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Abstract 

Alzheimer’s disease (AD) is a form of dementia marked by the accumulation of neuritic plaques and neurofibrillary 
tangles through the action of GSK-3β with both significant epidemiological and clinical impact. Current pharma-
cological treatment approaches are focused on symptomatic relief and aims to suppress AD’s progression rather 
than disease modification. This issue has triggered further investigations about tau pathology as an important 
component in AD’s pathophysiology, one of them being the Akt signaling pathway. Based on the problem served 
by AD, combined with the non-existence of conclusive therapy for this disease; hence, this study strives to further 
investigate the potential therapeutical benefit of Akt signaling towards AD. A total of 82 studies are included, consist-
ing of both national and international articles creating a narrative review based on the PRISMA checklist. Variables 
searched on this study, include Alzheimer’s disease (AD), Akt signaling, serine-9 phosphorylation, and GSK-3β. Tau 
protein accumulation has been a mainstay in the physiopathology of AD, which are largely influenced by the GSK-3β 
expression. Akt signaling has been shown to inactivate GSK-3β through serine-9 phosphorylation. Thus, modulating 
and optimizing the Akt signaling pathway present encouraging prospects for the development of innovative and effi-
cacious therapeutic strategies in addressing AD. Several studies have tried to estimate the harm and benefit as well 
as dose–effect relationship between Akt signaling and AD, concluding a promising beneficial effect for AD therapy. 
Here, we show the beneficial therapeutic effects of Akt signaling towards AD through both theoretical and empirical 
standpoints.
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Introduction
Alzheimer’s disease (AD) is the most prominent form of 
dementia, presenting itself with significant morbidity, as 
well as causing major quality of life deterioration [1]. It is 
a slowly progressive neurodegenerative disease, marked 
by the presence of neuritic plaques and neurofibrillary 
tangles. These neurofibrillary tangles cause loss of syn-
apses, impaired axonal transport, abnormalities of the 

mitochondria and cytoskeleton, and oxidative stress [2]. 
AD has rapidly become an increasingly heavy burden on 
countries all over the world [3]. It was predicted that in 
2030, the number of Americans diagnosed with AD will 
experience an increase of 35% [4]. From 1990 to 2019, 
the global incidence has increased by 147.95%, result-
ing in 7.24 million cases recorded in 2019. In 2050, the 
incidence of AD is projected to reach 152.8 million cases 
worldwide [5].

AD is characterized by widespread pathological 
changes, with the hippocampus and prefrontal cor-
tex being two pivotal brain regions heavily affected 
by neurodegeneration [6]. Structural and functional 
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abnormalities in these areas contribute to cognitive 
impairment, a hallmark of AD [7]. The hippocam-
pus, crucial for memory formation and consolidation, 
undergoes significant atrophy in AD [8]. Neuroimaging 
studies have consistently shown reduced hippocampal 
volume, particularly in the CA1 subfield and dentate 
gyrus, correlating with cognitive decline. Addition-
ally, neuronal loss, synaptic deficits, and alterations 
in dendritic spine morphology have been identified as 
pathological hallmarks [9, 10]. The prefrontal cortex, 
responsible for executive functions, attention, and deci-
sion-making, is also profoundly affected in AD [11]. 
Structural alterations, including cortical thinning and 
reduced gray matter density, have been observed, con-
tributing to impaired cognitive flexibility and planning 
abilities [12, 13]. Functional abnormalities within the 
prefrontal cortex manifest as reduced activity during 
cognitive tasks, leading to deficits in attention, work-
ing memory, and problem-solving. Aberrant functional 
connectivity between the prefrontal cortex and other 
brain regions further contributes to cognitive impair-
ment in AD patients [14]. The combined use of neurop-
harmacological adjuvants and brain neurostimulation 
techniques exhibits compelling potential as a curative 
intervention for AD [15, 16].

Although the cause behind the onset of AD is still 
not well understood, there are several hypotheses pro-
posed to explain the onset of the disease, the established 
hypothesis is due to the accumulation of amyloid-beta 
peptides (Aβ) [17]. Recently, the role of tau pathology 
in AD has been further studied, and it is believed that 
Aβ accumulation increases hyperphosphorylation of 
tau in the brain [2]. Tau hyperphosphorylation is medi-
ated by glycogen synthase kinase-3 beta (GSK-3β) [18]. 
The orchestration of higher-order neural circuits entails 
an intricate array of molecular players, including neu-
rotransmitters, neurotrophic factors, and intracellular 
signaling pathways [19]. The aberrant molecular cascades 
witnessed in AD could be caused by the activation of the 
tryptophan (Trp)–kynurenine (KYN) metabolic system 
and exert deleterious effects on higher-order neural cir-
cuits [20]. Dysregulation of neurotransmitter systems 
disrupts synaptic transmission and compromises cogni-
tive functions such as memory, learning, and executive 
processing [21]. Additionally, impaired neurotrophic 
support hampers neural resilience and repair, contribut-
ing to progressive neuronal loss. The intricate interplay 
between molecular dysregulation and neuropathological 
alterations in AD contributes to a vicious cycle of neu-
rodegeneration [16, 22]. Neuroinflammatory processes, 
modulated by molecular signaling, potentiate amyloid-
beta deposition and tau pathology, thereby exacerbating 
the disease pathology and cognitive decline.

Therefore, inhibition of GSK-3β is an especially intrigu-
ing alternative strategy for therapy of AD. AD is consid-
ered to be a complex disease involving multiple factors 
with various risk factors contributing to its onset [1]. Peo-
ple who are of older age, female, diagnosed with Down 
syndrome, and genetically predisposed, have a higher risk 
of developing AD [23]. Environmental risk factors also 
play a role, it has been discovered that exposure to cer-
tain metals, such as zinc and copper, although exposure 
to aluminum is still a controversy, may increase risk of 
AD. In a study, a diet rich in β-carotene, flavonoids, vita-
min C, and vitamin E, may potentially lower the risk of 
AD onset [24].

Currently, there is no definitive cure for AD. Most 
therapies target in delaying the development of AD and 
only provide temporary symptomatic relief [25]. Due to 
several unsuccessful attempts on targeting Aβ, researches 
have turned to targeting tau pathology [26, 27]. The tau 
pathology hypothesis presents an opportunity for further 
investigation of tau targeted therapies. Therapies may 
target to inhibit phosphorylation, aggregation, glycosyla-
tion, nitration, acetylation, or increase clearance of tau 
[2]. Several of these compounds have entered later stages 
of development, showing promising advancements [28].

The intricate molecular landscape of AD involves the 
PI3K/Akt/mTOR signaling cascade, a pathway known 
to be implicated in various neurodegenerative and neu-
ropsychiatric disorders. Specifically, hyperactivation of 
mTORC1 and increased downstream activity, stemming 
from TSC1/TSC2 mutations, can induce neuronal dys-
function, perturb axon regulation, and disrupt dendritic 
morphogenesis and synapse formation [29]. To counter-
act the deleterious effects of Aβ peptides in AD, vitamin 
K2 supplementation has emerged as a potential protec-
tive mechanism [30, 31]. By reducing ROS formation 
and inhibiting caspase-3 mediated apoptosis, vitamin K2 
exerts a likely safeguarding influence against Aβ-induced 
cell death [32]. Moreover, the intricate signaling net-
work involved in neuronal development and function is 
orchestrated by the 3-phosphoinositide-dependent pro-
tein kinase-1 (PDK1), a crucial mediator of extracellular 
signals within the PI3K pathway, which, in turn, plays a 
central role in regulating neuronal processes [32, 33]. The 
involvement of the PI3K/Akt signaling pathway in diverse 
neurological and somatic manifestations is further 
underscored by intricate factor interactions, indicative 
of a complex interplay shaping the elicitation of various 
neurovascular symptoms and somatic growth alterations 
in AD and related neurodegenerative conditions [34, 35]. 
The PI3K/Akt/mTOR signaling cascade presents multi-
faceted interactions that hold promise as potential thera-
peutic targets to address the complex nature of AD and 
enhance patients’ quality of life [34, 36].
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The Akt signaling pathway plays a crucial role in the 
development and progression of AD. Activation of Akt 
leads to the phosphorylation of downstream substrates, 
which in turn modulate various cellular processes such 
as cell proliferation, survival, metabolism, and gene 
expression. Akt also regulates the phosphorylation of 
tau [37]. Evidence has shown that dysregulation of Akt 
signaling has been implicated in the development of 
AD [36]. One of the protein kinases which is vital for its 
activation is phosphoinositide 3-kinase/protein kinase 
B (PI3K). Therefore, optimization of the Akt signaling 
pathway through PI3K should be studied further. The 
PI3K/AKT signaling pathway is an important target, as 
modulation of PI3K/AKT signaling may be able to alter 
the production and clearance of amyloid beta and tau, 
potentially slowing the progression of the disease [38]. 
Thus, a comprehensive review is necessary to reevalu-
ate the optimization of PI3K/Akt/ GSK-3β signaling 
pathway through PI3K as a potential therapy for AD.

Several scientific sources are used in the processing 
of creating this review paper following several criteria. 
Articles are collected in accordance to its relevance 
towards this study, with several inclusion criteria, 
including national and international articles as well as 
using keywords such as alzheimer, akt signaling, ser-9, 
and GSK-3β. The information found in these articles 
are then analyzed and systematically arranged based on 
the PRISMA guideline in correspondence to the topic. 
Based on their correspondence, quality, and timeframe, 
these studies have shown the most relevant and enough 
materials for the foundation of this paper. The number 
of articles that are included in this review paper are 
82 studies. All relevant narrative reviews, clinical tri-
als, and randomized controlled trials were identified 
from PubMed, Medline, and Cochrane without lan-
guage restriction. The author uses the terms Headings 
for Medical Subjects (MeSH terms) “Alzheimer’s Dis-
ease”, “Akt Signaling”, “Serine-9”, “Glycogen Synthase 
Kinase-3 Beta (GSK-3β)”, “Phosphorylation”, “Patho-
physiology”, and “Protein Kinase B” as well as Boolean 
logic in search engines. All articles on Akt utilization 
and Alzheimer’s disease were included in this literature 
review.

Two authors conducted a literature search and data 
extraction. Any ambiguity regarding the feasibility of the 
study was resolved by consensus after review by a third 
author. The following inclusion criteria were applied: 
studies under investigation could not be older than 
20  years and no recent studies contradicted previous 
findings. Exclusion criteria included inaccessible exhaus-
tive papers, studies with patients with multiple other 
complicating diseases, and studies involving patients on 
polytherapy. Additionally, identified study references 

were manually reviewed to find additional relevant 
studies.

Alzheimer’s overview
Alzheimer’s disease is a well-known neurodegenerative 
illness linked to the buildup of beta-amyloid plaques and 
is characterized by gradual cognitive decline and disrup-
tion of fundamental activities such as walking, speech, 
attention, and memory [39]. There is a significant pres-
ence of neuritic amyloid plaques, neurofibrillary tan-
gles of tau protein, and enormous loss of neurons on 
individuals who experienced from memory impairment 
and emotional changes before dying, and the illness was 
defined as a severe cerebral cortex disease [1]. It is pro-
jected that 40 million individuals worldwide suffer from 
dementia, with the figure  expected to double every two 
decades  until 2050 [40]. Despite all of the efforts, there 
are still no promising therapeutic strategies for the condi-
tion [41].

