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Abstract

Insulin is an anabolic hormone involved in the regulation of several processes, such as
the storage of glucose into glycogen, decrease of glucose output, stimulation of glucose
transport into cells, etc. The hormone binds to its receptor, thereby activating an intra-
cellular signaling cascade. Once activated, the insulin receptor (INSR) phosphorylates
multiple intracellular substrates, which initiate the downstream signaling pathway. The
nature of insulin signaling pathways may vary depending on the organ or tissue. In the
central nervous system (CNS), INSRs are expressed in all cell types. This observation may
suggest that insulin signaling is involved in important and diverse processes. It regulates
glucose metabolism, supports cognitive functions, enhances the outgrowth of neurons,
as well as plays a role in the modulation of release and uptake of catecholamine, among
other roles. Importantly, insulin can freely cross the blood-brain barrier (BBB) from the
circulation and is also synthesized locally within the brain. Insulin resistance (IR) impairs
insulin signaling, which may accelerate brain aging, affect plasticity, and potentially con-
tribute to neurodegeneration. Dysregulation of insulin signaling has been implicated in
several diseases, including diabetes mellitus, metabolic syndrome, certain cancers, and
neurodegenerative diseases, such as Alzheimer’s disease. There are two principal insulin
signaling pathways: the PI3K/AKT pathway, primarily associated with metabolic effects,
and the MAPK pathway, which is involved in cell growth, survival, and gene expression.
Our review describes the role of insulin in the human brain, as well as the disturbances
in insulin signaling resulting from brain insulin resistance, with a particular focus on its
association with Alzheimer’s disease.

Keywords: insulin resistance; insulin signaling pathways; PI3K/AKT signaling pathway;
MAPK signaling pathway; Alzheimer’s disease

1. Introduction

There are several definitions of IR. Most often, it is described as a decreased respon-
siveness of target cells to physiological levels of insulin. An observed effect of IR is a
prolonged decrease in elevated blood glucose levels due to a particular concentration of
insulin. Thus, IR causes the lowering of blood glucose to physiological levels, requiring
increased amounts of insulin. This condition, known as hyperinsulinemia, develops in
parallel with the onset of IR. Insulin is an anabolic hormone, mainly secreted by (3-cells in
the islets of Langerhans in the pancreas. However, the physiological function of insulin
is usually seen in the process of glucose homeostasis, when it exerts a broad range of
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pleiotropic effects. Insulin signaling pathways are the most important biochemical path-
ways. They are involved in the regulation of some important processes, such as glucose
and lipid metabolism, protein synthesis, cell proliferation, cell growth, differentiation,
and apoptosis. Insulin promotes glucose homeostasis and metabolism. It regulates blood
glucose levels and stimulates the storage of glucose as glycogen in organs such as the liver,
muscles, and adipose tissue. Insulin also facilitates glucose transport into cells through the
translocation of GLUT4 from intracellular compartments into the cell membrane [1,2].

Insulin exerts its effects by binding to the insulin receptor (INSR), located on the
plasma membrane of target cells. Insulin binds to the INSR that belongs to the recep-
tor tyrosine kinase superfamily, initiating the intracellular signaling pathway. There are
two primary insulin signaling pathways. An activated receptor can phosphorylate a
number of intracellular substrates, such as insulin receptor substrate (IRS) protein, or
SH3-containing protein (SHC), which are associated with signaling pathways. The ac-
tivation of phosphatidylinositol-3-kinase (PI3K), due to phosphorylation of tyrosine in
some substrates, causes the activation of the serine/threonine-specific protein kinase B
(AKT). The activation of INSR by insulin also initiates the second primary pathway, the
mitogen-activated protein kinase (MAPK) pathway. The insulin signaling pathway may
differ in dependence on role of insulin in particular tissues/organs. Normal fasting insulin
levels range between 2.55 and 18.4 ulU/mL. Concentrations below 2.55 pIU/mL indicate
hypoinsulinemia, whereas levels above 18.4 ulU/mL indicate hyperinsulinemia. Both
reduced and excessive insulin levels have been associated with pathological conditions,
including cancers [3], type 2 diabetes mellitus, cardiovascular disease, metabolic syndrome,
and hypertension [4]. Furthermore, hyperinsulinemia contributes to the development of
neurodegenerative diseases [5-7]. Performed clinical and basic research revealed the role
of hormones in the pathogenesis of numerous diseases. On the other hand, many aspects
of these associations require further investigations [1].

2. The Role of Insulin in the Human Central Nervous System

In medical textbooks published over 30 years ago, the brain was described as an
“insulin insensitive organ” [6]. However, subsequent observations revealed the presence of
insulin, as well as its receptors in the CNS [8-10]. While insulin was traditionally believed
to be produced exclusively by pancreatic 3-cells, more recent studies have identified low
levels of insulin in certain CNS neurons [11]. Its levels in the cerebrospinal fluid (CSF) are
much lower as compared to the plasma [12]. Obtained results suggest that the majority of
insulin found in the brain is derived from the circulation of insulin secreted by pancreatic
(3-cells [13]. Molecules smaller than ~400 Da can diffuse passively across the blood-brain
barrier (BBB). With a molecular weight of 5.8 kDa, insulin is too large to cross via passive
diffusion. Therefore, its crossing of the BBB is associated with active transport mechanisms
to enter the brain. The crossing of insulin via the BBB from the circulation to the brain
is associated with the presence of the capillary endothelial cells of the BBB and is due to
a selective, saturable, receptor-dependent mechanism [14,15]. It has also been proposed
that insulin may bypass the BBB through direct neuroanatomical connections between the
olfactory nerves and the brain [16].

2.1. Insulin Signaling Pathway in the Healthy Brain

Insulin plays several distinct roles in the brain. It regulates the metabolism of glu-
cose, proteins, and lipids; contributes to neural development and neuronal activity; and
participates in learning and memory processes. It is also involved in glucose and energy
homeostasis [17]. Insulin enhances cognitive functions, including learning and memory,
and particularly verbal memory [18]. For cognitive function, insulin signaling in the limbic
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system and the hypothalamus is very important [19]. These functions may be associ-
ated with the modulation of concentrations of neurotransmitters involved in cognition by
insulin, such as acetylcholine [20]. Beyond metabolic regulation, insulin influences brain-
specific processes, including synaptic plasticity, age-related neurodegeneration, executive
function, apoptosis, cerebral blood flow, and glial inflammatory responses. Its role is also
associated with 3-amyloid (AB) peptide clearance and tau protein phosphorylation. It
also regulates neurotransmission. This action is due to the modulation of glutamatergic
and GABAergic receptor trafficking, processes that are central to synaptic plasticity and
memory formation [21].

Two principal insulin signaling pathways mediate its functions in the brain. The
PIBK/AKT pathway regulates cell growth, differentiation, neuronal survival, learning,
memory, and synaptic plasticity. The MAPK pathway, in turn, is primarily involved in
memory formation and gene expression [5,22,23].

