocortical and amygdaloid
functional changes of the cholinergic system are an early and
leading event in AD, rather than the consequence of neu-
rodegeneration of basal nuclei.

The actual development of a cognitive deficit is a thresh-
old phenomenon that occurs if glucose turnover in the hippo-
campus or temporoparietal cortex drops below a critical level
of about 40% of the level of age-matched controls [19].
Meier-Ruge et al.  [55] suggested that the low glucose turn-
over in AD causes a cholinergic deficit by decreasing the
synthesis of acetyl coenzym A (AcCoA), which is used by
choline acetyltransferase in the acetylation of choline to
acetylcholine. This becomes obvious by the fact that AcCoA,
the key substrate of acetylcholine synthesis, is exclusively
synthesized in the glycolytic pathway in the brain.

The basic principle of current cholinergic therapy for AD
is aimed at attenuating cognitive deficits by inhibiting the
enzyme AChE and increasing the levels of the acetylcholine.
Evaluation of the treatment effects of cholinesterase inhibi-
tors by PET and SPECT indicates that the drugs improve
cerebral glucose metabolism, cerebral blood flow, and nico-
tinic neurotransmission [4]. A linkage has been suggested
between the cholinergic deficits in AD and the secretion of
APP.

The therapeutical use of AChE inhibitors directed the
research of AD to the study of the catalytic function of this
enzyme [3]. Nevertheless, in connection with the pathogene-
sis of AD the noncatalytic and nonspecific role of AChE has
been discussed. AChE colocalizes with Aβ deposits of AD
brains [56]. AChE accelerates Aβ formation and it may
therefore act as a pathological chaperone inducing a confor-
mational transition of Aβ. This action of AChE was not af-
fected by edrophonium, an active site inhibitor, but it was
affected by propidium, a peripheral anionic binding site
ligand. AChE associated with plaques, tangles, and Aβ an-
giopathies possess different enzymatic properties, and, quite
possibly, is of different source as compared with the enzyme
associated with normal neurons and axons [3]. Most dis-
turbing is the fact that the currently available AChE inhibi-

tors are designed to inhibit normal AChEs in the brain and
throughout the body, but not the abnormal ones [57]. The
association of Aβ deposition with decreased hippocampal
glucose metabolism and spatial memory impairment in
APP/PS1 mice has been recently reported [58].

The results of intensive research of AChE as a target of
AD therapy lead us to pose further questions. Is the degen-
eration of cholinergic neurons and the reduction of acetyl-
choline the primary change or is it evoked by impaired glu-
cose metabolism? Why there are so many forms of AChE?
Investigations of lithium effects on Wnt signaling pathways
during the last few years provide new insight into the poten-
tial links between AChE and Aβ-neurotoxicity.

The Effect of Decreased Glucose Metabolism on Hyper-
phosphorylation of Protein Tau

Microtubule-associated protein tau is abnormally hyper-
phosphorylated and aggregated into NT in brains of AD pa-
tients [59]. The hypothesis that the decreased glucose me-
tabolism and the resulting decrease in ATP triggers the hy-
perphosphorylation of protein tau by activating protein
kinase 40erk was suggested [55]. Assuming that reduced
glucose metabolism might cause abnormal tau hyperphos-
phorylation, Planel et al. [60] induced in vivo alterations of
glucose metabolism in mice by starvation or intraperitoneal
injections of either insulin or deoxyglucose. They found that
the treatments led to abnormal tau hyperphosphorylation
with patterns resembling those in early AD brains.

Liu et al. [61] demonstrated that human brain tau was
modified by O-GlcNAcylation, a type of protein O-
glycosylation by which the monosaccharide beta-N-
acetylglucosamine (GlcNAc) attaches to serine/threonine
residues via an O-linked glycosidic bond. O-GlcNAcylation
negatively regulated tau phosphorylation at most of the
phosphorylation sites. In an animal model of starved mice,
low glucose uptake/metabolism that mimicked those ob-
served in AD brain produced a decrease in O-GlcNAcylation
and consequent hyperphosphorylation of tau at the majority
of the phosphorylation sites. The O-GlcNAcylation level in
AD brain extracts was decreased as compared to that in con-
trols. These results suggest that abnormal hyperphosphoryla-
tion of tau could result from decreased tau O-GlcNAcylation,
which probably is induced by deficient brain glucose up-
take/metabolism in AD.

THE EFFECTS OF LITHIUM ON GLUCOSE META-
BOLISM AND GSK-3 ACTIVITY

Several researchers reported that lithium exerts some
systemic effects, such as increased glucose uptake, glucose
tolerance and weight gain in humans (e.g. [62]). In patients
with BD who were given lithium prophylactically in single
daily doses, glucose tolerance was increased for some hours
after each lithium administration [63]. Furthermore, patients
with BD treated with lithium experienced hypoglycemic
symptoms coinciding with low serum glucose concentration
[64]. A plot of the lithium dose required to increase the lith-
ium plasma therapeutic concentration versus the blood glu-
cose concentration simply shows linear correlation between
lithium dose and glucose level [65].
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Lithium effects on brain energy metabolism have been
attributed to its effects on some enzymes of glucose metabo-
lism [66,67]. The investigations of lithium effects on glucose
metabolism generated the finding that lithium is the impor-
tant inhibitor of GSK-3 [66-70]. The observation that lithium
also mimics insulin's ability to stimulate glucose transport
has led to the suggestion that GSK-3 may coordinate glucose
transport and glycogen synthesis [71].

Enzymes of Glucose Metabolism

Lithium influences the enzymatic activity of enzymes
involved in glycolysis, gluconeogenesis, and glycogenesis
(Table 2) through the competition for magnesium [72-74].
However, the investigations in vivo indicate, that only a few
enzymes are significantly inhibited in the brain at therapeutic
serum lithium concentrations (0.6–1.2 mM) [75]. At similar
therapeutic serum levels, intracellular lithium concentrations
in brain tissues can be much lower, even as low as 0.1 mM
[76].

To illustrate the lack of effect, lithium proved to be a
noncompetitive inhibitor of enolase in rabbit muscle [77] and
pig brain [78]; enolase is directly adhering with anaerobic
production of energy in glycolysis. Yet, there is no evidence
that during lithium administration enolase is significantly
inhibited in the mammalian brain and that lithium acts as a
metabolic inhibitor. It is also unclear whether the inhibition
of pyruvate kinase (PK) by lithium [79,80] is of significance
for the therapeutic effects in BD [73]. The inhibition of PK
impairs glycolysis and the glycolytic production of ATP.
Considering AD, inhibition of PK would decrease the level
of pyruvate. This could, in consequence, reduce the forma-
tion of AcCoA. Lithium inhibition of PK would thus cause a
cholinergic deficit [81]. The in vivo observations are not
consistent with lithium inhibition of PK. Lithium treatment
increases acetylcholine content in rat brain and choline con-
centration in the human red blood cells to more than ten-

times control levels [82,83]. Guerri [84] found an increase of
AChE of rat brain synaptosomes after 7 days of lithium ad-
ministration. The mechanism of lithium effect on AChE ac-
tivity may take place either through directly changing the
configuration of AChE molecules and/or correcting the im-
paired metabolism of glucose.