The present studies reveal that the main neuropa-
thology  defects of AD are external amyloid plaques 
and intracellular Tau neurofibrillary tangles causing a 
destructive  cascade of tau pathology and neurodegen-
eration [42, 43]. Among the several post-translational 
changes that tau may go through, phosphorylation is of 
utmost  significance due to its role in neurodegenerative 
illnesses defined as tauopathies [44]. Phosphorylation is 
essential for tau activity in normal settings, but the pro-
tein’s affinity for tubulin microfilament declines in patho-
logical processes, and the protein begins to deposit in the 
cytoplasm of somatodendritic regions in which insoluble 
aggregates are formed [45]. Calmodulin-dependent pro-
tein kinase II (CaMKII), microtubule affinity-regulating 
kinases, cyclic AMP-dependent protein kinase A and 
tyrosine kinases including Src family members are all 
involved in the phosphorylation of tau [46–54]. It is pos-
sible to cause tau hyperphosphorylation by the stimula-
tion of tau phosphorylation-associated kinases, such as 
CDK-5 and GSK-3β, which enables tau protein to sepa-
rate from microtubules [55]. Similarly, a study found that 
GSK3β-dysregulation affects Aβ synthesis and deposi-
tion, encourages tau phosphorylation and harmful tau 
species production, induces pro-inflammatory responses, 
and reduces neurogenesis and memory [56]. The  route 
of GSK3 inhibition is through  phosphorylation at Ser9, 
which is regulated through Akt  kinases [57, 58]. Thus, 
optimizing the Akt kinases such as protein kinase B can 
potentially inhibit the accumulation of tau protein in AD 
(Figs. 1, 2).

Protein kinase B overview
Protein kinase B (PKB), also known as Akt, is a 57-kDa 
serine/threonine protein kinase which contains protein 
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Fig. 1  Pathophysiology of Alzheimer’s disease

Fig. 2  AKT signaling in Alzheimer’s disease
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kinases of the AGC family [59]. There are currently three 
known isoforms of protein kinase B found in the genome 
of mammals—PKBα/Akt1, PKBβ/Akt2, and PKBγ/Akt3 
[60]. These isoforms are mostly similar, all possessing a 
central kinase domain, an amino-terminal pleckstrin 
homology (PH) domain, and a carboxyl-terminal hydro-
phobic domain [61]. Each of the isoforms are expressed 
distinctively in different regions of the brain. PKBα and 
PKBγ can be found dispersed across the somatic layers 
of the hippocampus, and PKBβ can be found mostly in 
astrocytes [62]. Activation of all three isoforms depends 
on two phosphorylation sites, the first one found at 
the kinase domain, and the second can be found at the 
hydrophobic domain. Phosphorylation of serine 473, 474, 
472 belonging to Akt1, Akt2, and Akt3, respectively, is 
also required for full activation of PKB/Akt signaling [59, 
63]. Akt activation is induced by the phosphorylation of 
mTORC2 and PDK1, which in turn may positively affect 
synaptic plasticity and formation of memory [64].

The role of PKB/Akt signaling pathway has been rig-
orously studied among various fields such as in cancer, 
autoimmune, cardiovascular, and neurological disorders 
[65]. Intracellular processes such as cell multiplication, 
metabolism, motility, and survival are also all regulated 
by PKB/Akt signaling [66]. A study has shown that inac-
tivation of FoxO3A via PI3K/Akt signaling, reduces the 
progression of AD in mice by exerting neuroprotective 
effects, such as protecting dopaminergic, cortical, and 
hippocampal neurons, and microglia inactivation [67, 
68]. Proliferation, myelination, differentiation, and sur-
vival of oligodendrocytes are also influenced by Akt sign-
aling in AD mice [69]. Individuals with AD experience 
changes predominantly in the insulin–PI3K–Akt sign-
aling cascade due to lower PI3K subunits and reduced 
phosphorylation of Akt [63]. However, the correlation 
between the previous changes and the progression of AD 
is still poorly comprehended.

AKT signaling in Alzheimer’s disease
In its relation to the AD’s pathophysiology, protein kinase 
B plays a role in suppressing neurofibrillary tangle accu-
mulation through the AKT signaling pathway. The cor-
responding process of suppression are as follows: (1). 
protein kinase B act as an important effector kinase of 
PI3K/AKT signaling pathway; (2). AKT pathway pro-
motes phosphorylation of Ser9; (3) phosphorylation of 
Ser9 act as an inhibitory component of GSK3β; (4) inhi-
bition of GSK3β interferes with the process of tau phos-
phorylation; (5) the minimal amount of phosphorylated 
tau accumulation results in neurofibrillary tangles reduc-
tion, hence acting as a therapeutic modality for Alzhei-
mer’s dementia.

The Ser/Thr kinase Akt, or widely known as the protein 
kinase B (PKB) is found to play a role in cell metabolism, 
proliferation, growth and survival through a multistep 
control approach which involves the PI3K (phosphoi-
nositide-3-kinase) [70]. Akt is a small kinase group that 
can be classified into Akt 1, 2, and 3 with its properties 
as a negative regulator of GSK3 [71]. It is known that Akt 
plays a role in the phosphorylation of Ser9 and Ser21 
which results in the inactivation of GSK3β [72, 73]. Both 
GSK3α and GSK3β can be positively regulated by the 
tyrosine residues and negatively regulated by the serine 
group phosphorylation. Specifically, Ser21 phosphoryla-
tion causes the inhibition of the GSK3α, while the phos-
phorylation of Ser9 inhibits GSK3β [74].

GSK3 is a group of kinase that is a key component 
that contributes to the abnormal phosphorylation of the 
protein-tau microtubule-binding process which then 
leads to the accumulation of neurofibrillary tangles (a 
key process in Alzheimer’s pathophysiology) [75, 76]. 
These contributions of GSK3 in disease pathophysiol-
ogy cause its new role in becoming a targeted substance 
for therapeutic advancements, specifically through the 
regulation of its expression. The serine group phospho-
rylation can be correlated with the expression of GSK3 
inside the human cell. Phosphorylation process of ser21 
and ser9 in GSK3α and GSK3β, respectively, results in 
the abnormal change of the GSK3 N-terminal tail into 
a pseudo-substrate or known as a pre-phosphorylated 
substrate. This change occurs because of the associa-
tion between the phosphorylated tail of ser9 and ser21 
with the primed-substrate binding pocket of GSK3 [74]. 
It is known that phosphorylated ser9 and ser21 can act 
as a competitive inhibitor of the primer–substrate bind-
ing pocket by mimicking primed substrate of the GSK3 
N-terminal [77]. The abnormal association that occurs in 
the primed-substrate binding pocket blocks the substrate 
docking inside the GSK3 N-terminal, hence hinder-
ing its activation [78]. In normal condition, when ser-
ine phosphorylation does not occur, this GSK3 enzyme 
can be considered “active” through the docking of other 
“primed-substrates” in its binding pocket (one of them 
being tyrosine 216) [77]. In simpler term, the inactivation 
of GSK3 N-terminal caused by AKT signaling through 
serine phosphorylation results in a competitive inhibition 
of primed substance which renders the GSK3 inactive.

The inactivation of GSK3 by the AKT signaling pathway 
ought to be a breakthrough in understanding the concept 
surrounding protein kinase B’s potential as a therapy 
for Alzheimer’s disease. Although both the GSK3α and 
GSK3β isoforms are found in the normal physiology of 
human nervous system, GSK3β are known to be more 
abundant in the CNS (central nervous system) [79, 80]. 
It is also known that the amount of GSK3β found in the 



Page 6 of 14Limantoro et al. Egypt J Neurol Psychiatry Neurosurg          (2023) 59:147 

CNS will increase in correspondence with aging process 
[81]. Although GSK3β can be correlated with the normal 
aging process, it is also found to be abnormal within the 
process of Alzheimer’s pathophysiology. This over-activ-
ity of GSK3β inside the human brain can contribute to 
the progression of Alzheimer’s through various mecha-
nism of actions, mainly in memory inhibition, Aβ, and 
tau metabolism [56]. Pragmatically, this abnormal activ-
ity inside the brain can result in memory consolidation.

Specifically, there are 5 GSK3β pathways that are 
linked to the progression of memory inhibition in Alz-
heimer’s disease: (1) GSK3β stimulates neurodegenera-
tion through the promotion of tau hyperphosphorylation 
[82–87]; (2) GSK3β stimulates amyloid production and 
accumulation hence causing apoptosis and neuronal 
damages [88–92]; (3) GSK3β regulates the expression of 
microglia resulting in a pro-inflammatory reaction [93–
100]; (4) GSK3β also regulates hippocampal neurogenesis 
[101–104]; and (5) GSK3β has a contribution in synaptic 
plasticity and memory [105–111]. Hence, the overactiva-
tion of GSK3β can result in the inhibition of hippocam-
pal long-term potentiation (LTP). In a nutshell, the 
hippocampal LTP is a mechanism needed for memory 
formation. Therefore, the inhibition of hippocampal LTP 
by GSK3β can be a lead cause of memory degradation in 
the progression of Alzheimer’s disease [56].

Secondly, GSK3β also plays a role in the formation and 
accumulation of Aβ through modulating the APP (Aβ 
precursor protein) cleavage. The cleavage of APP in the 
brain occurs through 2 different mechanisms, non-amy-
loidogenic and amyloidogenic pathways in accordance 
to its proteases [112]. The non-amyloidogenic pathway 
occurs through an α-secretase complex that includes 
ADAM-10, ADAM-17, and γ-secretase. APP cleavage 
done by the non-amyloidogenic pathway produces pep-
tides that are more degradable [113]. On the other hand, 
the amyloidogenic pathway occurs through the help of 
BACE-1 (β-secretase) enzyme. This enzyme is followed 
by γ-secretase complex processing which leads to the 
generation of Aβ peptides which then will fibrilize and 
oligomerize into Aβ deposits in the brain [56].

It is observed that γ-secretase plays an important role 
in APP cleavage through both non-amyloidogenic and 
amyloidogenic pathways, hence securing its place as 
one of the most important substances in Alzheimer’s 
pathophysiology. Studies have shown that a component 
known as PS1 is a catalytic component of γ-secretase 
[112]. Not only that, PS1 is also known as a GSK3β sub-
strate, demonstrating GSK3β’s influence in the formation 
of γ-secretase. Specifically, GSK3β’s ability in modulat-
ing γ-secretase through the regulation of cellular locali-
zation and PS1 activity [114]. Subsequent to GSK3-β 
phosphorylation, there will be a reduction of cell-surface 

expression and a decrease in PS1’s binding affinity to 
N-cadherin. This process will then alter the PS1/γ-
secretase substrate specificity resulting in γ-secretase 
modulation by GSK3β. In addition to γ-secretase modu-
lation, GSK3β also has the capability to interfere with the 
regulation of BACE-1 in the progression of Alzheimer’s 
disease. In general, there are 2 functional NF-kB-binding 
sites in the human BACE1 promoter region. In vitro and 
in  vivo evidence have shown that NFK-β/p65 nuclear 
translocation and binding to the BACE1 promoter sites 
are both influenced by GSK3-β activation [114]. This pro-
cess ultimately increased the BACE1 protein levels and 
BACE1-mediated APP processing resulting in a higher 
Aβ production [56]. Hence through this complex patho-
physiological network, it can be concluded that the eleva-
tion of GSK3β activity will result in a higher amount of 
Aβ accumulation and subsequent deposition causing a 
progression in Alzheimer’s disease [114, 115].