2.1.1. Synthesis of Insulin

Humans possess a single insulin gene, INS, located on chromosome 11 [24]. Insulin is
synthesized primarily in the (3-cells of the islets of Langerhans in the pancreas. Translation
initially produces preproinsulin, which is processed in the rough endoplasmic reticulum.
A signal peptidase cleaves the signal sequence, converting preproinsulin into proinsulin.
The proper folding and stabilization of proinsulin, involving linkage of the semihelical
A domain and helical B domain, are achieved through three disulfide bounds. The next
step, which occurs in the Golgi apparatus, is associated with sorting of proinsulin into
secretory granules. Prohormone convertases PC1/3 and PC2 cleave the C-peptide in the
proinsulin. Then C-terminal basic amino acids are removed from the peptide chains by
carboxypeptidase E, resulting in mature insulin. The final hormone consists of A- and
B-chains linked by disulfide bonds [25].

2.1.2. Characteristics of Insulin Receptor

INSRs are widely distributed in the brain, with the highest density observed in the
olfactory bulb, hypothalamus, hippocampus, cerebral cortex, and cerebellum [26]. The
high level of INSRs in the hippocampus, entorhinal cortex, and frontal cortex suggests
that insulin is involved in learning and memory [27]. The INSR originates from a single
polypeptide precursor (preproreceptor), which undergoes post-translational cleavage by a
furin-like proteolytic enzyme into two subunits, o and 3. These subunits are subsequently
glycosylated, folded, and linked by disulfide bridges, forming a functional homodimer (x2
(32), which is a mature receptor [28-31]. The two x-subunits are connected by disulfide
bridges within the first and second fibronectin type III domains, while the & and 3 subunits
are linked by additional disulfide bonds (Figure 1) [32-36].

Structurally and genetically, the INSR belongs to class II receptor tyrosine kinases [37].
It is a heterotetrameric membrane glycoprotein consisting of two - and two -subunits.
Insulin binds to the extracellular o-subunit, which induces changes leading to dimerization
and activation of the intracellular 3-subunit. Autophosphorylation of tyrosine residues
within the -subunit occurs through the intrinsic tyrosine kinase activity of the receptor.
The autophosphorylated residues play a role as the binding sites for signaling receptor
substrates, which contain Src homology 2 (SH2) domains. The kinases also phosphorylate
these domains, and the activation of these domains may be caused by conformational
changes, starting the intracellular cascade of signal transduction [35].
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Figure 1. The INSR is composed of two extracellular x-subunits, which serve as the insulin-binding
site, and two (-subunits, which mediate signal transduction. Isoform B of INSR also contains a
12-amino acid sequence, whereas isoform A lacks this sequence. These subunits are linked by a
single disulfide bond. Conformational changes in the x-subunits, caused by insulin binding to
the INSR, enable the binding of ATP to the B-subunit. The binding of ATP activates a tyrosine
kinase in the -subunits, causing autophosphorylation of the receptor. The phosphorylated INSR,
in turn, phosphorylates other proteins, which function as insulin receptor substrates. Abbrevia-
tions: CR—cysteine-rich domain, CT—C-terminal region of the 3-subunit, F—fibronectin type III
domain, JM—juxtamembrane, L—leucine-rich region, SS—disulfide bridges, TK—tyrosine kinase,
TM—transmembrane.

In humans, there are two isoforms of INSR. The INSR mRNA undergoes alternative
splicing of exon 11 that codes a 12-amino acid sequence in the C-terminal part of the -
subunit [32,38]. Isoform A (INSR-A) lacks this 12-amino acid sequence, whereas isoform B
(INSR-B) contains it. In the CNS, neurons express the INSR-A, whereas glia predominantly
express INSR-B. Of note, in the periphery, the majority of INSR expression is represented
by the INSR-B isoform. The INSR-A isoform has approximately a 1-2-fold higher affinity
for insulin, as compared to the INSR-B isoform [39]. INSR-A is predominantly expressed in
fetal tissues and in the adult nervous system, and INSR-B is expressed mainly in adipose
tissue, the liver, and skeletal muscle [40,41]. The binding of insulin to INSR causes a large
conformational change in the receptor. This change facilitates autophosphorylation of
INSR and triggers the downstream insulin signaling pathway [32]. The 3-subunit in its
cytoplasmic region contains three domains: a juxtamembrane domain, a tyrosine kinase
domain, and a carboxy-terminal domain. Sites of tyrosine autophosphorylation have been
mapped in all three regions [42,43]. Substrates involved in the insulin signaling pathway
may interact with each domain, but phosphorylation of the three sites within the kinase
domain is important for activation. Observations have revealed that phosphorylated kinase
domains, together with the juxtamembrane domain, enhance transphosphorylation and
activation [2]. The insulin-activated INSR kinase induces autophosphorylation of multiple
tyrosine residues in the intracellular region: phosphor-Y953 (pY953) and pY960 in the
juxtamembrane domain; pY1146, pY1150, and pY1151 in the kinase domain; and pY1316
and pY1322 in the C-terminal domain [32,43-45]. Phosphorylation of these tyrosine residues
provides docking sites for effector and adaptor proteins, leading to phosphorylation-
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mediated signaling cascades [46]. INSR may also be activated by the binding of insulin-like
growth factor-1 (IGF-1) [2], and IGF-1 receptor (IGF-1R) may be activated by insulin.
Initiation of the insulin signaling pathway occurs upon insulin binding to INSR.

2.1.3. Insulin Receptor Substrates

To date, at least nine intracellular substrates of INSR and IGF-1R have been identified.
These substrates belong to the insulin/IGF-1 receptor substrate (IRS) protein family [47-50].
There are also other substrates including GAB-1, DOK1, CBL, SH2B2, SHP2, and various
isoforms of Shc [2,51]. In each substrate, tyrosine residues occur within specific sequence
motifs and undergo phosphorylation. The IRS proteins, Shc, SH2B2, and CBL, are the best
characterized. Each of these docking proteins contains specific domains—IRS proteins and
Shc contain a phosphotyrosine-binding (PTB) domain, while SH2B2 and CBL contain an
SH2 domain (SH2B2, CBL), both of which are involved in receptor interaction [2]. SH2
domains recognize and bind to phosphorylated tyrosine residues on receptor proteins,
particularly in receptor tyrosine kinases (RTKs). PTB domains bind to phosphorylated
tyrosine residues and in a specific sequence context, such as NPXpY/NXXpY. NPXY motifs
of PTB are different from the typical SH2 domain-binding sites. There are six members
of the IRS proteins family, classified as IRS-1, IRS-2, IRS-3, IRS-4, IRS-5 (also known as
DOK4), and IRS-6 (also known as DOKD5) [52]. It is notable that IRS-5 and IRS-6 are DOK
(downstream of tyrosine kinase/docking protein), not classical IRS proteins. There are
seven members of the DOK family (DOK1-7), which play an important role in the receptor
tyrosine kinase signaling pathway as regulatory proteins. DOK4 and DOKS5 are positive
regulators of the MAPK pathway. DOK proteins have similar domain architectures. Based
on sequence homology and functional interaction, they can be distinguished from the
IRS family. In humans, three homologous IRS proteins are expressed: IRS-1, IRS-2, and
IRS-4. The IRS-3 gene is a pseudogene in humans, and therefore no protein is synthesized,
while it is functional in mice [53]. IRS-1 and IRS-2 are widely distributed, whereas IRS-4
expression is more limited and tissue-specific [54]. IRS-4 is expressed in tissue-specific
manner, predominantly in the brain, thymus, kidney, skeletal muscle and embryonic tissues.
Its physiological function still remains elusive. It plays an important role in cell proliferation
and in liver regeneration. Unfortunately, its overexpression is observed in several cancers.
IRS-5 and IRS-6 have limited expression and functions. IRS-5 is expressed in the kidney
and liver. It activates the MAPK pathway. IRS-6 has short structure and a reduced number
of phosphorylation sites; therefore, it has limited signaling capacity. Most insulin effects
are associated with the interaction of IRS-1, IRS-2, and Shc with the INSR [51,55].