Lithium also inhibits the key enzyme in glycogenolysis -
phosphoglucomutase (PGM) [85,86]. PGM has an important
role in preparing glycogen and fructose derivatives for gly-
colysis or release into the bloodstream. Lithium-dependent
inhibition of this enzyme has not received much attention. A
protein family of related magnesium-dependent phospho-
monoesterases that are inhibited by lithium seems to identify
candidate enzymes to account for the observed therapeutic
effects of lithium [74,75]. This family includes IMPase and
fructose 1,6-bisphosphatase (FBPase). Regarding the regula-
tion of glucose metabolism, FBPase is the key enzyme for
controlling the gluconeogenesis.

The effects of lithium on brain energy metabolites were
investigated in rats [66,67]. Administration of LiCl to rats in
food was found to increase the concentrations of brain glu-
cose, brain lactate and brain glycogen. The incorporation of
14C from [U-14C] D-glucose, administered intraperitoneally
to the rats, was increased in brain glucose and brain lactate.
The results were explained by a lithium-induced increase in
brain glucose uptake and an increased rate of glycolysis.
Lithium has also been shown to be an effective stimulator of
glucose transport [87]. Stimulation by lithium ions of the
incorporation of [U-14C] glucose into glycogen in rat brain
slices was reported.

Rodriguez-Gil et al. [88] presented a thorough study of
lithium´s effects on rat liver glucose metabolism. Admini-
stration of lithium to fed-healthy rats activated glycogen
synthase and inactivated glycogen phosphorylase but liver
glycogen content strongly decreased. The authors attributed
this effect to a decrease in glucose 6-phosphate level, which

Table 2. The Effects of Lithium on Activities of Enzymes of Glucose Metabolism In Vitro

Enzyme Role The effects of lithium

glycogen synthase conversion of glucose-6P  to glycogen ↑

phosphorylase breakdown of glycogen to glucose 1-phosphate ↓

GSK-3 inhibits glycogen synthase
activates glycogen phosphorylase

↓

phosphoglucomutase glucose 1-phosphate ↔  glucose 6-phosphate ↓↑

hexokinase glucose + ATP → glucose 6-phosphate ↓↑

phosphofructokinase fru-6-phosphate + ATP →fru-1,6-bisphosphate ↓

fru-1,6-phosphatase fru-1,6-bisphosphate → fru-6-phosphate ↓

6-phosphofructo-2-kinase fru-6-phosphate ↔ fru-2,6-bisphosphate ↓↑

enolase 2-phosphoglycerate to phosphoenolpyruvate ↓

pyruvate kinase phosphoenolpyruvate + ADP→ pyruvate + ATP ↓↑

lactate dehydrogenase pyruvate↔ lactate ↓
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was caused by the decrease in glucokinase activity after
lithium administration (see Table 2). Liver PK and 6-
phosphofructo-2-kinase were also decreased in the liver.
Lithium administration to starved-healthy and fed-
streptozocin-diabetic rats caused increases of liver glycogen,
glucose 6-phosphate, and fructose 2,6-phosphate. Glu-
cokinase, 6-phosphofructo-2-kinase and PK activities were
also increased. Lithium treatment activated glycogen syn-
thase and inactivated phosphorylase in a manner similar to
that observed in fed-healthy rats. The resulting response to
lithium treatment might therefore differ in various tissues
and might be dependent on the physiological state.

Lithium has been shown to inhibit key enzymes of gly-
colysis – hexokinase, phosphofructokinase, and PK in sev-
eral tissues. Together with the inhibition of enolase the
chronic administration of lithium would inevitably lead to
the reduction of the rate of glycolysis and act as a metabolic
poison. However, it seems that the mechanism of how thera-
peutic concentrations of lithium regulate carbohydrate me-
tabolism in vivo is much more complex.

Regulation of GSK-3 Activity

Some 20 years ago, GSK-3 was categorized as a ser-
ine/threonine kinase that could phosphorylate glycogen syn-
thase and regulate the glucose metabolism pathway [89,90].
Later, this enzyme was discovered as a participant in
Wnt/wingless signaling. Wnt signaling (Fig. 1) has been im-
plicated in developmental processes as diverse as elaboration
of embryonic polarity, formation of germ layers, neural pat-
terning, spindle orientation, and gap junction communication
[91]. Wnt signalization plays an important role in axonal
remodeling in developing neurons, cytoskeletal organization,
apoptotic processes, and neuronal plasticity [17,70,92].
GSK-3 exhibits significant activity, even in resting, un-
stimulated cells. This constitutively active protein kinase is
inhibited in response to extracellular signals, such as insulin,
polypeptide growth factors, and neurotrophic factors [16,93]
(Fig. 1).

In mammals, two closely related isoforms GSK-3α and
GSK-3β are present that have similar biological effect and
97% sequence homology in their catalytic domains [94-96].

Fig. (1).  GSK-3 is a component of diverse signaling pathways. Active GSK-3 mediates formation of Aβ, phosphorylation of protein tau,
degradation of β-catenin, and activation of glycogen synthase. In the Wnt signaling pathway, secreted Wnt glycoproteins interact with the
frizzled family of receptors and through disheveled mediated signaling inhibit GSK-3. Insulin and insulin-like growth factor (IGF-1) through
tyrosine receptor kinase activate PI3-kinase-mediated signaling, resulting in inhibition of GSK-3.
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The constitutive activity of GSK-3 arises from phosphoryla-
tion of tyrosines 279 (for α) or 216 (for β) [97]. The primary
mechanism of regulation of GSK-3 activity has been attrib-
uted to inhibitory phosphorylation of N-terminal serine
21(α) and 9(β) [10,90,92,98,99]. A curious feature observed
in vertebrate systems is that GSK-3 activity is required for its
own inhibition. The enzyme prefers substrates that are spe-
cifically prephosphorylated by other kinases at C-terminal
serine, which acts as a primer allowing GSK-3 to phos-
phorylate its N-terminal serine. Determining the kinases
most responsible for GSK-3 phosphorylation seems to be
very difficult task considering diverse biological targets
[100,101]. Serine/threonine protein phosphatase-1 (PP-1) has
been proposed to activate GSK-3 in rat forebrain and sym-
pathetic neurons [102,103].