Lastly, GSK3-β overactivation also contributes to Alz-
heimer’s pathophysiology through tau hyperphospho-
rylation inside the human brain [116]. Pragmatically, 
the hyperphosphorylation of tau protein by GSK3-β will 
result in hippocampal neurodegeneration and axonal 
transport alterations, both in which are often observed 
in Alzheimer’s patients [117, 118]. Numerically, GSK3-β 
is able to influence tau phosphorylation in 42 out of 85 
phosphorylation sites [119, 120]. An in vitro study proves 
the connection between overexpression of GSK3-β and 
tau hyperphosphorylation. In that study, overexpression 
of GSK3-β in the forebrain shows hyperphosphorylation 
of tau and somatodendritic accumulation of tau in hip-
pocampal neurons [121]. Another in  vitro study which 
shows GSK3-β insufficiency reported the reduction of 
tau phosphorylation, reduced synaptic accumulation, 
aggregation, and trans-cellular spread in the brain [122]. 
The existence of tau hyperphosphorylation induces by 
GSK3-β overexpression will cause several complications 
in the brain function, mainly showing Alzheimer’s symp-
toms [123]. Firstly, tau hyperphosphorylation plays a role 
in the impairment of c-Jun N-terminal kinase-interacting 
protein 1 (JIP1). JIP1 is a protein that contributes in the 
regulation of cargo binding to kinesin motors. Hence, 
the impairment of JIP1 by tau hyperphosphorylation will 
then result in MT disassembly, which hinders motor pro-
tein and cargo binding [124, 125]. Secondly, the hyper-
phosphorylation of tau causes a disturbance in the axonal 
transport leading to vesicular aggregation [126]. Research 
shows that this axonal transport abnormality is a com-
mon occurrence found in patients with Alzheimer’s dis-
ease [124]. However, the vesicular aggregation caused by 
axonal transport impairment can be reversed through 
the inhibition of GSK3-β [127]. Based on these mecha-
nisms, it can be concluded that GSK3-β plays a role in 
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Alzheimer’s pathophysiology through the induction of 
tau hyperphosphorylation. On the other hand, the inhi-
bition of GSK3-β also proves to have a reversible effect 
on the pathological mechanism that occurs in the human 
brain.

In conclusion, AKT signaling pathways, also known as 
protein kinase B (PKB) pathway can be a potential bio-
molecular target for Alzheimer’s therapy. Through the 
activity of AKT signaling pathway in the serine group 
phosphorylation, GSK3-β’s activity as a prominent fac-
tor in Alzheimer’s pathophysiology can be reduced. The 
enormous implication of GSK3-β in deteriorating the 
human brain can therefore be negated or to say the least, 
inhibited through the AKT signaling pathway. Moreover, 
this inhibition can also be used to reverse the pathologi-
cal impact that has been done to the human brain, show-
ing not only a preventive measure against Alzheimer, but 
also a curative one.

Dose relationship
Fosgonimeton is an akt signaling prodrug that is designed 
for subcutaneous delivery and is a selective small-mole-
cule that quickly transforms into the active metabolite in 
circulation. Designed to induce cascade action through 
the PI3k/Akt and MAPK pathways, as well as enhancing 
NMDA receptor-mediated activation  through protein 
kinase C, fosgonimeton penetrates the blood–brain bar-
rier and improves the binding of HGF with its receptor 
tyrosine kinase MET [128]. In a randomized controlled 
trial, neither a negative effect on memory was shown in 
healthy senior adults after numerous doses (20  mg to 
80 mg) nor in healthy subjects after a single dosage (2 mg 
to 90  mg). Following SC administration, fosgonimeton 
was quickly absorbed (Tmax 0.25 h) and transformed to 
the active metabolite  (Tmax 0.5  h). The active metabo-
lite and the prodrug both had a short plasma elimina-
tion time (t1/2) of around 0.3 and 1.5 h, respectively. As 
plasma concentrations  declined below 1% of Cmax at 
dosages over 40 mg, an elimination stage with a t1/2 of 
5  h was  observed [129]. Another study found that For-
mula 9002A exhibited its neuroprotective effects through 
activating the akt signaling system. This was shown by 
the outcomes of pharmacodynamics, involving cell stud-
ies and animal behavioral assays. It was established that 
GSK3 and APP are the primary targets in the Alzhei-
mer’s disease cascade. The findings of the research shown 
that Aβ oligomers could drastically lower the viability 
of SH-SY5Y cells, and that the intervention group could 
increase SH-SY5Y cell survival rates in comparison to the 
Aβ model group. This shows that Formula 9002A pro-
tects SH-SY5Y cells from damage brought on by the Aβ 
oligomer [130].

Furthermore, BACE1 inhibition may have facilitated 
PI3K/Akt signaling pathway activation and therefore 
limiting the Aβ produced by APP. After a single dose 
in  vitro, the new BACE1 inhibitor elenbecestat (E2609) 
showed sustained decreases in plasma beta-amyloid con-
centrations [131]. The findings of a phase I trial revealed 
that E2609 was generally tolerated, had no treatment-
emergent side effects, had no clinically significant effects 
on vital signs and electrocardiogram, as well as did not 
necessitate constraints or dosages modifications when 
co-administered with CYP3A inhibitors [132]. Moreover, 
umibecestat was reported to be safe and well tolerated in 
a multi-center phase II dose-ranging safety and tolerabil-
ity trial in 2015 in participants over 60 years old, resulting 
in a substantial dose-dependent CSF Aβ decrease [133].

Potential benefits and risks
It is evident that accumulated tau hyperphosphoryla-
tion is a potential target for therapy of AD. Various tau 
phosphorylation inhibitors to ameliorate the progres-
sion of AD has been studied. Several of these compounds 
include kinase inhibitors, phosphatase activators, and 
p-tau immunotherapy. However, some studies regard-
ing several of these drugs have shown ambivalent effects 
and have severe side effects [134]. Optimization of PI3K/
Akt signaling pathway is therefore an appealing alterna-
tive, as Akt plays a vital role in various cell functions and 
life cycle. The use of Akt activators is the most common 
approach in activation of the Akt signaling pathway. A 
pre-clinical study in rodents has shown that overacti-
vation of Akt signaling pathway leads to reduction in 
infarct size [135]. A study done in silico identified 13 
molecules acting as Akt activators, which can potentially 
alleviate damage caused by tau hyperphosphorylation 
[136]. Other than that, SC79, a novel Akt activator, is a 
both highly efficient and selective drug, and has proven 
to have neuroprotective effects against oxidative stress 
[137]. Another study mentions that Akt activation leads 
to various neuroprotective and restorative effects on AD 
model mice [64].

While numerous studies have provided the basis of the 
potential of PI3K/Akt signaling as therapy for AD, there 
are still concerns regarding the plausible negative effects 
the compound may exert. The side effects to activation 
of PI3K/Akt signaling pathway is still largely debatable, 
as overactivation of the pathway may result in imbal-
ance between cell proliferation and apoptosis, increas-
ing the risk of tumor growth [138]. However, there are 
no recorded cases of the aforementioned potential side 
effect, which may be caused by lack of epidemiological 
research following administration of Akt activators. In 
another study, it was mentioned that Akt overactivation 
may cause enlargement of the liver [139]. Furthermore, 
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overexpression of Akt has been associated with increased 
resistance to chemotherapy in various cancers [140]. 
Another concern is that there have been uncertain 
results regarding the activity of Akt in the brain, as sev-
eral experiments have shown opposite results. Therapy 
with Akt activators also is potentially time-sensitive, in 
the sense that the therapy may exert its effects in patients 
diagnosed early with AD, but not in patients that have 
moderate-to-severe AD [64].

Overall, considering limited successful potential thera-
pies for AD and the previously mentioned benefits of 
PI3K/Akt signaling activation, the subject is definitely 
worth to be explored further. Studies have reported mini-
mal to no side effects on the use of Akt activators as ther-
apy, although research on long-term side effects should 
be conducted. By combining the therapy with other 
efforts to diagnose AD in its early stage, the activation of 
PI3K/Akt signaling may have a positive significant impact 
on the progression of AD.

Clinical effects and comparisons
The role of protein kinase B (PKB) and AKT signaling 
pathway in the phosphorylation of serine groups have 
also been studies in several studies. One of them done by 
Fan et  al. (2015) that attempted to observe the effect of 
AKT pathway towards ser9 phosphorylation of GSK3β. 
Fan et al. conclude that ser9 phosphorylation is a process 
that plays a role in the RANKL-induced osteoclast dif-
ferentiation. Through the comparison process, this study 
found that the induction of ser9 phosphorylation was 
more prominent in the sample group with an activated 
AKT signaling pathway. Moreover, Fan et  al. also then 
reported that ser-9 phosphorylation by AKT pathway is a 
requirement of this particular physiologic process [141]. 
This study serves as a prove of AKT signaling and PKB 
activation as a probable therapeutic management in AD 
through GSK3β inhibition.

A study that examined donepezil’s therapeutic has 
also found the relation between AKT pathway and beta-
amyloid plaques in the Alzheimer’s pathophysiology. This 
study shows the significant effect of donepezil in show-
ing a neuroprotective effect against beta-amyloid induced 
neuronal toxicity [142]. Combined literatures state that 
these neuroprotective effect of donepezil anti-cholinergic 
activity are mediated by AKT activation in various types 
of cells related to cognitive functions through GSK3 inhi-
bition [143–145]. In another study by Park et  al. (2014) 
that attempted to find a potential therapeutic agent 
against beta-amyloid plaque also reported a similar find-
ing. This study utilizes GV1001, a potential anti-cancer 
agent with its novel clinical effect in fighting the accumu-
lation of beta-amyloid plaques. Park et al. reported sev-
eral beneficial therapeutic effects of this GV1001 agent, 

both presenting an important measure for beta-amyloid 
plaques. Firstly, GV1001 enables the recovery of mito-
chondria that has been damaged by the beta-amyloid 
plaque through the evaluation of ATP levels and mem-
brane potential. Secondly, GV1001 also cause the resto-
ration of abnormal protein level caused by beta-amyloid 
plaques into its normal value. Lastly, death-related pro-
teins that have increased because of beta-amyloid plaques 
are also being re-increased through GV1001 usage. Based 
on this empirical evidence, Park et al. continues to sum-
marize their findings and this leads to the interaction 
of GV1001 and AKT signaling pathway. It is speculated 
that this potential clinical benefit that GV1001 brings are 
correlated with the activation of AKT and serine group 
phosphorylation, namely ser473 and ser9 with its rela-
tionship with GSK3β [146]. In correspondence with this 
study by Park et al., it can be concluded that the partici-
pation of AKT signaling pathway is to some extent cru-
cial for fighting against damages caused by beta-amyloid 
plaques.