2.1.4. The PI3K/AKT Signaling Pathway (Figure 2)

Phosphatidylinositol 3 kinase (PI3K) is a serine/threonine lipid kinase. It contains
two domains: a catalytic subunit (p110), which has three isoforms, and a regulatory sub-
unit (p85), which has eight isoforms [34,56]. Tyrosine phosphorylation of IRS proteins
within specific motifs begins the PI3K/AKT signaling pathway. The activation of this
cascade occurs through the binding of the p85 regulatory subunit to IRS through its two
SH2 domains [57], resulting in the activation of the catalytic domain. The activated p110
domain rapidly phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2), generating
the lipid second messenger phosphatidylinositol (3,4,5) triphosphate (PIP3), which recruits
3-phosphoinositide-dependent protein kinase-1 (PDK1), causing its activation. The acti-
vated PDK-1 phosphorylates AKT, also referred to as protein kinase B (PKB), at threonine
308 [58]; AKT is subsequently phosphorylated at serine 473 in its C-terminal region by
mTORC2 [59]. AKT, originally identified as an oncogene from the Akt8 retrovirus, is
a serine/threonine-specific protein kinase [60]. There are three subtypes of AKT: AKT1,
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expressed in most tissues; AKT2, located in muscles and adipose tissue; and AKT3, predom-
inantly expressed in brain cells; however, its expression is also detected in other organs and
tissues [7,61]. AKT regulates numerous cellular activities, including growth, proliferation,
adhesion, neovascularization, and apoptosis [62]. It can enhance cell survival [63] and
plays an important role in neuron functions, such as metabolism, transcription, protein
synthesis, proliferation, growth, and survival [7].

There are four critical downstream substrates of AKT: mammalian target of rapamycin
(mTOR), glycogen synthase kinase 3 (GSK-3), forkhead box-containing protein, O subfamily
transcription factors (FOXO), and AKT substrate of 160 kDa (AS160) [33]. mTOR is a
serine/threonine kinase involved in the regulation of protein synthesis [64]. It is the main
target of rapamycin, a macrolide antibiotic [7]. There are two complexes which contain
mTOR, mTORC1 and mTORC2, where C is a complex, that is a product of reaction with a
diverse range of proteins. It is a serine/threonine kinase, acting as a nutrient sensor. mTOR
is involved in the protein synthesis, causing phosphorylation of eukaryotic translation
initiation factor 4E-binding protein 1 (4EBP1) and p70 ribosomal protein S6 kinase (p70S6K).
It has also been observed that the mTOR pathway plays a role in neuronal and synaptic
plasticity, which underlies learning and memory performance [65,66]. Based on current
evidence, it has been suggested that the activation of mMTOR may enhance synaptic plasticity
and memory formation [7].

Glycogen synthase kinase (GSK) is a serine/threonine protein kinase that inhibits
glycogen synthase and is involved in several cellular processes, playing a role in multiple
signaling pathways [67]. There are two isoforms of GSK-3: GSK-3«, and GSK-3f3 [68].
The GSK-3f isoform is associated with insulin signaling, glycogenesis, neutrophic factor
signaling, Wnt signaling, neurotransmitter signaling, and microtubule assembly [69].

FOXO, particularly FOXO1, is a nuclear transcription factor which is excluded from
the phosphorylation of AKT. This family of transcription factors controls the expression
of lipogenic and gluconeogenic genes. FOXO1 stimulates the expression of several genes,
such as phosphoenolopyruvate carboxykinase (PEPCK), an important enzyme in gluconeo-
genesis [55] and cyclin G2, which causes the arrest of cell cycle and other genes involved
in insulin-induced mitogenesis [70]. Following the phosphorylation by AKT, FOXO1 is
sequestered in the cytoplasm.

AS160, also called TBC1D4, is a 160 kDa AKT substrate that is involved in insulin-
stimulated glucose transport. AS160 is a GTPase-activating protein. After its phosphoryla-
tion, AS160 regulates the activity of small G proteins known as RAB. These proteins are
important for the regulation of membrane trafficking, through the exchange of GTP for
GDP [71-73] (Figure 2).

There are also multiple other substrates of AKT associated with insulin action.
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Figure 2. The insulin signaling pathway in a healthy human brain [5]. Insulin exerts its effect by bind-
ing to the insulin receptor. There are two primary insulin signaling pathways. An activated receptor
can phosphorylate a number of intracellular substrates, such as insulin receptor substrate proteins
or SH3-containing protein, associated with signaling pathways. The activation of PI3K, due to the
phosphorylation of tyrosine in some substrates, activates the serine/threonine-specific kinase B. An
activated insulin receptor by insulin also initiates the second primary pathway, the mitogen-activated
protein kinase. These two insulin signaling pathways are activated independently; however, they
may crosstalk. For further details, see the text. Abbreviations: AKT/PKB—Serine/threonine protein
kinase, also known as protein kinase B; GSK-3—Glycogen synthase kinase 3; eNOS—Endothelial
nitric oxide synthase; FOXO—Forkhead box O; IRS-1/-2/-3/-4—Insulin receptor substrate—(1, 2,
3, 4); GRB2—Growth factor receptor-bound protein 2; MAPK—Mitogen-activated protein kinase;
MEK—MAPK/ERK kinase; mTOR—mammalian target of rapamycin; NFT—Neurofibrillary tangle;
PIBK—Phosphatidylinositol 3 kinase; RAF—Rapid accelerated fibrosarcoma; RAS—Rat sarcoma;
SHC—SH3-containing protein; SOS—Son-of-sevenless; Tau —Microtubule-associated protein (MAP)
tau (MAPT).