GSK-3 is highly abundant in brain tissue and is regulated
by inhibition through numerous signal transduction systems
[16,104]. For example, insulin increases the activity of pro-
tein kinase Akt/PKB that inhibits both isoforms of GSK-3
[89,105]. As GSK-3 inhibits glycogen synthase by phos-
phorylation, inhibitory phosphorylation of GSK-3 should
promote glycogen synthesis and lower glucose levels. How-
ever, under normal conditions, GSK-3 inhibition may not be
sufficient to cause hypoglycemia [106]. In contrast, in DM2,
GSK-3 activity inversely correlates with glycogen synthase
activity [107]. GSK-3 phosphorylates and inactivates insulin
receptor substrate, thereby making cells resistant to insulin
[108]. Under these conditions of elevated glucose, the inhi-
bition of GSK-3 would be expected to decrease glucose lev-
els [106]. Clodfelder-Miller et al. [109] demonstrated that
the Akt-GSK-3 signaling pathway is regulated in mouse
brain in vivo in response to physiological and pathological
changes in insulin and glucose. Akt and GSK-3 are sensitive
to glucose, as fasting decreased and glucose administration
increased by several-fold the phosphorylation of Akt and
GSK-3 in the cerebral cortex and hippocampus of non-
diabetic mice.

While noting GSK-3's many associated functions, this
review will focus on GSK-3 involvement in development of
pathological hallmarks of AD and the link to alterations of
glucose metabolism. The utility of lithium as GSK-3 inhibi-
tor for intervention and control of neurodegenerative dis-
eases will be discussed.

The Effects of Lithium on GSK-3 Activity

Inhibition of GSK-3 by lithium in vitro has been demon-
strated in a number of systems [16]. It was initially recog-
nized that therapeutic concentrations of lithium inhibit the
activity of GSK-3 by competition with magnesium
[110,111]. Several groups have reported that lithium causes
increased phosphorylation of GSK-3β on serine 9 and GSK-
3α on serine 21 [10,98,112], which accelerates the conver-
sion of GSK-3 to an inactive state. The reports on lithium
activation of glycogen synthase and inhibition of phos-
phorylase [88,113,114] are in concordance with the observed
effects of lithium on GSK-3 activity. The dance of phosphate
groups proceeds during these regulatory processes (Table 3).

Although the in vitro inhibition of GSK-3 by lithium oc-
curs at therapeutically relevant concentrations with a K(i) of
1-2 mM, the degree of inhibition of this enzyme in the
mammalian brain in vivo has not been fully established. It is
not excluded that only a small fraction of GSK-3 activity is
inhibited under therapeutic conditions. The intriguing obser-
vation that GSK-3 phosphorylation is increased in the brains
of lithium-treated mice [115] provides the support for direct
inhibition of GSK-3 by lithium in vivo . O'Brien et al.  [116]
found that lithium therapy activates Wnt signaling mice
brains in vivo, as measured by increased Wnt-dependent
gene expression in the amygdala, hippocampus, and hypo-
thalamus. Remarkably, the lithium-sensitive behaviors were
also observed in mice lacking one copy of the gene encoding
GSK-3β. However, authors concluded that their observations
support a central role for GSK-3β in mediating behavioral
responses to lithium.

Inestrosa et al. [117] identified the AChE motif that pro-
motes Aβ formation and presented evidence that lithium
blocked AChE-Aβ toxicity on hippocampal cultures. These
authors suggested that AChE-Aβ dependent neurotoxicity
may result in the loss of function of Wnt signaling compo-
nents. This observation supported the view that lithium, an
activator of the Wnt cascade, may be considered as a candi-
date for therapeutic intervention in the processes of brain
plaque formation.

Phiel et al. [6] demonstrated that therapeutic concentra-
tions of lithium inhibited the production of Aβ40 and Aβ42
in the Chinese hamster ovary cells that stably expressed APP

Table 3. Transfer of Phosphate Groups During GSK-3-Lithium Interactions Involved in Regulation of Glycogen Formation (1
without Lithium, 2 with Lithium)

Step No. Event Enzyme activity

1A GSK-3 phosphorylates glycogen synthase inactive

GSK-3 phosphorylates phosphorylase1B

glycogen → glu-1-P → glu-6-P

active

2A Li phosphorylates GSK-3 inactive

2B glycogen synthase is not phosphorylated active

phosphorylase is not phosphorylated2C

glu-6-P → glu-1-P → glycogen

inactive
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by interfering with APP cleavage at the γ-secretase step.
Their detailed experiments documented that the target of
lithium is GSK-3α, which is required for maximal process-
ing of APP. Li also blocked the accumulation of Aβ peptides
in cultured neurons and in the brains of mice overproducing
Aβ. Since GSK-3 also phosphorylates protein tau, Phiel and
Klein [118] suggested GSK-3α as an attractive target in the
treatment of AD.

The involvement of GSK-3β in phosphorylation of pro-
tein tau [119] and lithium inhibition of tau phosphorylation
has been documented by many authors [10,120-122]. Harti-
gan and Johnson [123] found that a transient rise in cytosolic
calcium level ([Ca2+]i) led to an increase in tau phosphoryla-
tion through elevation of GSK-3 activity. This was accom-
panied by increased tyrosine phosphorylation of GSK-3. The
recently initiated clinical study (http://www.clinicaltrials.
gov/ct/show/NCT00088387) has investigated the effect of
lithium administration to AD patients on the level of protein
tau in the cerebrospinal fluid.

The extensive research of mechanisms of lithium thera-
peutical effects has revealed the links between impairment of
glucose metabolism, phosphoinositide signaling and inositol
phosphates in the brain.

THE EFFECTS OF LITHIUM ON INOSITIDE META-
BOLISM IN THE BRAIN

For some time, the most widely accepted mechanism of
action of lithium was its inhibitory effect on IMPase, result-
ing in the depletion of inositol with profound effects on neu-
ronal signal transduction pathways. It has become increas-
ingly clear that multiple interactions and overlapping sys-
tems are involved in regulating CNS function. There is no
doubt that the chronic administration of therapeutic doses of
lithium affects the function of second messenger generating
systems in the brain [15,124-126]. Important initial observa-
tions indicated that the administration of therapeutically used
doses of lithium to rats resulted in the increase of the con-
centration of inositol 1-phosphate (Ins(1)P) and the decrease
of inositol levels in their brains [127-129].

Berridge et al. [130,131] brought evidence that the in-
hibitory effect of lithium on IMPase is a general phenome-
non that can be observed in numerous tissues stimulated with
various agonists. The basic premise was that the depletion of
inositol will desensitize phosphoinositide signaling by
slowing down the resynthesis of the phosphatidylinositol
4,5-bisphosphate (PIP2). This hypothesis has been accepted
by many researchers in psychiatry and brain research, widely
discussed and tested during the last decade
[15,118,126,132,133]. However, several misunderstandings
considering the regulation of phosphoinositide signaling
system and misinterpretation of results have appeared. Con-
sidering a reduced glucose metabolic rate in brains of AD
patients, we could speculate that metabolism of brain phos-
phoinositides may be influenced by energy state of a cell.
Let´s therefore attempt to re-evaluate a widespread inositol
depletion hypothesis in the light of new knowledge about the
metabolic fate of myo-inositol moiety generated from glu-
cose 6-phosphate.