Through the numerous theoretical landscapes, it can 
already be deduced that protein kinase B with its but-
terfly effect can be a potential therapeutic target for 
future Alzheimer’s treatment. Currently the pharma-
cological treatments used for Alzheimer’s disease are 
mainly symptomatic. Cholinesterase inhibitors, such as 
donepezil and galantamine as well as NMDA antago-
nist including memantine are drugs that can be used to 
suppress Alzheimer’s symptoms and its progression. 
Regardless of their effectiveness as an Alzheimer’s ther-
apy, both of these drug families have their own adverse 
effect that may negatively impact the patient. In addi-
tion, there also exist various contraindications that fol-
low the usage of these drugs. Donepezil for example can 
cause sleep disturbance as well as being contraindicated 
for patients with end-stage renal disease and severe liver 
dysfunction. Memantine on the other hand can also 
slightly increase the risk of stroke [147]. Based on this, it 
is evident that Alzheimer’s medications that are currently 
available still have their own negative impact towards the 
patient. Hence, because of these weaknesses, it is rea-
sonable to compare these medications to protein kinase 
B as a potential therapy for Alzheimer’s disease. Aside 
from being theoretically probable, a clinical trial using 
NP031112 have also been done to try and estimate the 
effectiveness of AKT/GSK3β pathway for patients with 
Alzheimer’s disease. However, in its second phase of 
clinical trial, NP031112 has not been able to prove the 
AKT/GSK3β pathway’s efficacy, hence still making this a 
“potential” drug. Although that was the case, NP031112 
have already been proven as a safe medication and can 
probably go through another step of research, which is 
the third phase of clinical trial [148]. Based on both the 
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potential effectiveness and its safety, although not much 
was confirmed, the usage of AKT signaling pathway as 
a novel therapy can certainly be worth to push through, 
especially knowing that there is no cure for Alzheimer in 
the current medical world.

The inverse relationship between Akt and protein tau 
in AD patients are further proven by a study done by 
Mohamed et  al. (2019) using the effects of lactoferrin. 
Prior to the administration of lactoferrin, Mohamed et al. 
found a lower level of PI3K (58.9%) and p-AKT (69.9%) 
levels, as well as a higher level of tau protein (3.5-fold dif-
ference) in AD patients compared to the control group. 
After lactoferrin administration, however, this statistical 
data changed to the opposite direction. PI3K and p-Akt 
levels are shown to increase 1.85- and 2.6-fold, respec-
tively, while tau protein levels decline 2.5-fold compared 
to AD patients that does not receive lactoferrin. These 
results prove to be statistically significant (p < 0.05) in the 
Mohamed et al. study. In the midst of lactoferrin admin-
istration, this data demonstrated the possible negative 
correlation between Akt and tau protein in patients with 
AD [149].

Another pathway in AD pathophysiology that has been 
numerically proven to be a potential target by Akt signal-
ing is the serine-9 phosphorylation and its correlation to 
GSK3β. A study by Sancheti et al.. (2013) on transgenic 
(Tg) and non-transgenic (nonTg) mice, as well as lipoic 
acid administration has also shown result that possibly 
indicates the correlation between Akt and serine-9 phos-
phorylation. In accordance to their study, the administra-
tion of lipoic acid has shown to increase Akt activation by 
10% and 40% in Tg-mice and nonTg-mice, respectively. 
This administration in turn, also have shown its effect on 
GSK3β phosphorylation, or in other words their inacti-
vation. Lipoic acid has resulted in a slight increase of 
GSK3β phosphorylation in Tg-mice population, as well as 
a substantial increase in GSK3β phosphorylation for the 
nonTg-mice population (35%) [150].

The non-existence of complete cure for AD in the cur-
rent status quo proves to be a hindrance in the patient’s 
recovery. The discovery of the link between Akt signaling 
and AD pathophysiology can be a potential therapeutic 
advancement in the process of AD management. Future 
development of these findings, especially in regard to 
its specific dose–effect relationship, side effects, phar-
macokinetics specificity, as well as financial burden may 
prove to be important in determining Akt signaling path-
way’s exact effect towards AD pathophysiology.

Conclusion
Akt signaling has the capacity to interfere with AD’s 
pathophysiology progression, specifically within the tau 
protein accumulation process. Several existent drugs 

have been trialed and show a prominent potential clini-
cal effect towards AD. Although these trialed drugs can 
be used to estimate its dose–effect relationship, the uti-
lization of Akt signaling as AD therapy still needs further 
investigation in regard to dose calculation. Neverthe-
less, it can be concluded that Akt signaling can theoreti-
cally be used to treat AD with a less significant adverse 
effect, hence becoming a promising novel therapy for 
AD. Through the findings in this paper, a new theoreti-
cal breakthrough for a complete recover for AD patients 
can potentially be attained. Hence, stressing a more 
important significance for the findings in this study to 
be further investigated. Moreover, Akt signaling path-
way’s interaction with many molecular components of 
the human body may also open up opportunities to sev-
eral other disease processes to be intervened. This is true 
especially in neurological disorders in which its correla-
tion has been described in this study.

Limitations of the study
In similarities to other narrative reviews, this paper has 
several limitations that need to be addressed. Firstly, this 
paper has yet to explain the proper theoretical, as well 
as empirical adverse reactions in patients with AD. Sec-
ondly, there need to be a better visualization of a direct 
therapeutic effect between Akt signaling towards AD 
pathophysiology. Lastly, this study has not found the nec-
essary vehicle and specific exogenous material in order 
to heighten Akt signaling pathway expression inside AD 
patients.

Implications and directions for future research
This narrative review sheds light on the Akt signaling 
pathway as a promising therapeutic avenue for AD, pri-
marily through the inhibition of GSK-3β. By providing 
a deeper understanding of GSK-3β’s role in Alzheimer’s 
pathology and its interaction within the Akt pathway, 
this review offers a compelling rationale for researchers 
and pharmaceutical companies to focus on drug develop-
ment targeting this pathway. Furthermore, it encourages 
investigations into the screening of compounds capable 
of modulating Akt and GSK-3β, potentially identifying 
novel drug candidates. Practical implications include 
the design of clinical trials centered around Akt path-
way modulators, with a focus on safety and efficacy, the 
potential for personalized medicine approaches, and 
the exploration of broader neuroprotection strategies. 
This research also carries public health implications, 
prompting discussions on research funding, healthcare 
planning, and public awareness campaigns related to Alz-
heimer’s disease and its potential treatments. Addition-
ally, it may foster interdisciplinary collaboration among 
researchers from various disciplines, while raising ethical 
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considerations about the use of Akt pathway modulators 
in the treatment of AD, including patient consent, long-
term effects, and equitable access to emerging therapies.

The primary aim of this narrative review is to offer 
future researchers valuable insights into the poten-
tial of GSK-3β inhibition in AD management, in hopes 
of finding a definitive cure for AD. Nonetheless, vari-
ous challenges, such as limited knowledge and inad-
equate technological advancements, continue to impede 
research progress in its application. These challenges 
include the difficulty in achieving specificity by targeting 
GSK-3β within the Akt pathway. Ensuring that GSK-3β 
inhibitors are able to pass through the BBB is another 
challenge that may present as a significant challenge in 
terms of their bioavailability. Moreover, significant chal-
lenges stemming from current technological limitations 
also affect the research progress in this field. Current 
imaging modalities may lack the sensitivity required to 
detect structural alterations or changes in neural activ-
ity affected by GSK-3β inhibition through Akt signal-
ing modulation. These complex challenges impede the 
effective utilization of the Akt signaling pathway in AD 
therapy, underlining the urgency of advancing research, 
particularly in the definitive management of AD.

Discussion
In the exploration of AD, we have uncovered the poten-
tial of the Akt signaling pathway to modify the course of 
this devastating condition. This discussion section sum-
marizes our findings and their significance, outlines ave-
nues for future research, and highlights the ultimate goal, 
challenges, and requirements for success in this endeavor.

Our study builds upon earlier research that recognized 
Akt’s role in curbing neurofibrillary tangle formation in 
AD. The Ser/Thr kinase Akt operates as a negative reg-
ulator of GSK3, primarily through phosphorylation at 
serine-9 and serine-21 [1, 2]. GSK3 itself plays a pivotal 
role in the abnormal phosphorylation of tau protein, 
leading to neurofibrillary tangle formation, a key patho-
logical process in AD [3, 4]. As such, GSK3 has emerged 
as a promising target for therapeutic interventions in 
AD, particularly through the regulation of its expres-
sion. This heightened GSK3β activity can contribute to 
various pathological processes in AD, including memory 
inhibition, amyloid-beta production and accumulation, 
pro-inflammatory reactions, regulation of hippocampal 
neurogenesis, and interference with synaptic plastic-
ity and memory, particularly by inhibiting hippocampal 
LTP [5]. The inhibition of hippocampal LTP is detrimen-
tal to memory formation, making it a significant factor 
in AD-related memory degradation [6]. GSK3β influ-
ences the formation and accumulation of Aβ through 
its modulation of γ-secretase and BACE-1 activity [7]. 

GSK3β’s phosphorylation of PS1, a catalytic compo-
nent of γ-secretase, alters its cell-surface expression and 
binding affinity to N-cadherin, subsequently impacting 
γ-secretase substrate specificity [8]. This process further 
exacerbates Aβ production [9].

The implications of our findings are nothing short of 
transformative within the context of AD research and 
therapy. By focusing on the phosphorylation of serine-9 
and its downstream effects on GSK3β, we uncover a 
promising avenue for disease modification rather than 
mere symptomatic relief. The pivotal role of GSK3β in 
tau hyperphosphorylation and neurofibrillary tangle for-
mation has long been recognized, and our findings align 
with the emerging consensus that targeting this pathway 
may mitigate AD’s devastating effects. Our study serves 
as a harbinger of future inquiries into the therapeutic 
potential of the Akt signaling pathway. The intricacies 
of this pathway, its interplay with GSK3β, and the down-
stream consequences on tau phosphorylation beckon for 
further investigation. To traverse this terrain effectively, 
researchers will need to embark on mechanistic stud-
ies, engage in thorough animal model experimentation, 
and ultimately undertake clinical trials to validate the 
translational viability of Akt signaling modulation in AD. 
Collaboration across diverse scientific disciplines, rang-
ing from neuroscience to pharmacology and molecular 
biology, will be essential to harness the full potential of 
this research avenue. Our ultimate aim is to transform 
AD management. We focus on modulating Akt signaling 
to reduce GSK3β activity and tau phosphorylation, ulti-
mately slowing AD progression.