2.1.5. The MAPK Signaling Pathway (Figure 2)

A second essential component of the insulin signaling pathway is the mitogen-
activated protein kinase (MAPK) pathway, also called the GRB2-SOS-RAS-MAPK pathway
(Figure 2). This signaling pathway is activated independently of the PI3K/AKT signal-
ing pathway; however, they may crosstalk. INSR and IRS proteins contain docking sites
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for adaptor molecules with SH2 domains, such as growth factor receptor-bound protein
2 (GRB2) and Src homology 2 domain-containing (SHC). GRB2 is an adaptor protein that
binds to IRS and SHC. GRB2 exists in a complex with son-of-sevenless (SOS), a guanine
nucleotide exchange factor (GEF) for the small G-protein RAS [74]. SOS catalyzes the
switch of membrane-bound RAS from an inactive, GDP-bound form (RAS-GDP) to an
active, GTP-bound form (RAS-GTP) [75]. The activation of RAS may also be facilitated
by GTPase-Activating Proteins (GAPs). The active form of GTP-RAS interacts with and
stimulates downstream effector molecules, such as the serine/threonine kinase RAF, which
phosphorylates and activates MAPK/ERK kinase 1 and 2 (MEK1 and MEK?2). MEK1/2 are
dual-specificity tyrosine/threonine protein kinases. MEK1 and MEK?2 phosphorylate and
activate the MAP kinases Extracellular Signal-Regulated Kinases 1 (ERK1) and 2 (ERK2).
Activated ERK1 and ERK2 are translocated to the cell nucleus, where they phosphorylate
and transcriptionally activate transcription factors such as ELK. The MAPK signaling path-
way is associated with cell division, proliferation, differentiation, protein synthesis, and
cytoskeletal reorganization [2,35,76,77]. ERK is coupled to the cAMP response element-
binding protein (CREB) and activates it. ERK also activates CREB indirectly by the p90
ribosomal S6 kinase (RSK). Its activation induces brain-derived neurotrophic factor (BDNF)-
induced long-term potentiation at dentate gyrus synapses [78]. The activation of MAPK
signaling linked with CREB increases the transcription of specific genes associated with
neuronal survival [79]. For more details, see [2,7,28,32,80,81].

3. Alzheimer’s Disease

Alzheimer’s disease (AD) is a devastating and gradually progressive disorder. It is
the most common cause of dementia [82], accounting for over 60% of all cases [83]. To
date, over 100 types of dementia have been described. One of these is AD, the best-known
form [84]. AD is characterized by memory loss, cognitive decline, and difficulties with daily
activities [85]. The first symptom is usually gradual memory loss; however, other signs may
also occur, such as difficulty finding the right word, recognizing familiar people, or solving
problems [86-88]. AD causes progressive brain degeneration, associated with selective
neuronal loss, reduction of dendritic spines and synapses, impaired neurotransmission,
and increasing isolation of remaining nerve cells [89].

There are two forms of AD: familial or early-onset AD (fAD), which constitutes less
than 5% of all cases. It is diagnosed before the age of 65 and is associated with autosomal
dominant mutations in three major genes: amyloid precursor protein (APP), presenilin
1 (PS1), and presenilin 2 (PS) [90]. The second form of AD is sporadic or late-onset AD
(sAD), which accounts for the vast majority of cases (approximately 95-99%). sAD lacks
a well-defined etiology, but it is suggested that genetic, environmental, behavioral, and
metabolic factors contribute to its development [91]. Sporadic AD is usually diagnosed
after the age of 65, with advanced age being the most prominent risk factor. The most
significant genetic risk factor for sAD is a variation in the apolipoprotein E (APOE-¢) gene,
particularly the APOE isoform. APOE is a lipoprotein secreted by astrocytes that modulates
A transport and lipid /cholesterol metabolism [92,93]. It is also localized throughout the
body, including the liver, adipose tissue, and other organs and tissues. There are three
isoforms of APOE: APOE-¢2, APOE-¢3, and APOE-¢4 [94]. APOE-¢4 increases the risk
of dementia [95] and is involved in the formation of caveolae, which modulates insulin
signaling through its receptor. This action promotes insulin resistance, leading to impaired
insulin signaling, mitochondprial respiration, and glycolysis, ultimately contributing to
dementia. Increased caveolae formation also enhances the Af3 fibrils deposition [96]. APOE
plays a role in cholesterol and A3 homeostasis [97,98]. The presence of two APOE-¢4 alleles
increases AD risk 12-fold, while one allele increases it 3.7-fold [99]; however, the exact risk
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fold numbers for APOE-¢4 carriers are approximate and population dependent. APOE-
¢4 is found in approximately 50-60% of AD patients, suggesting that additional factors
contribute to disease development [89]. AD is also associated with brain insulin/IGF-1
deficiency and brain/IGF-1 resistance. Therefore, it has been suggested that AD represents
a brain-specific form of diabetes mellitus, often referred to as Type 3 Diabetes Mellitus
(T3DM) [29,100,101].

3.1. Molecular Pathophysiology of Alzheimer’s Disease

Results obtained in studies have revealed that in the development of AD, pathophysi-
ological changes may occur up to 20-30 years before clinical symptoms [102]. Neuropatho-
logically, AD is associated with the deposition of extracellular 3-amyloid (A340 and A(342)
in the brain parenchyma, forming neuritic (senile) plaques (SPs); the presence of A(42
oligomers; 3-amyloid angiopathy around cerebral blood vessels; and intraneuronal de-
posits of hyperphosphorylated, abnormally conformed, and truncated tau protein in the
form of neurofibrillary tangles (NFTs) [103,104].