De Novo Biosynthesis of Inositol

The biosynthesis of inositol has been known as an evolu-
tionary conserved pathway over all eucaryotic organisms
[134,135]. Myo-inositol is physiologically the most common
stereoisomer among the eight possible geometric isomers of
inositol – the hexahydrocyclohexan [136]. The name inositol
will be therefore used for myo-inositol. Inositol can be gen-
erated in the CNS by three routes: i) de novo  synthesis from
glucose 6-phosphate, ii) breakdown of inositides, and iii)
transport across the (BBB). In the de novo synthesis of
inositol, D-glucose 6-phosphate is converted of to L-Ins(1)P
in reaction catalyzed by MIP synthase. This is an NAD+ de-
pendent internal oxidoreduction and aldol cyclization reac-
tion.

D-glucose 6-phosphate + NAD+ 
MIPsynthase →  L-Ins(1)P +

NADH + H+

MIP synthase is present throughout evolutionarily diverse
organisms and is considered an ancient protein/gene [134]. A
comparative study shows that the rat brain contains MIP
synthase activity of the same order of magnitude as liver,
lung, and spleen. Little is known about mammalian MIP
synthase and nothing is known about its regulation [137,
138]. The second step in inositol biosynthesis is the conver-
sion of Ins(1)P to inositol by IMPase.

L-Ins(1)P IMPase →  inositol

This is a common step to inositol production via the de
novo pathway and its recycling from inositol phosphates
derived from phosphoinositide signaling pathways. IMPase
is completely dependent on Mg2+, which has a Km of 1 mM.
The mechanism of how lithium competes for a Mg2+ binding
site has been clarified by X-ray crystallographic studies on
IMPase [132,139]. Tw o  I M P a s e  g e ne s  h a v e  b e e n  l oc a l i z e d 
o n  c h r o mo s o m e  1 8 p 11 . 2  a n d  on chromosome 8q21.13-21.3
[140-142].

Lithium Affects the levels of Ins(1)P and Inositol in the
Rat Brain

An important initial observation was that treatment of
rats with therapeutically used doses of lithium increased 40
times the concentration of Ins(1)P in their brains [127,143].
The administration of LiCl (3.6 mequiv/kg/day) to adult
male rats in the food for 9 days resulted in an increase in the
cerebral cortex level of Ins(1)P to 4.43 ± 0.52 mmol/kg (dry
weight) compared with a control level of 0.24 ± 0.02
mmol/kg [129]. Larger doses of LiCl over a 3-5 day period
resulted in even larger increases in Ins(1)P and a 35% de-
crease in inositol. The molecular basis of the increased level
of Ins(1)P was the inhibition of IMPase. Hallcher and
Sherman [128] reported that lithium chloride inhibits the
hydrolysis of both D- and L-Ins(1)P to the extent of 50% at a
concentration of 0.8 mM. These authors also determined that
90% of the increase of Ins(1)P is due to the D-enantiomer,
evidence that lithium is largely producing this effect via ago-
nist-stimulated phospholipase C (PLC)-breakdown of phos-
phatidylinositol (PI). The explanation of physiological
meaning of lithium effect on Ins(1)P was based on the
knowledge about the role of PI at that time.
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Origin of Inositol Depletion Hypothesis

The Hokins demonstrated that the activation of mus-
carinic cholinergic or α1 adrenergic receptors results in a net
loss of PI in the guinea-pig brain [144,145]. This observation
was explained by the initial phosphodiesteratic breakdown of
PI, liberating diacylglycerol (DAG), which was in turn rap-
idly rephosphorylated in the presence of ATP to yield phos-
phatidic acid (PA). Ins(1)P needs to be hydrolyzed by IM-
Pase, since the resynthesis of PI from CMP-PA requires free
inositol as a substrate (Fig. 2).

Fig. (2).  PI-PLC hydrolysis after receptor stimulation and resyn-
thesis of PI. PI cycle according to suggestion of Lowell and Mabel
Hokin [145].

Berridge et al.  [131] demonstrated that lithium amplifies
agonist-dependent PI responses in the brain. Later it has been
demonstrated in several design systems that the target of
PLC activated after receptor stimulation is particularly PIP2

[146,147]. Ins(1,4,5)P3 was discovered as a new second mes-
senger molecule and a novel phosphoinositide signaling
system has been postulated (Fig. 3) [130,148,149]. Phos-
phoinositides were shown to participate in many processes in
the brain [125,150,151].

Lithium has been widely used as a tool for amplifying the
response after agonist-dependent stimulation of PLC
[152,153]. Berridge ´s famous inositol depletion hypothesis
was based on three presumptions: i) higher turnover of PIP2

reflects the increased receptor activation in pathogenic neu-
rons, ii) in parts of the brain, where receptors are overstimu-
lated and PIP2 hydrolysis occurs, lithium inhibits the
dephosphorylation of Ins(1)P, and iii) BBB is essentialy un-
permeable for inositol. The decrease of the pool of free
inositol would be expected to limit the amount of newly
synthesized PI and consequently PIP2. The therapeutic effect
of lithium has been thus explained as inhibition of PIP2 re-
synthesis and reduction of signal transduction from patho-
genic neurons.

The Effect of Lithium Administration on Inositol Levels
in the Human Brain

The levels of inositol were investigated in 12 adult de-
pressed patients with BD [154] by means of quantitative
proton magnetic resonance spectroscopy ([1H]-MRS). Sig-
nificant decreases (approximately 30%) in myo-inositol lev-
els were observed in the right frontal lobe after a short-term
administration of lithium, and these decreases persisted with
chronic treatment. However, the acute inositol reduction
occurred at a time when the patient's clinical state was
clearly unchanged. The authors thus concluded that the
short-term reduction of inositol per se is not associated with
therapeutic response and does not support the inositol deple-
tion hypothesis as originally posited.

Fig. (3). Phosphoinositide signaling system.  A great amount of experimental evidence supports the general concept that P I P2  from the
plasma membrane is hydrolyzed and yields Ins(1,4,5)P3 and DAG upon receptor stimulation. Both products of this hydrolysis catalyzed by
PLC have second messenger role. Ins(1,4,5)P3 binds to a receptor in membranes of endoplasmic reticulum, which results in a release of Ca2+

into the cytosol. The Ins(1,4,5)P3 receptor composes an Ins(1,4,5)P3-gated Ca2+-channel. DAG activates protein kinase C (PKC). The
coupling between the receptor and PLC is mediated by G-proteins. In this "dual" second messenger hypothesis, Ins(1,4,5)P3 is the link
between  PIP 2  and Ca 2 + . 
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Silverstone et al. [155] examined 16 patients with BD
taking lithium using both [1H]-MRS and [31P]-MRS and
compared these with age and sex-matched healthy controls.
In BD patients who were manic or depressed there were ab-
normalities in brain inositol concentrations, with changes in
frontal and temporal lobes, as well as the cingulate gyrus and
basal ganglia. These abnormalities were not seen in either
euthymic patients or healthy controls.