The path from promising preclinical findings to clini-
cally approved therapeutics is a labyrinthine journey, 
replete with scientific, ethical, and logistical challenges. 
The intricate nature of AD, marked by multifactorial 
etiology and intricate neural networks, poses a formida-
ble hurdle. The development and validation of targeted 
pharmacological interventions entail arduous testing and 
scrutiny, demanding substantial time and resources. To 
navigate this terrain effectively, a robust infrastructure 
of knowledge and technology is imperative. This encom-
passes a profound understanding of the molecular intri-
cacies underpinning Akt signaling, GSK3β regulation, 
and tau phosphorylation. Advanced methodologies span-
ning molecular biology, neuroimaging, and biomarker 
analysis will be pivotal in monitoring treatment out-
comes and patient responses. Furthermore, the develop-
ment of specific and safe pharmacological agents tailored 
to target key components within the Akt signaling path-
way constitutes a technological imperative.

The importance of this research trajectory cannot be 
overstated. AD poses a global health crisis, exacting a 
profound toll on society and the economy. The absence 
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of disease-modifying treatments places an immense bur-
den on individuals, caregivers, and healthcare systems. 
Research that delves into innovative therapeutic strate-
gies, such as Akt signaling modulation, not only offers 
hope to those grappling with AD but also carries the 
potential to mitigate the broader societal and economic 
repercussions of this affliction. Success in this endeavor 
could enhance the quality of life for millions while simul-
taneously alleviating the healthcare exigency associated 
with AD.

While our review provides a comprehensive synthesis 
of extant literature and presents a cogent hypothesis, its 
nature remains primarily observational and hypothesis-
generating. To ascertain the clinical applicability of Akt 
signaling modulation in AD, rigorous preclinical inves-
tigations and large-scale clinical trials are essential. The 
merits of our study lie in its potential to reshape the tra-
jectory of AD research and therapy. By emphasizing the 
Akt signaling pathway as a promising therapeutic target, 
it stimulates further exploration and innovation within 
the field. Our thorough examination of existing evidence 
provides a robust foundation for future research endeav-
ors. The translation of our findings into clinical practice 
represents a formidable and lengthy endeavor, fraught 
with uncertainties. However, the potential benefits for 
AD patients, their families, and society as a whole under-
score the nobility and necessity of this pursuit.

Abbreviations
AD	� Alzheimer’s disease
Aβ	� Amyloid beta
GSK-3β	� Glycogen synthase kinase-3 beta
PI3K	� Phosphoinositide 3-kinase
CaMKII	� Calmodulin-dependent protein kinase II
PKB	� Protein kinase B
APP	� Aβ precursor protein
BACE-1	� β-Secretase enzyme
JIP1	� C-Jun N-terminal kinase-interacting protein 1

Acknowledgements
We thank every parties involved in the making of this manuscript. The final 
text has been read by all of the writers and have all given their consent 
publication.

Author contributions
The initial concept for this literature review was hatched by JL. The text was 
written by JL, BGL, and JCS. JL, BGL, and JCS completed, copyedited and 
revised the manuscript. All authors assisted in reviewing, composing the 
manuscript, creating the figures and reviewing the final manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have given their consent for publication.

Competing interests
There is no conflict of interest.

Received: 26 January 2023   Accepted: 25 October 2023

References
	 1.	 Breijyeh Z, Karaman R. Comprehensive review on Alzheimer’s disease: 

causes and treatment. Molecules. 2020. https://​doi.​org/​10.​3390/​molec​
ules2​52457​89.

	 2.	 Gao Y, Tan L, Yu J-T, Tan L. Tau in Alzheimer’s disease: mechanisms and 
therapeutic strategies. Curr Alzheimer Res. 2018;15:283–300.

	 3.	 Scheltens P, De Strooper B, Kivipelto M, Holstege H, Chételat G, Teunis-
sen CE, et al. Alzheimer’s disease. Lancet. 2021;397:1577–90.

	 4.	 Atri A. The Alzheimer’s disease clinical spectrum: diagnosis and man-
agement. Med Clin North Am. 2019;103:263–93.

	 5.	 Li X, Feng X, Sun X, Hou N, Han F, Liu Y. Global, regional, and national 
burden of Alzheimer’s disease and other dementias, 1990–2019. Front 
Aging Neurosci. 14.

	 6.	 Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT. Neuropathologi-
cal alterations in Alzheimer disease. Cold Spring Harb Perspect Med. 
2011;1: a006189.

	 7.	 Ávila-Villanueva M, Marcos Dolado A, Gómez-Ramírez J, Fernández-
Blázquez M. Brain structural and functional changes in cognitive impair-
ment due to Alzheimer’s disease. Front Psychol. 2022;13: 886619.

	 8.	 Rao YL, Ganaraja B, Murlimanju BV, Joy T, Krishnamurthy A, Agrawal A. 
Hippocampus and its involvement in Alzheimer’s disease: a review. 3 
Biotech. 2022;12:55.

	 9.	 Kerchner GA, Hess CP, Hammond-Rosenbluth KE, Xu D, Rabinovici GD, 
Kelley DAC, et al. Hippocampal CA1 apical neuropil atrophy in mild 
Alzheimer disease visualized with 7-T MRI. Neurology. 2010;75:1381–7.

	 10.	 Mueller S, Schuff N, Yaffe K, Madison C, Miller B, Weiner M. Hippocampal 
atrophy patterns in mild cognitive impairment and Alzheimer’s disease. 
Hum Brain Mapp. 2010;31:1339–47.

	 11.	 Jobson DD, Hase Y, Clarkson AN, Kalaria RN. The role of the medial 
prefrontal cortex in cognition, ageing and dementia. Brain Commun. 
2021;3:fcab125.

	 12.	 Battaglia S, Nazzi C, Thayer JF. Fear-induced bradycardia in mental 
disorders: foundations, current advances, future perspectives. Neurosci 
Biobehav Rev. 2023;149: 105163.

	 13.	 Ippolito G, Bertaccini R, Tarasi L, Di Gregorio F, Trajkovic J, Battaglia S, 
et al. The role of alpha oscillations among the main neuropsychiatric 
disorders in the adult and developing human brain: evidence from the 
last 10 years of research. Biomedicines. 2022. https://​doi.​org/​10.​3390/​
biome​dicin​es101​23189.

	 14.	 Zhou X, Hu X, Zhang C, Wang H, Zhu X, Xu L, et al. Aberrant functional 
connectivity and structural atrophy in subcortical vascular cognitive 
impairment: relationship with cognitive impairments. Front Aging 
Neurosci. 2016;8:14.

	 15.	 Battaglia S, Di Fazio C, Vicario CM, Avenanti A. Neuropharmacological 
modulation of N-methyl-D-aspartate, noradrenaline and endocannabi-
noid receptors in fear extinction learning: synaptic transmission and 
plasticity. Int J Mol Sci. 2023. https://​doi.​org/​10.​3390/​ijms2​40659​26.

	 16.	 Di Gregorio F, La Porta F, Petrone V, Battaglia S, Orlandi S, Ippolito G, 
et al. Accuracy of EEG biomarkers in the detection of clinical outcome 
in disorders of consciousness after severe acquired brain injury: 
preliminary results of a pilot study using a machine learning approach. 
Biomedicines. 2022. https://​doi.​org/​10.​3390/​biome​dicin​es100​81897.

	 17.	 Sheppard O, Coleman M. Alzheimer’s Disease: etiology, neuropathology 
and pathogenesis. Exon Publications 2020; 1–21.

	 18.	 Stefanoska K, Gajwani M, Tan ARP, Ahel HI, Asih PR, Volkerling A, et al. 
Alzheimer’s disease: ablating single master site abolishes tau hyper-
phosphorylation. Sci Adv. 2022;8:eabl8809.

https://doi.org/10.3390/molecules25245789
https://doi.org/10.3390/molecules25245789
https://doi.org/10.3390/biomedicines10123189
https://doi.org/10.3390/biomedicines10123189
https://doi.org/10.3390/ijms24065926
https://doi.org/10.3390/biomedicines10081897


Page 12 of 14Limantoro et al. Egypt J Neurol Psychiatry Neurosurg          (2023) 59:147 

	 19.	 Shen Y, Luchetti A, Fernandes G, Do Heo W, Silva AJ. The emergence 
of molecular systems neuroscience. Mol Brain. 2022;15:7.

	 20.	 Tanaka M, Szabó Á, Spekker E, Polyák H, Tóth F, Vécsei L. Mitochon-
drial impairment: a common motif in neuropsychiatric presentation? 
The link to the tryptophan–kynurenine metabolic system. Cells. 2022. 
https://​doi.​org/​10.​3390/​cells​11162​607.

	 21.	 Yan Z, Rein B. Mechanisms of synaptic transmission dysregulation in 
the prefrontal cortex: pathophysiological implications. Mol Psychia-
try. 2022;27:445–65.

	 22.	 Tanaka M, Vécsei L. Editorial of Special Issue “Crosstalk between 
depression, anxiety, and dementia: comorbidity in behavioral neurol-
ogy and neuropsychiatry.” Biomedicines. 2021;5:6.

	 23.	 Soria Lopez JA, González HM, Léger GC. Alzheimer’s disease. Handb 
Clin Neurol. 2019;167:231–55.

	 24.	 Armstrong A, Risk R. factors for Alzheimer’s disease. Folia Neuro-
pathol. 2019;57:87–105.

	 25.	 Zhao L, Cheng X, Zhong C. Implications of successful symptomatic 
treatment in Parkinson’s disease for therapeutic strategies of Alzhei-
mer’s disease. ACS Chem Neurosci. 2019;10:922–30.

	 26.	 Pluta R, Ułamek-Kozioł M. Tau protein-targeted therapies in Alzhei-
mer’s disease: current state and future perspectives. Alzheimer’s 
Disease: Drug Discovery 2020; 69–82.

	 27.	 Congdon EE, Sigurdsson EM. Tau-targeting therapies for Alzheimer 
disease. Nat Rev Neurol. 2018;14:399.

	 28.	 Hampel H, Hardy J, Blennow K, Chen C, Perry G, Kim SH, et al. 
The amyloid-β pathway in Alzheimer’s disease. Mol Psychiatry. 
2021;26:5481–503.

	 29.	 Thomas SD, Jha NK, Ojha S, Sadek B. mTOR signaling disruption and 
its association with the development of autism spectrum disorder. 
Molecules. 2023. https://​doi.​org/​10.​3390/​molec​ules2​80418​89.

	 30.	 Huang SH, Fang ST, Chen YC. Molecular mechanism of vitamin K2 
protection against amyloid-β-induced cytotoxicity. Biomolecules. 
2021;11:1–22.

	 31.	 Hadipour E, Tayarani-Najaran Z, Fereidoni M. Vitamin K2 protects 
PC12 cells against Aβ (1–42) and H2O2-induced apoptosis via p38 
MAP kinase pathway. 2018; 23: 343–352. https://​doi.​org/​10.​1080/​
10284​15X20​18150​4428.