3.1.1. The Role of APP and Af in Development of AD

An impairment of synaptic functions initiates the pathogenesis of AD. This pathology
is due to the accumulation of A, produced from APP. The gene encoding APP is located on
chromosome 21 [105,106] and exists in three isoforms: APP695, APP751, and APP770 [107].
Individuals with trisomy 21 (47, XX +21, or 47, XY +21), known as Down’s syndrome, have
an increased risk of developing AD, caused by an additional copy of the APP gene, resulting
in its overexpression [108]. An acute noxious stimulus may trigger a pathophysiological
cascade that causes the disruption of APP metabolism. AB dysregulates intracellular Ca®*,
inducing neurofibrillary tangle formation and neuronal cell death [109]. Therefore, A3 may
act as a triggering factor in the development of both forms of AD: fAD and sAD [110]. APP
is a transmembrane widely expressed protein, especially in the CNS, and is most abundant
in synapses. APP functions as a cell surface receptor, contributing to the regulation of
synapse formation, neural plasticity, antimicrobial activity, and iron export [5]. Along with
amyloid precursor-like protein 2 (APLP-2), APP is involved in maintaining learning and
memory [111]. There are two different pathways associated with the processing of APP:
90% is performed by the non-amyloidogenic pathway (nonplaque-forming or secretory)
and the remaining 10% by the amyloidogenic pathway (plaque-forming). Insulin promotes
the non-amyloidogenic processing of APP, and disturbances in insulin signaling may in-
crease pathological amyloid-f3 accumulation [112]. In the non-amyloidogenic pathway;,
APP is cleaved by «-secretase, producing a C-terminal fragment o (CTFx, C83) and a
soluble N-terminal fragment « (SAPP«x). CTF« is subsequently cleaved by y-secretase, gen-
erating a smaller C-terminal fragment (C3) [113,114]. In this process, x-secretase prevents
the generation of A peptide. In the amyloidogenic pathway, which occurs in an acidic
environment, 3-secretase cleaves APP into a smaller N-terminal (sAPPf) fragment and
a longer C-terminal fragment (CTFf{3, C99) containing the full amyloidogenic sequence.
Subsequent cleavage of CTFf is performed by y-secretase formation of an APP intracel-
lular cytoplasmic domain (AICD) and A fragments. These fragments are released into
the extracellular environment, where A3 fragments rapidly form oligomers, prefibrillary
aggregates, and fibrils, ultimately forming (-amyloid plaques [113,114]. A peptides
consist of 38 (Af338), 40 (Ap40), and 42 (A342) amino acids. Increased APP expression,
combined with altered proteolysis, leads to the accumulation of AB340 and Ap42. In fAD
mutations and the inheritance of the APOE-¢4 allele, alter y-secretase, increasing A (342
production [115]. These mutations promote A peptides’ synthesis and deposition in the
brain. The mechanisms of Af accumulation in sAD are actively investigated [116,117]. In
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the healthy brain, neuronal activity is associated with the Af release into the extracellular
space, and local proteases regulate its levels [118]. Native APP facilitates memory and
learning via synaptic activity and dendritic spine formation [107]. Amyloid plaques block
signaling pathways and disrupt cell connections, causing neuronal death. Animal studies
have shown that intracellular administration of A leads to a memory deficit similar to
those observed in AD patients. Memory and learning impairments are associated with dis-
rupted synaptic plasticity, caused by intraneuronal A3 accumulation [119]. The deleterious
effects of A3 on neurons are due to an immune inflammatory reaction in glial cells, leading
to the phagocytosis of neuronal and synaptic structures [120]. In rodents, hippocampal
administration of A} oligomers induces synaptic loss and neuronal dysfunction, which
can result in memory impairment [121]. Intracerebroventricular administration of A in
non-human primates produces behavioral changes and AD-like pathology [122]. Insulin
plays an important role in regulating the APP metabolism. This hormone is involved in the
control of the balance between AP AP anabolism and catabolism. Decreased insulin levels
or impaired insulin action may lead to increased NFT formation, oxidative cell damage,
elevated A levels, and amyloid plaque in the brain [123].

3.1.2. The Role of Insulin Degrading Enzyme in the Development of AD

Insulin-degrading enzyme (IDE) is a thiol zinc-metallo-endopeptidase that cleaves
insulin, A3, glucagon, and calcitonin. It is involved in the regulation of insulin and Af3
levels in the brain. IDE has a higher affinity for insulin than for A3 and at high insulin levels,
Ap competes for IDE, increasing the A3 deposition [124]. Low levels of Ap upregulate
IDE; therefore, IDE may serve as an important therapeutic target due to its role in the
degradation of AP and other substances [125]. This observation needs further investigation,
because the regulation of IDE by Af is mostly preclinical and not fully established in
humans. The activation of insulin signaling in the CNS upregulates IDE activity and
may correct the IDE defects observed in AD [126]. Results obtained in performed studies
revealed that insulin prevents the formation of Ap fibrils, stimulates the internalization
of AP oligomers, and inhibits their binding to neurons. In this way, insulin protects
synapses against AP oligomers [127]. But these protective effects of insulin are mainly
experimental. IR impairs the protective role of insulin against Af3 accumulation, and Af3
deposits downregulate insulin expression. Studies have shown that A} peptides inhibit
insulin binding to its receptors and decrease receptor autophosphorylation, resulting in
impaired insulin signaling [128]. Brain IR, an early and common feature of AD, is associated
with IRS-1 dysfunction mediated via serine phosphorylation, induced by Af3 oligomers,
which contributes to cognitive decline [129].

3.1.3. The Role of Tau Protein in Development of AD

For many years, it has been discussed whether tau protein is involved in AD pathology.
Results suggest that when tau protein assumes pathological forms, it compromises neuronal
function and promotes cell death [130]. The human tau gene is located on chromosome
17 [110]. In the adult human brain, six tau isoforms are expressed, resulting from alternative
splicing [131]. Tau protein is classified as a microtubule-associated protein (MAP) [132]. It
participates in the assembly and stabilization of microtubules, which are involved in several
cellular processes, including cell morphogenesis, cell division, and intracellular trafficking,
and it also influences synapses and neuronal nuclei [133], from which it is released into
an extracellular environment [134]. Tau protein plays important roles in neurogenesis
and synaptic integration [135,136], neuronal maturation [137], neuronal development and
synaptogenesis [138], normal myelination [139], and synaptic plasticity [140]. Tau also con-
tributes to behavior [141], learning, memory [142], and other processes [110]. Normal brain
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function requires tau protein. Beside these functions, tau deletion leads to brain iron accu-
mulation, contributing to conditions such as Parkinson’s disease [143]. In AD, all six tau
isoforms may be abnormally phosphorylated, resulting in the formation of neurofibrillary
tangles and destabilization of the microtubule network [144]. Normal tau is a phosphopro-
tein and requires phosphorylation to exert its function. However, rendering tau insoluble
reduces its affinity for microtubules, causing neurodegeneration [145]. Results suggest
that the soluble form of tau is also the most cytotoxic constituent, causing synaptic deficits
in AD, rather than the neurofibrillary tangles associated with its aggregated form [110].
In AD brains, tau is hyperphosphorylated approximately three-fold compared to normal
brains [113]. Out of 85 phosphorylable residues, more than 40 phosphorylation sites have
been detected in tau from AD brains, with 28 sites being exclusively phosphorylated [114].
In vitro studies have shown that more than 30 kinases can phosphorylate tau. These kinases
include cyclin-dependent kinase 5 (DK5), glycogen synthase kinas 33 (GSK3f3), MAPK1,
ERK2, c-Jun N-terminal kinase (JNK), and others. Tau hyperphosphorylation may also
result from decreased dephosphorylation, mediated by protein phosphatases (PPs), such as
PP1, PP2, PP2B, and PP5 [146,147]. Imbalances between kinases and phosphatases lead to
tau hyperphosphorylation; therefore, a balance between tau kinases and phosphorylases
is necessary to maintain homeostasis. Hyperphosphorylation induces conformational
changes in tau, impairing its ability to bind microtubules. Misfolded tau monomers can-
not be transported into the axon, which is necessary for accumulation, oligomerization,
and aggregation in neuronal perikarya. Impaired aggregation leads tau to accumulate in
[-sheet-rich domains and form filaments. Aggregated tau may be deposited in NFTs and is
associated with tauopathies. Animal studies in AD models revealed that tau is important
for regulating brain insulin signaling [148], and its deletion impairs the hippocampal re-
sponse to insulin. Loss of tau function contributes to cognitive and metabolic impairments
in AD patients [148]. In AD patients, insulin is accumulated as oligomers in neurons
with hyperphosphorylated tau. Insulin accumulation correlates with tau phosphorylation
levels, promoting tauopathy progression. This accumulation is also associated with insulin
resistance and reduced INSR levels [149].