Inositol Depletion Hypothesis Revisited

Although some studies report a reduction in agonist-
stimulated PIP2 hydrolysis in rat brain slices following
chronic lithium treatment, these findings have often been
small and inconsistent [16]. This is conceivable, since it is
very difficult to measure the levels of very labile PIP2 post
mortem. It seems that the overwhelming experimental evi-
dence has not supported the widespread hypothesis [126,
132, 133,151]. The simple calculation can demonstrate that
the inositol depletion hypothesis was derived as an oversim-
plification from experiments in vitro. The level of PI – the
parent phospholipid for the synthesis of PIP2 – is at least 10
times higher compared to PIP2 level in the brain. Moreover,
there is also a pool of phosphatidylinositol 4-phosphate
(PIP), which can be phosphorylated by PIP 5-kinase. The
breakdown of approximately 0.5% of the entire amount of
PIP2 is enough for doubling the Ins(1,4,5)P3 cytosolic level.
Neither the increased production of Ins(1)P can be explained
by the degradation of Ins(1,4,5)P3, since its level is about 30
times lower than that of Ins(1)P. Moreover, the flurry of ac-
tivities in 1980´s revealed that Ins(1)P is not the product of
Ins(1,4,5)P3 dephosphorylation. Instead of this, Ins(4)P is
formed [156].

T he inositol depletion hypothesis could be valid under
the condition when biosynthesis of Ins(1)P de novo  by MIP
synthase is impaired, IMPase is completely blocked, and
BBB is essentialy unpermeable for inositol. The interesting
finding that lithium treatment upregulates both MIP synthase
and IMPase mRNA levels in mouse hippocampus has been
explained as a compensatory response of both genes to
inositol depletion [135]. Various species might also differ
markedly in the requirement of inositol levels. For example,
Lee et al.  [157] demonstrated that lithium-induced accumu-
lation of Ins(1,4,5)P3 require inositol supplementation in
mouse and rat but not in guinea pig.

Spector [158] demonstrated that inositol was transported
across the BBB in the rat brain by a low capacity, saturable
system with a one-half saturation concentration of approxi-
mately 0.1 mM. An active transport system also maintains
inositol in the human brain at a much higher concentration
than in the blood [159]. Inositol levels in the range of 2-15
mM have been reported in the brain [160]. Chengappa et al.
[161] provided evidence that inositol crosses the BBB in
pharmacological doses, and had shown efficacy in a small
double-blind study of patients with DSM-IV diagnosed BD.
Inositol was well tolerated with minimal side effects.

A  high affinity Na+-inositol cotransporter (SMIT1) has
been studied in the murine brain. The SMIT1 gene is highly
expressed prenatally in the central nervous system and pla-
centa [160]. Cellular concentration gradients of this magni-
tude indicate a dependence on active inositol transport, espe-

cially at the time of growth and differentiation. Berry et al.
[160,162] generated mice with a homozygous targeted dele-
tion of this gene. Newborn SMIT1(-/-) animals have no evi-
dence of SMIT1 mRNA, a 92% reduction in the level of
brain inositol, and an 84% reduction in whole body inositol.
They expire  shortly after birth. These authors found surpris-
ingly that the brain PI levels do not decrease and concluded
that PI deficiency due to "inositol depletion" is not a mecha-
nism of lithium action in the brain. It has been demonstrated
earlier that micromolar concentrations of inositol may be
sufficient for de novo  synthesis of PI as the Km of MIP syn-
thase has been reported to be in the micromolar range
[163,164]. Neurons might also take inositol up from the ex-
tracellular milieu via H+/myo-inositol symporter [165]. MIP
synthase was found in the walls of all vascular elements in-
cluding cerebral capillaries in bovine brain [166].

It is therefore unlikely that the reduction of PIP2 synthe-
sis due to the decreased level of inositol could be the regu-
latory mechanism in the brain [151]. However, it remains
clear, that lithium affects the levels of inositol and Ins(1)P in
mammalian brains. The earlier experiments of Sherman´s
group were recently confirmed by a high-resolution nuclear
magnetic resonance spectroscopy [167]. As predicted, lith-
ium-treated rats exhibited a significant increase in the con-
centration of Ins(1)P and a significant decrease in inositol
concentration compared to saline-treated controls. Never-
theless, the question of the regulatory role of such changes
remains unanswered.

Does Lithium Affect PI cycle or PIP2 cycle?

It is interesting to recall the original suggestion of Hokin
[125] that there are two separate physiologically active cy-
cles - the phosphoinositide cycle and the PI cycle. Under
physiological conditions of ionic strength and pH, the Ca2+

concentration required for the breakdown of PIP2 is at the
resting cytosolic Ca2+ level ([Ca2+]i). The hydrolysis of PIP2

is therefore Ca2+ non-dependent. On the other hand, hydroly-
sis of PI is Ca2+ dependent. The sustained increase of [Ca2+]i

induced by pathological agents might thus led to the in-
creased PI breakdown by agonist-stimulated PLC. In earlier
experiments, the depletion of PIP2 could be detected under
extreme conditions only, with high doses of lithium and pi-
locarpine [168,129]. It is also possible that more active cells
and brain regions may be affected by lithium in different
ways. In pathologically overstimulated neurons, where PLC-
stimulated PIP2 breakdown proceeds, lithium inhibition of
IMPase would result in accumulation of Ins(1,4,5)P3 and
Ins(1,3,4,5)P4 [157]. These two second messenger molecules
evoke the state of sustained increase of [Ca2+]i, which could
potentiate the breakdown of PI. It therefore seems that lith-
ium stimulation of PI cycle may be more significant in
therapeutic situations presumably dealing with overstimu-
lated neurons than in the usual experimental circumstances.

The Effects of Reduced Energy Metabolism on Inositide
Metabolism

Metabolism of brain inositides may be influenced by a
reduced glucose metabolic rate in brains of AD patients.
Healthy cell maintains its content of ATP, Ca2+ homeostasis,
and keeps the ability to maintain the equilibrium between the
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breakdown of PIP2 and its resynthesis via phosphorylation of
PI. Calcium mobilization proceeds as a transient peak or as a
short wave oscillation. Physiological functional response
proceeds and second messengers molecules – Ins(1,4,5)P3

and DAG - undergo metabolic transformation. We assume
that the generation and degradation of second messengers is
regulated by the mechanism of a negative feedback in
healthy cells.

Pathological agents might induce the state of sustained
activation characterized by the increased levels of
Ins(1,4,5)P3, DAG, and [Ca2+]i. Disturbance of Ca2+ homeo-
stasis or sustained G-protein activation might induce ampli-
fication cascade regulated by a positive feedback. In such a
case the breakdown of PIP2 increases, DAG increases the
activity of PKC, phosphorylation of numerous proteins in-
cluding cytoskeletal proteins is enhanced, Ins(1,4,5)P3 re-
leases Ca2+ from intracellular pools and Ca2+ channels are
opened. Such state of sustained activation consumes great
amounts of energy. If the cell does not produce enough en-
ergy to cover such an increased demand, the content of PIP2

in the plasma membrane declines. We can thus expect that
the level of PIP2 will have a tendency to decrease as the con-
sequence of reduced glucose metabolism. Chronically im-
paired glucose metabolism in the brain can also lead to a
decrease of synthesis of PI.