	 32.	 Huang S-H, Fang S-T, Chen Y-C. Molecular mechanism of vitamin K2 
protection against amyloid-β-induced cytotoxicity. Biomolecules. 
2021. https://​doi.​org/​10.​3390/​biom1​10304​23.

	 33.	 Xing T, Hass DT, Zhang SS, Barnstable CJ. The 3-phosphoinositide-
dependent protein kinase 1 inhibits rod photoreceptor develop-
ment. Front Cell Dev Biol. 6.

	 34.	 Santana-Santana M, Bayascas J-R, Giménez-Llort L. Fine-tuning the 
PI3K/Akt signaling pathway intensity by sex and genotype-load: 
sex-dependent homozygotic threshold for somatic growth but femi-
nization of anxious phenotype in middle-aged PDK1 K465E knock-in 
and heterozygous mice. Biomedicines. 2021. https://​doi.​org/​10.​3390/​
biome​dicin​es907​0747.

	 35.	 de Liyis BG, Sutedja JC, Kesuma PMI, Liyis S, Widyadharma IPE. A 
review of literature on Compound 21-loaded gelatin nanoparticle: a 
promising nose-to-brain therapy for multi-infarct dementia. Egypt J 
Neurol Psychiatr Neurosurg. 2023;59:13.

	 36.	 Razani E, Pourbagheri-Sigaroodi A, Safaroghli-Azar A, Zoghi A, 
Shanaki-Bavarsad M, Bashash D. The PI3K/Akt signaling axis in Alzhei-
mer’s disease: a valuable target to stimulate or suppress? Cell Stress 
Chaperones. 2021;26:871–87.

	 37.	 Yarns BC, Holiday KA, Carlson DM, Cosgrove CK, Melrose RJ. 
Pathophysiology of Alzheimer’s disease. Psychiatr Clin North Am. 
2022;45:663–76.

	 38.	 Yang W, Liu Y, Xu Q-Q, Xian Y-F, Lin Z-X. Sulforaphene ameliorates 
neuroinflammation and hyperphosphorylated tau protein via 
regulating the PI3K/Akt/GSK-3β pathway in experimental models of 
Alzheimer’s disease. Oxid Med Cell Longev. 2020;2020:4754195.

	 39.	 de Liyis BG, Halim W, Widyadharma IPE. Potential role of recombinant 
growth differentiation factor 11 in Alzheimer’s disease treatment. 
Egypt J Neurol Psychiatr Neurosurg. 2022;58:49.

	 40.	 Prince M, Bryce R, Albanese E, Wimo A, Ribeiro W, Ferri CP. The global 
prevalence of dementia: a systematic review and metaanalysis. 
Alzheimers Dement. 2013;9:63-75.e2.

	 41.	 Cummings J, Lee G, Ritter A, Sabbagh M, Zhong K. Alzheimer’s 
disease drug development pipeline: 2019. Alzheimers Dement (N Y). 
2019;5:272–93.

	 42.	 Busche MA, Hyman BT. Synergy between amyloid-β and tau in Alzhei-
mer’s disease. Nat Neurosci. 2020;23:1183–93.

	 43.	 Yiannopoulou KG, Papageorgiou SG. Current and future treatments for 
Alzheimer’s disease. Ther Adv Neurol Disord. 2013;6:19–33.

	 44.	 Gibbons GS, Banks RA, Kim B, Xu H, Changolkar L, Leight SN, et al. GFP-
mutant human tau transgenic mice develop tauopathy following CNS 
injections of Alzheimer’s brain-derived pathological tau or synthetic 
mutant human tau fibrils. J Neurosci. 2017;37:11485–94.

	 45.	 Baker S, Polanco JC, Götz J. Extracellular vesicles containing P301L 
mutant tau accelerate pathological tau phosphorylation and oligomer 
formation but do not seed mature neurofibrillary tangles in ALZ17 
mice. J Alzheimer’s Dis. 2016;54:1207–17.

	 46.	 Xia Y, Prokop S, Giasson BI. “Don’t Phos Over Tau”: recent developments 
in clinical biomarkers and therapies targeting tau phosphorylation in 
Alzheimer’s disease and other tauopathies. Mol Neurodegeneration. 
2021;16:1–19.

	 47.	 Dolan PJ, Johnson GVW. The role of tau kinases in Alzheimer’s disease. 
Curr Opin Drug Discov Devel. 2010;13:595.

	 48.	 Ait-Bouziad N, Chiki A, Limorenko G, Xiao S, Eliezer D, Lashuel HA. 
Phosphorylation of the overlooked tyrosine 310 regulates the structure, 
aggregation, and microtubule- and lipid-binding properties of Tau. J 
Biol Chem. 2020;295:7905.

	 49.	 Yadikar H, Torres I, Aiello G, Kurup M, Yang Z, Lin F, et al. Screening of 
tau protein kinase inhibitors in a tauopathy-relevant cell-based model 
of tau hyperphosphorylation and oligomerization. PLoS ONE. 2020;15: 
e0224952.

	 50.	 Lebouvier T, Scales TME, Hanger DP, Geahlen RL, Lardeux B, Reynolds 
CH, et al. The microtubule-associated protein tau is phosphoryl-
ated by Syk. Biochimica et Biophysica Acta (BBA) Mol Cell Res. 
2008;1783:188–92.

	 51.	 Yamamoto H, Hiragami Y, Murayama M, Ishizuka K, Kawahara M, 
Takashima A. Phosphorylation of tau at serine 416 by Ca2+/calmodu-
lin-dependent protein kinase II in neuronal soma in brain. J Neuro-
chem. 2005;94:1438–47.

	 52.	 Drewes G, Trinczek B, Illenberger S, Biernat J, Schmitt-Ulms G, Meyer HE, 
et al. Microtubule-associated protein/microtubule affinity-regulating 
kinase (p110mark). A novel protein kinase that regulates tau-microtu-
bule interactions and dynamic instability by phosphorylation at the 
Alzheimer-specific site serine 262. J Biol Chem. 1995;270:7679–88.

	 53.	 Jicha GA, Weaver C, Lane E, Vianna C, Kress Y, Rockwood J, et al. cAMP-
dependent protein kinase phosphorylations on tau in Alzheimer’s 
disease. J Neurosci. 1999;19:7486–94.

	 54.	 Gu J, Chu D, Jin N, Chen F, Liu F. Cyclic AMP-dependent protein kinase 
phosphorylates TDP-43 and modulates its function in tau mRNA pro-
cessing. J Alzheimers Dis. 2019;70:1093–102.

	 55.	 Hanger DP, Lau DHW, Phillips EC, Bondulich MK, Guo T, Woodward BW, 
et al. Intracellular and extracellular roles for tau in neurodegenerative 
disease. J Alzheimers Dis. 2014;40(Suppl 1):S37-45.

	 56.	 Lauretti E, Dincer O, Praticò D. Glycogen synthase kinase-3 signaling in 
Alzheimer’s disease. Biochimica et Biophysica Acta (BBA) Mol Cell Res. 
2020;1867:118664.

	 57.	 Song W-J, Song E-AC, Jung M-S, Choi S-H, Baik H-H, Jin BK, et al. Phos-
phorylation and inactivation of glycogen synthase kinase 3β (GSK3β) 
by dual-specificity tyrosine phosphorylation-regulated kinase 1A 
(Dyrk1A). J Biol Chem. 2015;290:2321–33.

	 58.	 Deng S, Nie Z, Peng P, Liu Y, Xing S, Long L, et al. Decrease of GSK3β 
Ser-9 phosphorylation induced osteoblast apoptosis in rat osteoarthri-
tis model. Curr Med Sci. 2019;39:75–80.

	 59.	 Dummler BA, Hemmings BA. Protein Kinase B. In: Lennarz WJ, Lane 
MDBT-E of BC (eds). New York: Elsevier, 2004, pp. 516–522.

	 60.	 Wadhwa B, Makhdoomi U, Vishwakarma R, Malik F. Protein kinase B: 
emerging mechanisms of isoform-specific regulation of cellular signal-
ing in cancer. Anticancer Drugs. 2017;28:569.

	 61.	 Revathidevi S, Munirajan AK. Akt in cancer: mediator and more. Semin 
Cancer Biol. 2019;59:80–91.

	 62.	 Levenga J, Wong H, Milstead RA, Keller BN, LaPlante LE, Hoeffer CA. AKT 
isoforms have distinct hippocampal expression and roles in synaptic 
plasticity. Elife. 2017. https://​doi.​org/​10.​7554/​eLife.​30640.

https://doi.org/10.3390/cells11162607
https://doi.org/10.3390/molecules28041889
https://doi.org/10.1080/1028415X20181504428
https://doi.org/10.1080/1028415X20181504428
https://doi.org/10.3390/biom11030423
https://doi.org/10.3390/biomedicines9070747
https://doi.org/10.3390/biomedicines9070747
https://doi.org/10.7554/eLife.30640


Page 13 of 14Limantoro et al. Egypt J Neurol Psychiatry Neurosurg          (2023) 59:147 	

	 63.	 Gabbouj S, Ryhänen S, Marttinen M, Wittrahm R, Takalo M, Kemppainen 
S, et al. Altered insulin signaling in Alzheimer’s disease brain—special 
emphasis on PI3K-Akt pathway. Front Neurosci. 2019;13:629.

	 64.	 Yi JH, Baek SJ, Heo S, Park HJ, Kwon H, Lee S, et al. Direct pharmacologi-
cal Akt activation rescues Alzheimer’s disease like memory impairments 
and aberrant synaptic plasticity. Neuropharmacology. 2018;128:282–92.

	 65.	 Manning BD, Toker A. AKT/PKB signaling: navigating the network. Cell. 
2017;169:381–405.

	 66.	 Zhang Z, Yao L, Yang J, Wang Z, Du G. PI3K/Akt and HIF-1 signaling 
pathway in hypoxia-ischemia (Review). Mol Med Rep. 2018;18:3547–54.

	 67.	 Wang Y, Lin Y, Wang L, Zhan H, Luo X, Zeng Y, et al. TREM2 ameliorates 
neuroinflammatory response and cognitive impairment via PI3K/
AKT/FoxO3a signaling pathway in Alzheimer’s disease mice. Aging. 
2020;12:20862–79.

	 68.	 Long H-Z, Cheng Y, Zhou Z-W, Luo H-Y, Wen D-D, Gao L-C. PI3K/AKT 
signal pathway: a target of natural products in the prevention and 
treatment of Alzheimer’s disease and Parkinson’s disease. Front Pharma-
col. 2021;12: 648636.

	 69.	 Sędzikowska A, Szablewski L. Insulin and insulin resistance in Alzhei-
mer’s disease. Int J Mol Sci. 2021. https://​doi.​org/​10.​3390/​ijms2​21899​87.

	 70.	 Hemmings BA, Restuccia DF. PI3K-PKB/Akt pathway. Cold Spring Harb 
Perspect Biol. 2012;4: a011189.

	 71.	 Alessi DR, Cohen P. Mechanism of activation and function of protein 
kinase B. Curr Opin Genet Dev. 1998;8:55–62.

	 72.	 Freland L, Beaulieu J-M. Inhibition of GSK3 by lithium, from single 
molecules to signaling networks. Front Mol Neurosci. 2012;5:14.