3.2. Impaired Insulin Signaling Pathway as a Cause of Alzheimer’s Disease (Figure 3)

The exposure of cells to chronically elevated insulin levels causes partial downreg-
ulation of insulin signaling. Continuous hyperinsulinemia, a characteristic feature of IR,
impairs insulin signal transduction due to receptor dysfunction, rather than decreased
INSR levels. Chronic hyperinsulinemia also impairs insulin signaling mainly via IRS-1
serine phosphorylation, not only receptor desensitization. Prolonged hyperinsulinemia
diminishes INSR autophosphorylation compared to short-term insulin exposure, resulting
in impaired PI3K/AKT signaling [150,151]. In muscle and adipocytes, impaired PI3K/AKT
signaling reduces GLUT4 translocation from intracellular compartments to the cell mem-
brane, decreasing glucose uptake. In CNS, GLUT1 and GLUT3 play an important role in
glucose uptake. Neuronal health, synapse formation, and brain development depend on
insulin and glucose metabolism. Observations have shown that A3 oligomers block the
PI3K/AKT pathway, leading to neuronal death. Post-mortem examination of AD brain
revealed decreased insulin and INSR levels [152], reduced AKT and GSK-3§3 phosphoryla-
tion, and lower PI3K subunits (p85 and p110) expression. Similar reductions were observed
for IGF-1 and IGF-1R [153]. Insulin signaling may also be activated via IGF-1R, as well as
by INSR/IGF-1R hybrid receptor, and IGF-1 can bind INSR, activating the insulin signaling
pathway. Impaired signaling suppresses PI3K/AKT signaling [152]. Phosphorylation of
Ser9 by AKT causes its activation. Active GSK-3f3 induces tau hyperphosphorylation,
promoting apoptotic neuronal death. Reduced insulin levels decrease GSK-33 phosphory-
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lation, leading to its activation. Animal studies in AD rat models have shown that acute
insulin treatment improve memory functions impaired by insulin dysregulation [123].

In several cell signaling pathways, GSK-3 plays an important role, especially GSK-33,
which is essential for processes such as insulin signaling, microtubule assembly, neuro-
transmitter signaling, gluconeogenesis, and others. The N-terminal regulatory regions of
both GSK-3 isoforms, GSK-3x and GSK-33, are phosphorylated by AKT. Inactivation of
GSK-3 improves glucose metabolism. It also plays an important role in regulating apoptotic
processes. Inactivated GSK-3 enables the regulation of metabolic activities and transcription
factors, promoting cell development and extending neuronal cell lifespan [69].

INSULIN
VvV
DYSFUNCTION
OF INSULIN
RECEPTOR
sHC || rs-1/2r34 | PBK FOXO
GRB2 mTOR '— AKT/PKB ——| eNOS
— CELL GROWTH,
50S PROTEIN SYNTHESIS NEURONAL GROWTHL
METABOLISM SURVIVAL, LEARNING,
SYNAPTIC PLASTICITY,
ACTIVATION
RAS {} MEMORY
RAF Sl |
TAU I
MEK PHOSPHORYLATION
MAPK NFT I
GENE EXPRESSION l
MEMORY FORMATION DEMENTIA

Figure 3. Changes in insulin signaling pathways in the brains of AD patients due to brain IR [5].
Chronically elevated insulin levels cause partial downregulation of insulin signaling. Continuous
hyperinsulinemia impairs insulin signal transduction due to receptor dysfunction. Chronic hyperin-
sulinemia also impairs insulin signaling mainly via IRS-1 serine phosphorylation, not only receptor
desensitization. For further details, see the text. Abbreviations: AKT/PKB—Serine/threonine protein
kinase, also known as protein kinase B; GSK-3—Glycogen synthase kinase 3; eNOS—Endothelial
nitric oxide synthase; FOXO—Forkhead box O; IRS-1/-2/-3/-4—Insulin receptor substrate—(1, 2,
3, 4); GRB2—Growth factor receptor-bound protein 2; MAPK—Mitogen-activated protein kinase;
MEK—MAPK/ERK kinase; mTOR—mammalian target of rapamycin; NFT—Neurofibrillary tangle;
PIBK—Phosphatidylinositol 3 kinase; RAF—Rapid accelerated fibrosarcoma; RAS—Rat sarcoma;
SHC—SH3-containing protein; SOS—Son-of-sevenless; Tau—Microtubule-associated protein (MAP)

tau (MAPT).
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It should be noted that activated GSK-3 promotes tau phosphorylation and A3 forma-
tion. Therefore, it is suggested that blocking the phosphorylation that activates GSK-3{3
may reduce AD pathology and represent a promising therapeutic strategy [154].

AMP-activated protein kinase (AMPK) is a metabolic serine/threonine protein kinase
that functions as an “energy receptor” and is involved in restoring ATP concentrations
by decreasing anabolic processes or increasing catabolic processes [4,155]. It regulates
several processes, such as the synthesis of fatty acids, triglyceride, and protein, as well
as glucose transport, cellular growth and proliferation, and mitochondrial functional bio-
genesis. AMPK negatively regulates proteins central to ATP-consuming processes, such
as the transducer of regulated CREB activity 2 (TORC2), glycogen synthase, and sterol
regulatory element-binding proteins (SREBP). The activation of AMPK downregulates or
inhibits gluconeogenesis, and the synthesis of glycogen, lipids, and proteins [156,157]. IR
suppresses AMPK activity through the overactivation of AKT. The inhibition of AMPK
activity allows Af3 oligomers to reduce surface levels of glucose transporters (GLUTs)
in hippocampal neurons, resulting in IR [158]. IR can increase amyloidogenesis by sup-
pressing the insulin-PI3K/AKT signaling pathway [152], leading to the upregulation of
GSK-3p activity. However, increased AMPK activation stimulates IRS phosphorylation,
causing the inhibition of GSK-3f and thus the activation of insulin signaling [159,160].
The activation of AMPK can stimulate the expression of GLUT1 and GLUT4, increasing
the rate of glucose utilization, causing the synthesis of large amounts of ATP, and thereby
improving neuronal activity and homeostasis [161]. With regard to tau phosphorylation,
the role of AMPK is still debated [162]. Abnormally increased levels of phosphorylated
AMPK were detected in the cytoplasm of cortical neurons in the AD brain, as well as in
other tauopathies. Phosphorylated AMPK and phosphorylated tau strongly co-localize in
pre-tangle-and tangle-bearing neurons in most brain regions affected by tau pathology in
AD patients [163]. In vitro observations revealed that AMPK is a tau kinase that can phos-
phorylate tau at sites within the microtubule-binding domain and the flanking regions [162].
AMPK may contribute to reducing tau levels and tau phosphorylation various downstream
mechanisms [156,161]. For more details, see [155]. It was also observed that dysregulated
AMPXK is associated with the onset and progression of AD [156,157,164]. There are conflict-
ing and controversial results on the association of AMPK with AD; therefore, this issue
requires further investigation.

The MAPK signaling pathway may also be associated with pathologies observed
in AD, such as tau phosphorylation, excitotoxicity, and synaptic plasticity. Post-mortem
investigations revealed that the brains of AD patients have elevated immunoreactivity at
the phosphor-p38 MAPK level. MAPK is also involved in the development of NFTs in
neuronal locations and the build-up of A} plaques [165]. Therefore, it is suggested that
the downregulation of MAPK through its inhibitors may represent a potential therapeutic
strategy for AD.