The effect of brain aging and AD pathology on inositide
metabolism has been studied both in animal models and in
the human brain. Stokes et al. [159] reported a decrease in
free and total lipid inositol with age in human anterior tem-
poral cortex. At age 20 the concentration of inositol was 60
µmols/g protein and it fell steadily to half that concentration
at age 90. There was a similar fall with age in the PI concen-
tration. The reduced PI content in frontal cortex of AD brain,
by about 40% was reported [169]. The decrease of PI level,
reduction of PI kinase activity and decreased PIP2 formation
were observed during aging and in AD brains by many
authors [170, 171]. Zambrzycka [172] investigated PIP and
PIP2 formation in cortical synaptic plasma membranes of
adult (4-months-old) and aged (24-months-old) rats. Her

Fig. (4).  Consequence of changes leading to the development of pathological hallmarks of AD after the reduced glucose supply
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results showed that aging decreases incorporation of [32P]
from γ[32P] ATP into endogenous PIP2 by 40%.

Shimohama´s group studied aberrant phosphoinositide
metabolism in AD brains [173]. Their initial observation that
the PI-specific PLC activity as a function of [Ca2+]i showed
no difference between control and AD brains was modified
in connection with discovery of several families of PI-
specific PLC. These authors found that the activity of
isozyme PLC δ1 is decreased in AD brains. The accumula-
tion of PLC δ1 in the paired helical filaments suggests that
its inactivation may reflect the association between PI me-
tabolism and cytoskeletal components.

The Role of Inositol Phosphates in the Brain

Large number of molecules results from the ability of
cells to place phosphate groups in combinatorial manner
around the six-carbon inositol ring. The recent flood of dis-
coveries has revealed that many of the cellular inositol phos-
phates participate in an amazing variety of stereoselective
interactions with diverse target proteins. Scientists are per-
plexed by so multifarious functions of inositol polyphos-
phates in cells. It seems therefore, that inositol might play
another unidentified role in the mammalian brain.

Certain inositol phosphate kinases do have versatile
catalytic domains that can metabolize a range of inositol
phosphate substrates in vivo [174]. The thorough studies of
Batty and Nahorski [175] of the effect of lithium in rat cere-
bral cortex brought surprising observations. Carbachol pro-
duced a rapid and sustained (> 40 min) increase in
Ins(1,3,4,5)P4. In the presence of lithium, the increase was
sustained only for 10 minutes before falling rapidly. Simi-
larly, in the mouse, Ins(1,3,4,5)P4 increased over a 5-minute
period in the presence of lithium with simultaneous
noradrenergic, histaminergic, or serotonergic stimulation
[176]. The family of inositol phosphate kinases that specifi-
cally phosphorylate the 3-position of Ins(1,4,5)P3 was later
confirmed. Their physiological role is to phosphorylate
Ins(1,4,5)P3 to Ins(1,3,4,5)P4. This reaction serves to control
Ca2+ mobilization (for a review see [174,177,178]).
Ins(1,3,4,5)P4 can activate Ca2+ channels in the plasma mem-
brane and has ability to synergize with Ins(1,4,5)P3 to mobi-
lize Ca2+. Ins(1,4,5)P3 3-kinase is the most active inositol
phosphate kinase. Ins(1,3,4,5)P4 is hydrolyzed by the same
5-phosphatase that hydrolyzes Ins(1,4,5)P3, but the enzyme
has a 10-fold higher affinity and 100-fold lower Vmax for
Ins(1,3,4,5)P4 than it does for Ins(1,4,5)P3 [179]. So,
Ins(1,3,4,5)P4 can protect Ins(1,4,5)P3 against hydrolysis and
therefore increase its effectiveness. Moreover, Irvine [178]
suggested that Ins(1,3,4,5)P4 level might persist as a memory
of an earlier stimulation. Dendritic spines of neurons are
probably the most active sites of Ins(1,3,4,5)P4 synthesis in
the whole body. Lee et al. [157] demonstrated that lithium
increases accumulation of Ins(1,4,5)P3 and Ins(1,3,4,5)P4 in
cholinergically stimulated brain cortex slices in guinea pig,
mouse and rat.

The synthesis of InsP5 and InsP6 has been reported in the
rat brain after labelling with [3H]inositol [180]. Both 3H-
labelled InsP5 and InsP6 were found in about the same pro-
portions in the midbrain and hypothalamus. InsP5 was more

abundant that InsP6 in the medulla oblongata, whereas the
opposite was seen in the hippocampus – the region with the
greatest overall concentration of InsP6. The formation of
Ins(3)P directly from glucose 6-phosphate could lead to se-
quential phosphorylation up to InsP6 [177]. Surprisingly,
there is evidence that rats derive most of their InsP6 (also
known as phytic acid) from their diet by a direct supply to
the body tissue without its dephosphorylation in the gut to
inositol and then absorbed and reconverted to InsP6 [181].
When rats were fed on a purified diet, in which InsP6 was
undetectable, the levels of InsP6 in brain were 3.35 ± 0.57
µmol.kg-1 and in plasma 0.023 ± 0.008 µmol . L -1. The pres-
ence of InsP6 in diet dramatically influenced its levels in
brain and in plasma. When rats were given an InsP6-
sufficient diet, the levels of InsP6 were about 100-fold higher
in brain tissues (36.8 ± 1.8) than in plasma (0.29 ± 0.02);
InsP6 concentrations were 8.5-fold higher than total InsP3

concentrations in either plasma or brain.

InsP6 is a most abundant inositol phosphate that elevates
simultaneously with Ins(1,4,5)P3 in activated brain neurons
and is lowered by inhibition of neuronal activity. In hippo-
campal neurons InsP6 increases L-type Ca2+ channel activity
[182]. In insulin-secreting pancreatic β cells InsP6 inhibits
serine-threonine protein phosphatases, modulates Ca2+ influx
over the plasma membrane and serves as a signal in the pan-
creatic β cells stimulus-secretion coupling [183]. On the
other hand, the possibility remains that the reduced glucose
supply and active GSK-3 could reduce the synthesis of
Ins(3)P with subsequent reduction of InsP6 formation in the
brain. Under such circumstances, the supply of InsP6 from a
diet has significant medical and physiological relevance.