	 73.	 Endo H, Nito C, Kamada H, Nishi T, Chan PH. Activation of the Akt/
GSK3β signaling pathway mediates survival of vulnerable hippocampal 
neurons after transient global cerebral ischemia in rats. J Cereb Blood 
Flow Metab. 2006;26:1479–89.

	 74.	 Beurel E, Grieco SF, Jope RS. Glycogen synthase kinase-3 (GSK3): regula-
tion, actions, and diseases. Pharmacol Ther. 2015;148:114–31.

	 75.	 Hanger DP, Hughes K, Woodgett JR, Brion JP, Anderton BH. Glycogen 
synthase kinase-3 induces Alzheimer’s disease-like phosphorylation 
of tau: generation of paired helical filament epitopes and neuronal 
localisation of the kinase. Neurosci Lett. 1992;147:58–62.

	 76.	 Mandelkow EM, Drewes G, Biernat J, Gustke N, Van Lint J, Vandenheede 
JR, et al. Glycogen synthase kinase-3 and the Alzheimer-like state of 
microtubule-associated protein tau. FEBS Lett. 1992;314:315–21.

	 77.	 Grabinski T, Kanaan NM. Novel non-phosphorylated serine 9/21 
GSK3β/α antibodies: expanding the tools for studying GSK3 regulation. 
Front Mol Neurosci. 2016. https://​doi.​org/​10.​3389/​fnmol.​2016.​00123.

	 78.	 Frame S, Cohen P, Biondi RM. A common phosphate binding site 
explains the unique substrate specificity of GSK3 and its inactivation by 
phosphorylation. Mol Cell. 2001;7:1321–7.

	 79.	 Gozdz A, Nikolaienko O, Urbanska M, Cymerman IA, Sitkiewicz E, 
Blazejczyk M, et al. GSK3α and GSK3β phosphorylate arc and regulate 
its degradation. Front Mol Neurosci. 2017;10: 263093.

	 80.	 Luo J. The role of GSK3beta in the development of the central nervous 
system. Front Biol (Beijing). 2012;7:212–20.

	 81.	 Lee SJ, Chung YH, Joo KM, Lim HC, Jeon GS, Kim D, et al. Age-related 
changes in glycogen synthase kinase 3beta (GSK3beta) immunoreactiv-
ity in the central nervous system of rats. Neurosci Lett. 2006;409:134–9.

	 82.	 Toral-Rios D, Pichardo-Rojas PS, Alonso-Vanegas M, Campos-Peña V. 
GSK3β and tau protein in Alzheimer’s disease and epilepsy. Front Cell 
Neurosci. 2020. https://​doi.​org/​10.​3389/​FNCEL.​2020.​00019.

	 83.	 Sayas CL, Ávila J. GSK-3 and Tau: a key duet in Alzheimer’s disease. Cells. 
2021;10:721.

	 84.	 Zhou Q, Li S, Li M, Ke D, Wang Q, Yang Y, et al. Human tau accumulation 
promotes glycogen synthase kinase-3β acetylation and thus upregu-
lates the kinase: a vicious cycle in Alzheimer neurodegeneration. 
EBioMedicine. 2022. https://​doi.​org/​10.​1016/j.​ebiom.​2022.​103970.

	 85.	 Jembrek MJ, Babić M, Pivac N, Hof PR, Šimić G. Hyperphosphoryla-
tion of tau by GSK-3β in Alzheimer’s disease: the interaction of Aβ 
and sphingolipid mediators as a therapeutic target. Transl Neurosci. 
2013;4:466–76.

	 86.	 Li B, Ryder J, Su Y, Moore SA, Liu F, Solenberg P, et al. Overexpression 
of GSK3β S9A resulted in tau hyperphosphorylation and morphology 
reminiscent of pretangle-like neurons in the brain of PDGSK3β trans-
genic mice. Transgenic Res. 2004;13:385–96.

	 87.	 Cortés-Gómez MÁ, Llorens-Álvarez E, Alom J, del Ser T, Avila J, Sáez-
Valero J, et al. Tau phosphorylation by glycogen synthase kinase 3β 
modulates enzyme acetylcholinesterase expression. J Neurochem. 
2021;157:2091–105.

	 88.	 Reddy PH. Amyloid beta-induced glycogen synthase kinase 3β 
phosphorylated VDAC1 in Alzheimer’s disease: implications for 
synaptic dysfunction and neuronal damage. Biochim Biophys Acta. 
2013;1832:1913–21.

	 89.	 Harris ME, Hensley K, Butterfield DA, Leedle RA, Carney JM. Direct 
evidence of oxidative injury produced by the Alzheimer’s β-Amyloid 
peptide (1–40) in cultured hippocampal neurons. Exp Neurol. 
1995;131:193–202.

	 90.	 Ma C, Hong F, Yang S. Amyloidosis in Alzheimer’s disease: pathogeny, 
etiology, and related therapeutic directions. Molecules. 2022. https://​
doi.​org/​10.​3390/​MOLEC​ULES2​70412​10.

	 91.	 Bayer TA, Wirths O. Intracellular accumulation of amyloid-beta—a pre-
dictor for synaptic dysfunction and neuron loss in Alzheimer’s disease. 
Front Aging Neurosci. 2010;2:1359.

	 92.	 Sehar U, Rawat P, Reddy AP, Kopel J, Reddy PH. Amyloid beta in aging 
and Alzheimer’s disease. Int J Mol Sci. 2022;23:12924.

	 93.	 Cortés-Vieyra R, Silva-García O, Gómez-García A, Gutiérrez-Castellanos 
S, Álvarez-Aguilar C, Baizabal-Aguirre VM. Glycogen synthase kinase 3β 
modulates the inflammatory response activated by bacteria, viruses, 
and parasites. Front Immunol. 2021;12: 675751.

	 94.	 Xu M, Lantz MJ, Nichols RA, Li QX. Anti-neuroinflammatory effects of a 
semi-synthetic isoorientin-based glycogen synthase kinase-3β inhibitor 
in lipopolysaccharide-activated microglial cells. ACS Chem Neurosci. 
2022;13:43–52.

	 95.	 Md Zain Z, Vidyadaran S, Hassan M. gsk3 inhibition reduces inflamma-
tory responses of microglia and upregulates il-10 production. Malaysian 
J Med Health Sci. 2017;13:1–8.

	 96.	 Wang MJ, Huang HY, Chen WF, Chang HF, Kuo JS. Glycogen synthase 
kinase-3β inactivation inhibits tumor necrosis factor-α production in 
microglia by modulating nuclear factor κB and MLK3/JNK signaling 
cascades. J Neuroinflammation. 2010;7:1–18.

	 97.	 Tang W, Li B, Chen S, Lu Y, Han N, Li X, et al. Increased GSK-3β expres-
sion in DRG microglia in response to sciatic nerve crush. Acta Biochim 
Biophys Sin (Shanghai). 2022;48:581–3.

	 98.	 Tang W, Li B, Chen S, Lu Y, Han N, Li X, et al. Increased GSK-3β expres-
sion in DRG microglia in response to sciatic nerve crush. Acta Biochim 
Biophys Sin (Shanghai). 2016;48:581–3.

	 99.	 Maixner DW, Weng H-R. The role of glycogen synthase kinase 3 beta 
in neuroinflammation and pain. J Pharm Pharmacol (Los Angel). 
2013;1:001.

	100.	 Koistinaho J, Malm T, Goldsteins G. Glycogen synthase kinase-3β: a 
mediator of inflammation in Alzheimer’s disease? Int J Alzheimers Dis. 
2011. https://​doi.​org/​10.​4061/​2011/​129753.

	101.	 Guo W, Murthy AC, Zhang L, Johnson EB, Schaller EG, Allan AM, et al. 
Inhibition of GSK3β improves hippocampus-dependent learning and 
rescues neurogenesis in a mouse model of fragile X syndrome. Hum 
Mol Genet. 2012;21:681.

	102.	 Morales-Garcia JA, Luna-Medina R, Alonso-Gil S, Sanz-Sancristobal M, 
Palomo V, Gil C, et al. Glycogen synthase kinase 3 inhibition promotes 
adult hippocampal neurogenesis in vitro and in vivo. ACS Chem Neuro-
sci. 2012;3:963–71.

	103.	 Liu F, Tian N, Zhang HQ, Li SH, Zhou QZ, Yang Y, et al. GSK-3β activation 
accelerates early-stage consumption of Hippocampal Neurogenesis in 
senescent mice. Theranostics. 2020;10:9674.

	104.	 Abbah J, Vacher CM, Goldstein EZ, Li Z, Kundu S, Talbot B, et al. Oxida-
tive stress-induced damage to the developing hippocampus is medi-
ated by GSK3β. J Neurosci. 2022;42:4812–27.

	105.	 Peineau S, Bradley C, Taghibiglou C, Doherty A, Bortolotto ZA, Wang 
YT, et al. The role of GSK-3 in synaptic plasticity. Br J Pharmacol. 
2008;153:S428.

	106.	 Liu E, Xie AJ, Zhou Q, Li M, Zhang S, Li S, et al. GSK-3β deletion in den-
tate gyrus excitatory neuron impairs synaptic plasticity and memory. 
Sci Rep. 2017;7:1–11.

	107.	 Xing B, Li YC, Gao WJ. GSK3β hyperactivity during an early critical period 
impairs prefrontal synaptic plasticity and induces lasting deficits in 
spine morphology and working memory. Neuropsychopharmacology. 
2016;41:3003–15.

https://doi.org/10.3390/ijms22189987
https://doi.org/10.3389/fnmol.2016.00123
https://doi.org/10.3389/FNCEL.2020.00019
https://doi.org/10.1016/j.ebiom.2022.103970
https://doi.org/10.3390/MOLECULES27041210
https://doi.org/10.3390/MOLECULES27041210
https://doi.org/10.4061/2011/129753


Page 14 of 14Limantoro et al. Egypt J Neurol Psychiatry Neurosurg          (2023) 59:147 

	108.	 Marosi M, Arman P, Aceto G, D’Ascenzo M, Laezza F. Glycogen synthase 
kinase 3: ion channels, plasticity, and diseases. Int J Mol Sci. 2022;23:4413.

	109.	 Cymerman IA, Gozdz A, Urbanska M, Milek J, Dziembowska M, Jaworski J. 
Structural plasticity of dendritic spines requires GSK3α and GSK3β. PLoS 
ONE. 2015;10: e0134018.

	110.	 Bradley CA, Peineau S, Taghibiglou C, Nicolas CS, Whitcomb DJ, Bortolotto 
ZA, et al. A pivotal role of GSK-3 in synaptic plasticity. Front Mol Neurosci. 
2012. https://​doi.​org/​10.​3389/​FNMOL.​2012.​00013/​PDF.