4. Is the A3 Hypothesis True?

The aggregation of Af in the brain followed by the aggregation of phosphorylated
tau protein is the main cause of the disease. But the Ap hypothesis is questioned by some
researchers [100,166]. Espay et al. 2023 [167] suggested that “when protein become aggre-
gated into amyloid state, described as pathology, they not only define neurodegenerative
disease, but cause them—pathology is pathogenesis” [167]. Results obtained in a study
performed on AD patients with lecanemab, a monoclonal antibody that binds to soluble A3
protofibrils [168], suggest that this drug “hailed as momentous breakthrough” [169]. On
the other hand, according to suggestions of other researchers, the obtained results should

“

be taken with caution: “... lecanemab made a tiny difference to cognitive deterioration

https:/ /doi.org/10.3390/ijms27031222


https://doi.org/10.3390/ijms27031222

Int. J. Mol. Sci. 2026, 27,1222

14 of 25

on cognition scales over 18 months, which although statistically significant, may not be
clinically significant” [170]. The researchers also stated that the mentioned drug revealed
moderately less decline on measures of cognition and function, as compared to placebo
at 18 months, but unfortunately also revealed adverse effects [168]. Based on suggestions
presented by other authors, Espray’s approach is flawed [100,166]. This negative opinion
is based on the observation that aggregated proteins are not associated with accurately
predicting functional decline. The second argument are the observations that amyloid
clearance and the use of lecanemab or donanemab as therapies in AD patients showed a
lack of importance, showing only statistically significant slowing in cognitive decline, but
at a magnitude below the established values for clinical meaningfulness [100]. There are
also several other investigations, which revealed that the concept of the amyloid hypothesis
is not valid [166]. For example, several tested drugs decrease amyloid levels in the brain in
a dose-dependent manner; no such improvement was found in cognitive tests. It may be
concluded that the amyloid is not the main cause of AD development. Therefore, focusing
on a single protein that becomes toxic when misfolded due to its aggregation was not a
successful strategy for drug development [166].

5. Diagnosis Methods of Insulin Resistance and Alzheimer’s Disease

Alzheimer’s disease is associated with insulin resistance. But the diagnoses of IR and
AD are different.

5.1. Diagnosis Methods of Insulin Resistance

Insulin resistance is related to several metabolic abnormalities, such as obesity, glucose
intolerance, type 2 diabetes mellitus, and other metabolic syndromes. To measure blood
glucose levels, several methods are used. Primarily, glucose tolerance tests (GTTs), insulin
tolerance tests (ITTs), hyperinsulinemic-euglycemic clamp (HEC), continuous infusion of
glucose with model assessment (CIGMA), the minimal model technique (MMT), insulin
suppression test (IST), and insulin release test [171] are used. GTT shows how quickly
exogenous glucose is cleared from the blood [172]. This method is used to diagnose
T1DM, T2DM, and gestational diabetes mellitus (GDM). The ITT is used to examine the
systemic sensitivity of receptors. In this method, changes in blood glucose levels are
measured before and after intravenous insulin administration [173]. This test is suggested
to examine of efficacy of compounds and pharmacological agents, which may modify
insulin sensitivity. Note that the ITT may often induce hypoglycemia and hypokalaemia.
Therefore, these may be systemic counterregulatory responses after intravenous insulin.
However, while there are limitations in the cases of the GTT and ITT, these tests are widely
used for assessing insulin sensitivity. The HEC test is the gold-standard method to measure
insulin sensitivity in vivo [171]. Also, other indices have been developed and test insulin
sensitivity /resistance. In clinical research, IR measurements are widely used, such as
HOMA? (updated HOMA model), the Homeostatic Model Assessment for IR (HOMA-IR),
the oral glucose insulin sensitivity index (OGSI), fasting insulin (FINS) and fasting plasma
glucose (FPG), as well as several others [171].

5.2. Diagnosis Methods of Alzheimer’s Disease

Clinically manifested progressive behavioral changes, such as loss of recent memory,
declines in executive functions, and defects in cognition, may suggest the development of
AD. Higher levels of diagnostic accuracy may be obtained using laboratory tests. There
are two main diagnostic methods: neuroimaging, and cerebrospinal fluid and peripheral
blood markers.
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The clinical and post-mortem investigations may provide the most accurate means of
diagnosing AD. For example, magnetic resonance imaging (MRI) of the brain may be used
to track the progression of medial temporal lobe atrophy and AD worsening in terms of
stage and severity [174]. The progressive cortical hypo-perfusion and hypo-metabolism
disturbances detected in the advancement of AD may be detected by single photon emission
computed tomography (SPECT) and positron emission tomography (PET) [116,175].

Biomarkers for detecting and diagnosing severity of AD are associated with measure-
ments ARPP-Ap, tau, and phosphor-tau in cerebrospinal fluid [116,175]. Changes in the
levels of AB-42, total tau, and phosphor-tau can help predict the progression from mild
cognitive impairment (MCI) to dementia, as well as helping in diagnosing AD [116,175]. It
is of note that the sensitivity and specificity of investigated biomarkers in CSF approach 85%
for the diagnosis of AD and the distinguishing of AD from MCI [116]. In AD, several other
significant abnormalities are also observed, such as oxidative stress, neuroinflammation,
mitochondrial dysfunction, metabolic disturbances, and an impaired insulin signaling
pathway. Investigations of these abnormalities may also be used as biomarkers in the
specificity of diagnosing AD. For more information, see [116,175].

6. Potential Therapeutic Approach

Several non-pharmacological and pharmacological therapies are used in patients
with AD. It has been observed that non-pharmacological therapies may be more effective
than pharmacological approaches. However, although several drugs are available for the
treatment of AD-dementia, there is still no effective cure for the disease [176].