The renewed interest on the high-energy concept of
higher inositol phosphates is probably the most exciting at
present. It has been suggested that a considerable free-energy
change accompanies their dephosphorylation due to the relief
of severe electrostatic and steric constraints within these
molecules [174]. The high-energy concept of phosphoinosi-
tides appeared already in 1978 [184]. Kiselev estimated a
contribution of free conformational energy into standard free
energy of splitting PIP2 phosphates depending on pH value
and concluded that low energy phosphate bond becomes
high energy bond due to the free electrostatic interaction of
dianionic phosphate group with other negatively charged
group in sin-clynal conformation. It has been proposed re-
cently that the phosphorylated inositols containing one or
more pyrophosphate moieties on the inositol ring might par-
ticipate in protein phosphorylation [174,185]. InsP6 is the
precursor of diphosphoinositol polyphosphates. The pyro-
phosphate moieties of diphosphoinositol-pentakisphosphate
(InsP7) and bis-diphosphoinositol-tetrakisphosphate (InsP8)
contain energetic bonds that turn over rapidly, possibly indi-
cating a molecular switching role. The InsP6 kinases have the
capacity to be reversible under in vitro  assay conditions that
are physiologically relevant (for review see [174]). Recently,
the Snyder´s group showed that InsP7 physiologically trans-
fers the  phosphate of the pyrophosphate  moiety to  several
target proteins [185]. They demonstrated the involvement of
inositol pyrophosphates in signaling cascades that mediate
cell death.
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Neuroprotective and Neurotrophic Effects of Lithium
and Inositol

Lithium interesting properties as a neuroprotective agent
have been reviewed by several authors [18,186]. The neuro-
protective effects of lithium involve multiple mechanisms
including changes in the expression of genes and signaling
pathways involved in apoptosis. To investigate the potential
neurotrophic effects of lithium in humans, a longitudinal
clinical study was undertaken using [1H] MRS to measure N-
acetylaspartate (NAA, a putative marker of neuronal viabil-
ity) levels [187]. Four weeks of lithium treatment produced a
significant increase in NAA levels, effects that were local-
ized almost exclusively to gray matter [154]. These findings
provide intriguing indirect support for the contention that
chronic lithium increases neuronal viability and function in
the human brain.

Lithium treatment also enhances cell proliferation in neu-
ronal cultures and in the brain near the site of the injury
[186]. The discovery of neurogenesis in the adult brain [188]
also demonstrates the links of inositides and neurotrophic
and neuroprotective effects of lithium [15,189]. Newly
formed neurons possess functional morphological and elec-
trophysiological interactions with the surrounding cells.
Lithium can alone stimulate cerebellar granule cell prolifera-
tion and enhance proliferation induced by insulin-like growth
factor I (IGF-I) [190]. Even a subtle change in axonal
branching or growth cone chemotaxis could have impact on
the connectivity of the neural network. Williams et al. [191]
observed that lithium caused a large increase in the number
of collateral axon branches that formed proximal to the
growth cones in cultured explants of sensory neurons from
newborn rat dorsal root ganglia. The addition of inositol had
no effect on the lithium-induced changes. According to our
opinion, these observations also argue against the inositol
depletion hypothesis. The recent data suggest that PIP3 is
involved in axon specification, possibly by stimulating neu-
rite outgrowth [192,193]. The finding that inositol levels in
murine brain tissue are more than 6-fold higher (7.80 versus
1.16 µmol/grams of wet weight) than whole body inositol
levels at the time of birth [160] may indicate a special role of
inositol in brain neurogenesis.

IMPAIRMENT OF GLUCOSE METABOLIC RATE
MIGHT BE THE COMMON DENOMINATOR

The pathogenesis of AD involves many alterations at
molecular and cellular levels. At present there is no concep-
tual framework, which could integrate all available informa-

tion. Various discussions therefore focus on the role of one
particular element in the pathogenesis of all other abnor-
malities. Several candidates for the trigger of AD pathology
were suggested such as Aβ [9,194], dysregulation of Ca2+

homeostasis [195-199], and decline of glucose metabolism
[20,55]. However, the principal question as to what the pri-
mary event leading to the onset of AD is unanswered. Recent
suggestion of treatment of AD with lithium has led us to
evaluate knowledge accumulated during the last three decade
of extensive research searching the convincing mechanism of
lithium therapeutic effects. This research reveals connections
not only with the role of GSK-3 but also with the potential
role of lithium in regulation of glucose metabolism and the
links with inositol lipids and inositol phosphates. We suggest
that the common denominator that can trigger the develop-
ment of the main AD pathological hallmarks might be the
impairment of glucose metabolic rate (Table 4).

It is evident that the pathological changes of AD develop
for a long time before the manifestation of clinical symp-
toms. The impairment of glucose metabolism might be in-
duced for example by DM or DM2, by hidden metabolic
poisons, such as fluoride plus aluminum overload [151], by
impairment of the BBB, by chronic fatigue syndrome (CFS),
by some viral infections, by aging, etc. DM2 and insulin
resistance are associated with micro-vascular dysfunction
and the decreased transport of glucose across the BBB [40].
This might evoke several changes in composition of neu-
ronal plasma membrane, where phosphoinositides are the
most sensitive compounds.

The decreased turnover of PIP2 inevitably leads to a de-
sensitization of numerous receptors and ion channels, reduc-
tion of activity of protein kinases and intracellular Ca2+ mo-
bilization. Moreover, lowering of PIP2 might evoke various
changes in the structure of cytoskeletal proteins [200]. The
decline of biosynthesis of PI might also lead to the reduction
of PI glycosylation and release of various proteins, which
require glycosylated PI (GPI) to be anchored in the plasma
membrane. Regarding AD, AChE is one of them [201]. In-
teresting evidence also emerged recently from the study of
the pathogenesis of prion (PrP) diseases, where the PrP-GPI
anchor may play a role [202]. In scrapie-infected transgenic
mice expressing PrP lacking the GPI-membrane anchor, ab-
normal protease-resistant PrPres was deposited as amyloid
plaques, rather than the usual nonamyloid form of PrPres.
Although PrPres amyloid plaques induced brain damage
reminiscent of AD, clinical manifestations were minimal.
There is overhelming evidence that AChE accelerates Aβ
formation and forms neurotoxic Aβ-AChE complex. The

Table 4. Comparison of the Effects of Lithium Administration and Reduced Glucose Metabolism on Pathological Hallmarks of AD

Patients with AD Reduced glucose metabo-
lism

Active GSK-3 Effect of lithium

Acetylcholine level ↓ ↓ ↓       ↑ 10x

Aβ42 deposits ↑ ↑ ↑ ↓

NT – tau hyperP ↑ ↑ ↑ ↓

apoptosis ↑ ↑ ↑ ↓
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decreased availability of AcCoA due to the reduced glucose
metabolic rate might be one of the trigger of changes in cho-
linergic transmission [20,81]. PDH, which converts pyruvate
to AcCoA is inactivated by GSK-3β in vitro and also in Aβ -
treated hippocampal cultures. In cholinergic neurons, Aβ
impaired acetylcholine synthesis. Inositol-Aβ interactions
result in a complex that is non-toxic to nerve growth factor-
differentiated PC-12 cells and primary human neuronal cul-
tures [203]. The ability of inositol to induce non-fibrillar β-
structure in Aβ42 is a striking phenomenon, which warrants
further study.