	111.	 Kondratiuk I, Łęski S, Urbańska M, Biecek P, Devijver H, Lechat B, et al. GSK-3β 
and MMP-9 cooperate in the control of dendritic spine morphology. Mol 
Neurobiol. 2017;54:200–11.

	112.	 Dunning CJ, McGauran G, Willén K, Gouras GK, O’Connell DJ, Linse S. Direct 
high affinity interaction between Aβ42 and GSK3α stimulates hyper-
phosphorylation of tau. A new molecular link in Alzheimer’s disease? ACS 
Chem Neurosci. 2016;7:161–70.

	113.	 Koike H, Tomioka S, Sorimachi H, Saido TC, Maruyama K, Okuyama A, et al. 
Membrane-anchored metalloprotease MDC9 has an alpha-secretase 
activity responsible for processing the amyloid precursor protein. Bio-
chem J. 1999;343(Pt 2):371–5.

	114.	 Uemura K, Kuzuya A, Shimozono Y, Aoyagi N, Ando K, Shimohama S, et al. 
GSK3beta activity modifies the localization and function of presenilin 1. J 
Biol Chem. 2007;282:15823–32.

	115.	 Cai Z, Zhao Y, Zhao B. Roles of glycogen synthase kinase 3 in Alzheimer’s 
disease. Curr Alzheimer Res. 2012;9:864–79.

	116.	 Toral-Rios D, Pichardo-Rojas PS, Alonso-Vanegas M, Campos-Peña V. GSK3β 
and tau protein in Alzheimer’s disease and epilepsy. Front Cell Neurosci. 
14.

	117.	 Avila J, Santa-María I, Pérez M, Hernández F, Moreno F. Tau phosphorylation, 
aggregation, and cell toxicity. J Biomed Biotechnol. 2006;2006:74539.

	118.	 Muyllaert D, Kremer A, Jaworski T, Borghgraef P, Devijver H, Croes S, et al. 
Glycogen synthase kinase-3beta, or a link between amyloid and tau 
pathology? Genes Brain Behav. 2008;7(Suppl 1):57–66.

	119.	 Martin L, Latypova X, Wilson CM, Magnaudeix A, Perrin M-L, Yardin C, et al. 
Tau protein kinases: involvement in Alzheimer’s disease. Ageing Res Rev. 
2013;12:289–309.

	120.	 Hanger DP, Anderton BH, Noble W. Tau phosphorylation: the therapeutic 
challenge for neurodegenerative disease. Trends Mol Med. 2009;15:112–9.

	121.	 Lucas JJ, Hernández F, Gómez-Ramos P, Morán MA, Hen R, Avila J. Decreased 
nuclear beta-catenin, tau hyperphosphorylation and neurodegeneration 
in GSK-3beta conditional transgenic mice. EMBO J. 2001;20:27–39.

	122.	 Amaral AC, Perez-Nievas BG, Siao Tick Chong M, Gonzalez-Martinez A, 
Argente-Escrig H, Rubio-Guerra S, et al. Isoform-selective decrease of gly-
cogen synthase kinase-3-beta (GSK-3β) reduces synaptic tau phosphoryl-
ation, transcellular spreading, and aggregation. iScience. 2021;24:102058.

	123.	 Sayas CL, Ávila J. GSK-3 and tau: a key duet in Alzheimer’s disease. Cells. 2021. 
https://​doi.​org/​10.​3390/​cells​10040​721.

	124.	 Ittner LM, Ke YD, Götz J. Phosphorylated Tau interacts with c-Jun N-terminal 
kinase-interacting protein 1 (JIP1) in Alzheimer disease. J Biol Chem. 
2009;284:20909–16.

	125.	 LaPointe NE, Morfini G, Pigino G, Gaisina IN, Kozikowski AP, Binder LI, et al. 
The amino terminus of tau inhibits kinesin-dependent axonal transport: 
implications for filament toxicity. J Neurosci Res. 2009;87:440–51.

	126.	 Llorens-Martín M, López-Doménech G, Soriano E, Avila J. GSK3β is involved in 
the relief of mitochondria pausing in a tau-dependent manner. PLoS ONE. 
2011;6: e27686.

	127.	 Soutar MPM, Kim W-Y, Williamson R, Peggie M, Hastie CJ, McLauchlan H, et al. 
Evidence that glycogen synthase kinase-3 isoforms have distinct substrate 
preference in the brain. J Neurochem. 2010;115:974–83.

	128.	 Organ SL, Tsao M-S. An overview of the c-MET signaling pathway. Ther Adv 
Med Oncol. 2011;3:S7–19.

	129.	 Hua X, Church K, Walker W, L’Hostis P, Viardot G, Danjou P, et al. Safety, toler-
ability, pharmacokinetics, and pharmacodynamics of the positive modula-
tor of HGF/MET, fosgonimeton, in healthy volunteers and subjects with 
Alzheimer’s disease: randomized, placebo-controlled, double-blind, phase 
I clinical trial. J Alzheimers Dis. 2022;86:1399–413.

	130.	 Tang C, Fang Z, Chu D, Zhang L, Tang Y, Zhou J, et al. Pharmacodynamics, 
network pharmacology, and pharmacokinetics of Chinese medicine 
formula 9002A in the treatment of Alzheimer’s disease. Front Pharmacol. 
2022;13: 849994.

	131.	 Wang Y-B, Xie J-Q, Liu W, Zhang R-Z, Huang S-H, Xing Y-H. BACE1 gene 
silencing alleviates isoflurane anesthesia-induced postoperative cognitive 

dysfunction in immature rats by activating the PI3K/Akt signaling path-
way. Mol Med Rep. 2018;18:4259–70.

	132.	 Albala B, Lai R, Aluri J, Boyd P, Chang M-K, Dayal S, et al. Elenbecestat 
pharmacokinetic drug drug interactions indicated no dosage adjust-
ments required for most concomitant treatments. Alzheimer’s Dementia. 
2017;13:P605–6.

	133.	 Neumann U, Ufer M, Jacobson LH, Rouzade-Dominguez M-L, Huledal G, 
Kolly C, et al. The BACE-1 inhibitor CNP520 for prevention trials in Alzhei-
mer’s disease. EMBO Mol Med. 2018. https://​doi.​org/​10.​15252/​emmm.​
20180​9316.

	134.	 Xia Y, Prokop S, Giasson BI. “Don’t Phos Over Tau”: recent developments in 
clinical biomarkers and therapies targeting tau phosphorylation in Alzhei-
mer’s disease and other tauopathies. Mol Neurodegener. 2021;16:37.

	135.	 Moreira JBN, Wohlwend M, Alves MNM, Wisløff U, Bye A. A small molecule 
activator of AKT does not reduce ischemic injury of the rat heart. J Transl 
Med. 2015;13:76.

	136.	 Kumar BH, Prasada KS, Pai SR. Identification of Akt activators for the treat-
ment of Alzheimer’s disease: an In-silico approach. Alzheimer’s Dementia. 
2021;17: e058494.

	137.	 Xu Y, Gao Y-W, Yang Y. SC79 protects dopaminergic neurons from oxidative 
stress. Oncotarget. 2018;9:12639–48.

	138.	 Miao R, Fang X, Wei J, Wu H, Wang X, Tian J. Akt: a potential drug target for 
metabolic syndrome. Front Physiol. 2022;13: 822333.

	139.	 He F, Antonucci L, Yamachika S, Zhang Z, Taniguchi K, Umemura A, et al. 
NRF2 activates growth factor genes and downstream AKT signaling to 
induce mouse and human hepatomegaly. J Hepatol. 2020;72:1182–95.

	140.	 Landel I, Quambusch L, Depta L, Rauh D. Spotlight on AKT: current therapeu-
tic challenges. ACS Med Chem Lett. 2020;11:225–7.

	141.	 Fan X, Xiong H, Wei J, Gao X, Feng Y, Liu X, et al. Cytoplasmic hnRNPK inter-
acts with GSK3β and is essential for the osteoclast differentiation. Sci Rep. 
2015;5:17732.

	142.	 Noh M-Y, Koh SH, Kim S-M, Maurice T, Ku S-K, Kim SH. Neuroprotective 
effects of donepezil against Aβ42-induced neuronal toxicity are mediated 
through not only enhancing PP2A activity but also regulating GSK-3β and 
nAChRs activity. J Neurochem. 2013;127:562–74.

	143.	 Takada-Takatori Y, Kume T, Sugimoto M, Katsuki H, Sugimoto H, Akaike A. 
Acetylcholinesterase inhibitors used in treatment of Alzheimer’s disease 
prevent glutamate neurotoxicity via nicotinic acetylcholine recep-
tors and phosphatidylinositol 3-kinase cascade. Neuropharmacology. 
2006;51:474–86.

	144.	 Arias E, Gallego-Sandín S, Villarroya M, García AG, López MG. Unequal neu-
roprotection afforded by the acetylcholinesterase inhibitors galantamine, 
donepezil, and rivastigmine in SH-SY5Y neuroblastoma cells: role of 
nicotinic receptors. J Pharmacol Exp Ther. 2005;315:1346 LP – 1353.

	145.	 Koh S-H, Noh MY, Kim SH. Amyloid-beta-induced neurotoxicity is reduced by 
inhibition of glycogen synthase kinase-3. Brain Res. 2008;1188:254–62.

	146.	 Park H-H, Lee K-Y, Kim S, Lee JW, Choi N-Y, Lee E-H, et al. Novel vaccine 
peptide GV1001 effectively blocks β-amyloid toxicity by mimicking the 
extra-telomeric functions of human telomerase reverse transcriptase. 
Neurobiol Aging. 2014;35:1255–74.

	147.	 Kumar A, Sidhu J, Goyal A, Tsao JW. Alzheimer Disease. Treasure Island (FL), 
2022.

	148.	 Yu H-J, Koh S-H. The role of PI3K/AKT pathway and its therapeutic possibility 
in Alzheimer’s disease. hmr. 2017;37:18–24.

	149.	 Mohamed WA, Salama RM, Schaalan MF. A pilot study on the effect of lacto-
ferrin on Alzheimer’s disease pathological sequelae: impact of the p-Akt/
PTEN pathway. Biomed Pharmacother. 2019;111:714–23.

	150.	 Sancheti H, Akopian G, Yin F, Brinton RD, Walsh JP, Cadenas E. Age-depend-
ent modulation of synaptic plasticity and insulin mimetic effect of lipoic 
acid on a mouse model of Alzheimer’s disease. PLoS ONE. 2013;8: e69830.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3389/FNMOL.2012.00013/PDF
https://doi.org/10.3390/cells10040721
https://doi.org/10.15252/emmm.201809316
https://doi.org/10.15252/emmm.201809316

	Akt signaling pathway: a potential therapy for Alzheimer’s disease through glycogen synthase kinase 3 beta inhibition
	Abstract 
	Introduction
	Alzheimer’s overview
	Protein kinase B overview
	AKT signaling in Alzheimer’s disease
	Dose relationship
	Potential benefits and risks
	Clinical effects and comparisons

	Conclusion
	Limitations of the study
	Implications and directions for future research

	Discussion
	Acknowledgements
	References