6.1. Non-Pharmacological Therapies

Several non-pharmacological therapies have been suggested. Insulin resistance man-
agement is possible through changes in lifestyle, such as dietary changes, increased exercise,
and disease prevention [171]. Lifestyle modification (LSM) studies revealed that a diet
with physical activity may have a positive role in the therapeutic strategy of managing
insulin resistance [177,178]. The proposed lifestyle interventions include physical activity,
social care, cognitive stimulation, and dietary interventions. Dietary approaches include
calorie-restricted diets, as well as the ketogenic and Mediterranean diets [179]. Nutritional
intervention is associated with decreased calories, avoidance of carbohydrates, and focus-
ing on foods with low glycemic index, such as vegetables, fruits, whole-grain products,
nuts, lean meats, or beans. Also, higher fiber intake, vitamins, low saturated fat, and
proteins are helpful for patients to improve insulin sensitivity. This dietary intervention
improves insulin sensitivity and the molecular markers of AD, such as the increase of A {342
in the CSF, whose reduced levels are observed in patients with AD. Nutritional interven-
tion has a beneficial effect in slowing the progression of neurodegenerative diseases [178].
Observations have revealed that aerobic fitness, muscular strength, and endurance are
improved by aerobic and resistance exercise. The observed changes in muscle function are
associated with reduced cognitive decline and brain degeneration caused by decreased
gray matter volume. Studies conducted in children and college-aged adults showed that
interrupting classroom sitting with physical activity may improve cognitive function and
cerebral blood flow. A healthy diet with regular activity in the form of approximately
30 min of exercise at least five days a week activates muscle cells, causing an increase in
the activity of AMPK, inactivation of TCB1D1, and the stimulation of GLUT4 translocation
to the cell membrane, increasing glucose uptake, which increases insulin reactivity [171].
Increased insulin sensitivity, caused by physical activity, is due to enhanced muscle mito-
chondrial biogenesis, GLUT4 protein content, and glucose uptake, as well as repartitioning
of intramyocellular lipid and reduction in fat mass. For more details, see [177,180]. Animal
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studies revealed that exercise and physical activity influence brain insulin sensitivity and
have a positive effect on insulin signaling in the brain [180]. The effects of these therapeutic
strategies are explained by their role in targeting the AD-IR pathogenic link [179]. While
LSM remains the key to the prevention and treatment of AD, only a limited number of
people continue long-term LSM [177].

6.2. Pharmacological Therapies

Unfortunately, there are no treatments that can stop or reverse the progression of AD.
Currently used therapies, particularly some medications, may temporarily improve the
symptoms of the disease in AD patients [181].

6.2.1. Intranasal Insulin

There are different pathways for the administration of insulin. It may be administered
subcutaneously, intramuscularly, or orally. Observations have revealed that in non-diabetic
individuals, peripheral administration of insulin may have adverse effects, such as hy-
poglycemia [182,183]. Peripheral administration of insulin may be ineffective, due to the
impaired transport of insulin across the BBB. Intranasal insulin administration (INI) is
more effective, as insulin bypasses the BBB. There is the direct neuroanatomical connection
between the olfactory nerves and the brain, caused by olfactory nerve channels and trigemi-
nal perivascular channels [181,182]. Observations of the effects of inhaled insulin revealed a
beneficial role for this form of therapy in AD patients. Clinical studies have shown that this
form of therapy improves cognitive function and memory [181-183]. INI improves memory
performance in AD patients, particularly in those who are less sensitive to brain insulin
signaling [14]. Animal studies revealed that acute insulin delivery to the hippocampus
of animal models of AD improves spatial memory by regulating glucose utilization via
the PI3K signaling pathway [183]. Unfortunately, there are also other studies that do not
confirm these observations [183-185]. Therefore, experimental and clinical studies are
needed to conclusively establish INI as a therapy for AD patients [4,181,183,185].

6.2.2. Metformin

Metformin is a biguanide antihyperglycemic agent. It is widely used to treat patients
with T2DM. It crosses the BBB. Based on its insulin-sensitizing properties, it may improve
brain IR and decrease the risk of dementia [183]. Observations have revealed that it may also
improve cognitive function. A meta-analysis showed a beneficial effect in diabetic patients
with dementia or AD [186]. Animal studies performed on mouse models of AD revealed
that metformin improves memory, decreases A3 concentration and hyperphosphorylated
tau, and activates microglia [187,188]. These effects were associated with improved brain
insulin signaling [182]. It is suggested that reduced risk of dementia in non-diabetic patients
may be due to the influence of metformin on mitochondrial function and the NDUFA2
gene [189]. The discontinuation of metformin in diabetic patients is associated with an
increased incidence of dementia [190]. On the other hand, it was observed that in patients
with T2DM, long-term use of metformin causes a slightly increased risk of AD [191]. This
effect is due to Vitamin B12 deficiency induced by metformin [192].

6.2.3. Glucagon-like Peptide-1 Receptor (GLP-1R) Agonists

GLP-1R agonists, which are insulinotropic hormones, are drugs used in the therapy
of patients with T2DM. Liraglutide, a GLP-1R agonist, decreases cognitive impairment.
In vitro studies revealed that it regulates neuronal insulin signaling and suppresses the
accumulation of A peptide and the phosphorylation of tau protein [193]. Patients with
T2DM treated with liraglutide have a reduced risk of dementia compared with those treated
with a placebo [194]. Results obtained in animal studies revealed that liraglutide prevents
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the loss of brain INSR and synapses. It also reverses cognitive impairment caused by Af3 in
the mouse hippocampus [195].

6.2.4. Thiazolidinediones

Thiazolidinediones (TZDs) are synthetic peroxisome proliferator-activated receptor-
gamma (PPAR-y). They may improve cognitive function and memory [196]. Rosiglitazone
and pioglitazone are the most investigated TZDs as a potential therapy in AD patients. In
animal models of AD, rosiglitazone increases IDE levels and decreases Af levels [197]. It
increases insulin sensitivity and regulates APP processing, leading to decreased plasma Af3
levels [198]. However, there are different and sometimes controversial results regarding the
effect of rosiglitazone on cognitive improvement. Pioglitazone increases insulin sensitivity,
decreases hippocampal A oligomer, and enhances pro-cognitive effects in animals [199].
Unfortunately, adverse effects of TZDs, such as edema and congestive heart failure, limit
their use in dementia and AD [192].

Several other drugs have also been suggested, including sodium-glucose cotransporter-
2 inhibitors, phosphodiesterase 5 inhibitors, berberine, guercetin, L-arginine, non-steroidal
anti-inflammatory drugs, and antioxidant drugs in the therapy of AD patients. However,
these drugs require further clinical and experimental investigation.

7. Conclusions

Alzheimer’s disease is a highly prevalent condition affecting people worldwide. A
better understanding of the molecular basis of this disease, and especially its molecular
processes, will help identify therapeutic targets for AD. Alzheimer’s disease has a multifac-
torial nature; therefore, it is too diverse to ascribe its origin to a single case. Because insulin
resistance is accepted as a pre-AD stage, it cannot be ignored. The treatment strategy of
normalizing insulin signaling pathway in the brain may have a potentially key role in the
process of stop disease progression. It is also an important strategy to address the underly-
ing mechanisms rather than just focusing on a single disease parameter or on symptom
management. The first encouraging results obtained from clinical trials in AD patients
revealed that the preclinical results translate into the clinical setting. Perhaps this is a step
to reduce or stop several neurodegenerative diseases, including Alzheimer’s disease. The
insulin signaling pathway is very important for learning and memory. Unfortunately, in
AD, IR disrupts insulin signaling. As a result of impaired insulin signaling, other patholo-
gies are also observed. Brain insulin resistance promotes mitochondrial and cognitive
dysfunction, impairing memory. Insulin deficiency and its impaired signaling disrupt brain
function. Medications for diabetes mellitus might be repurposed as therapeutics against
neuronal degeneration. Anti-diabetic drugs, such as insulin, metformin, thiazolidinediones,
gastric inhibitory polypeptide (GIP), and GLP-1 agonists have been investigated for the
treatment of neurodegenerative diseases such as AD; however, more robust clinical data
are required.
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