There is clear evidence that Aβ triggers neurodegenera-
tion [9] and contributes to Ca2+ dysregulation. Some authors
suggest that alterations in Aβ formation precede the changes
in [Ca2+]i [194]. However, the mechanisms of Ca2+ homeo-
stasis are very complex and subtle and there is no doubt that
changes in inositide metabolism are the primary regulatory
factors. Exciting findings that inositol polyphosphates might
participate in protein phosphorylation open a new line of
research for understanding the role of Ins(1)P, Ins(3)P, and
Ins (1,4,5)P3 in cell physiology. Shears [174] suggests that
the catalytic promiscuity of versatile catalytic domains of
inositol phosphate kinases towards different inositol phos-
phates be sometimes exploited to facilitate tight regulation of
physiological processes. The alteration of glucose metabo-
lism and impairment of glycolytic ATP production in the
brain can markedly influence such tightly regulatory proc-
esses. The slow incorporation of labelled inositol into InsP5

and InsP6 indicates that the major source of Ins(3)P for the
pathway to InsP6 would be glucose 6-phosphate rather than
inositol [178].

Increased levels of total GSK-3 have not been consis-
tently observed in patients with AD, however, active GSK-3
localizes to pretangle neurones, dystrophic neurites and NT
in AD brains [204]. Neurons undergoing granulovascular
degeneration also contain active GSK-3 [205]. The impor-
tance of PI 3-kinase activity has been established for the
transduction of insulin signaling. It is conceivable to assume
that the recurrent hypoglycemia might result in decrease of
PIP2, the only substrate for PI 3-kinase. If this enzyme is
inhibited, GSK-3 remains active, stimulating amyloid
plaques and NT formation. GSK-3 is also activated by the
action of PP-1 in rat brain slices [102]. Despite some pecu-
liar features in the regulation of PP-1 activity, the addition of
lithium prevented GSK-3βser9 dephosphorylation. Zhang et
al. [98] suggested an unusual „feedback“mechanism, which
amplifies an inhibitory signal and accelerates the conversion
of GSK-3 to an inactive state. Lithium is pointing out PP-1
as potential target for novel therapeutics against neurodegen-
erative diseases [18]. Remarkably, it has been reported that
InsP6 also inhibits PP-1 [182].

CONCLUDING REMARKS

The preceding review provides much evidence for rich
interconnections between a reduced ability to provide and
regulate glucose supply to the brain and altered insulin action
on the one hand and aging, AD, DM, and BD on the other
hand. Based on the tremendous amount of very detailed
studies, a conclusion can be reached that the impairment of
glucose utilization may act as one of the common denomi-

nators promoting the decline of cognitive functions and neu-
rodegeneration, and facilitates the onset of disease states
such as AD. A treatment that could prevent a decline in brain
glucose transport and glycemic control, without deleterious
side-effects, may attenuate or prevent the onset of AD. This
line of thinking can lead to the development of new, more
natural and safer treatment interventions for AD, utilizing for
example inositol, InsP6, lithium, and possibly other GSK-3
inhibitors. Some aspects of this approach may be also appli-
cable to BD and T2DM.

Looking specifically at the available options, lithium has
already been shown to be an effective stimulator of glucose
transport in 1978 [87]. The tolerability and the 'natural sub-
stance' aspect of inositol may also be particularly appealing.
New discoveries of the role of GSK-3 as the key regulator of
the Wnt signaling pathway opened a new avenue in search-
ing for therapeutic approaches to chronic degenerative disor-
ders of the CNS. Of necessity, any therapeutic use of lithium
or other GSK-3 inhibitors does require monitoring relevant
biological markers to ensure safety as well as efficacy.

The integration of the findings detailed in this review
may also shed more light on the mode of action of lithium.
The effects of lithium on the metabolism of glucose and the
inhibition of GSK-3 have been well documented. Further-
more, rather than working through the inhibition of IMPase
and depletion of PIP2, lithium might offer Ins(3)P and
Ins(1,4,5)P3 as substrates for further phosphorylations and
facilitate the roles of inositol polyphosphates in tight regula-
tions of various biological processes. In addition, the demon-
stration of neurotrophic and neuroprotective effects of lith-
ium and of neurogenetic properties of inositol suggests that
both old and new psychiatric treatments may have consider-
able utility in the treatment of neurodegenerative disorders as
well.

More than one hundred years were needed to overcome
the doctrine that new neurons are not added to the adult
mammalian brain. Numerous extensive investigations in the
areas of cerebral glucose metabolism, lithium, inositides, and
GSK-3 were needed to close the circle with the earliest and
generally accepted observation that the essential brain func-
tions depends on a continuous supply of glucose.
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ABBREVIATIONS

[1H]-MRS = Proton magnetic resonance spec-
troscopy

[Ca2+]i  = Cytosolic calcium level

1ns(1)P = Inositol 1-phosphate

Aβ = β-amyloid

AcCoA = Acetyl coenzym A

AchE = Acetylcholinesterase

AD = Alzheimer´s disease
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ApoE = Apolipoprotein E

APP = Amyloid-precursor protein

ATP = Adenosine triphosphate

BBB = Blood-brain barrier

BD = Bipolar disorder

CNS = Central nervous system

DAG = 1,2 - diacylglycerol

DM = Diabetes mellitus

DM2 = Diabetes mellitus type-2

FBPase = Fructose 1, 6-bisphosphatase

FDG-PET = [18F]-2-fluoro-2-deoxy-D-glucose -
positron emission tomography

GlcNAc = Monosaccharide beta-N-
acetylglucosamine

GPI = Glycosylated inositol glycerophos-
pholipid

GSK-3 = Glycogen synthase kinase-3

IFG = Impaired fasting glucose

IGF-I and IGF-II = Insulin and insulin-like growth fac-
tor type I and II

IMPase = Inositol monophosphatase

Ins(1,4,5)P3 = Inositol 1,4,5-trisphosphate

IRS = Insulin receptor substrate

MCI = Mild cognitive impairment

MIP synthase = Myo-inositol monophosphate syn-
thase

MMSE = Mini-Mental State Examination

NAA = N-acetylaspartate

NT = Neurofibrillary tangles

PA = Phosphatidic acid

PGM = Phosphoglucomutase

PI = Inositol glycerophospholipid (phos-
phatidylinositol)

PIP = Phosphatidylinositol 4-phosphate

PIP2 = Phosphatidylinositol 4,5-
bisphosphate

PIP3 = Phosphatidylinositol 3,4,5-
trisphosphate

PK = Pyruvate kinase

PKC = Protein kinase C

PLC = Phospholipase C

PP-1 = Serine/threonine protein phospha-
tase-1

PrP = Prion

rCMRglc = Regional cerebral glucose metabolic
rates

SMIT1 = Sodium-myo-inositol cotransporter

SPECT = Single photon emission computer
tomography
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