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Introduction

AD is an age-related neurodegenerative disorder and is as-
sociated with massive neuronal loss in the brain leading to
severe deterioration of cognitive function. Worldwide, it is ex-
pected that the incidence of AD is going to increase from 56
million in 2020 to 88 million by 2050 [1]. AD is a pervasive dis-
order characterized by the deposition of amyloid-B (AB) senile
plaques and Neurofibrillary Tangles (NFTs) of tau proteins [2].
Deposition of AR and tau protein impairs learning, memory,
and suppress synaptic plasticity that impacts the behavioural
and social skills, disrupting the person’s ability to function in-
dependently. AB is a peptide produced from Amyloid Precur-
sor Protein (APP), that undergoes cleavage by a-secretase,
B-secretase, and y-secretases into amyloidogenic and non-amy-

Abstract

Alzheimer’s disease (AD) is the most common cause of
dementia and cognition impairment that interferes with
the daily life. AD has no cure, but treatments are available
to reduce the symptoms. Accumulating evidence reveals a
connecting link between the impaired insulin signalling and
AD. Alterations in insulin signalling remains to be a crucial
factor that alters the glucose metabolism impacting the bio-
energetics of the cell leading to mitochondrial dysfunction,
AB accumulation, tau hyperphosphorylation, deviations in
glycosylation, impairment of glutamatergic neurotransmis-
sion. Besides, mitochondrial abnormalities and oxidative
stress play a primary role in AD pathogenesis through the
generation of Reactive Oxygen Species (ROS) and Reactive
Nitrogen Species (RNS), which contribute to energy failure.
In addition, thyroid dysfunction is also implicated in revers-
ible cognitive impairment and screening of thyroid stimulat-
ing hormone remained as a part of laboratory test for de-
mentia. This text explores the insulin signalling dysfunction
that impairs the bioenergetics and stimulates activation of
devastating pathways that are associated with the enhance-
ment of AD risk.

loidogenic pathways as shown in Figure 1. In the amyloidogenic
pathway, AB, APP Intracellular Domain (AICD), and soluble APPj
(sAPPB) are produced through sequential cleavage of APP by
B-secretase and y-secretase. While, non-amyloidogenic path-
way produces P3 peptide, soluble APPa (sAPPa), and AICD
through a-secretase and y-secretase activity [3,4]. Soluble AB,
., IS considered as the most toxic neurotoxic product formed
after APP cleavage [5]. AR peptides form aggregates inducing
synaptotoxicity leading to cognitive dysfunction. Low-Molecu-
lar-Weight (LMW) (dimers, trimers, and tetramers) and High-
Molecular-Weight (HMW) oligomers of AB are found at synapse
that alters the structure and functions of the neuronal synapses
[6,7]. HMW oligomers dissociate into LMW species and LMW
AB oligomers induce more cognitive dysfunction [8].
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Figure 1: Non-amyloidogenic and amyloidogenic pathways of Amyloid Precursor Protein (APP) that is cleaved at different
sites to yield different products. In the non-amyloidogenic pathway, P3 peptide, soluble APPa (sAPPa), and APP Intracellular
Domain (AICD) are produced through the activity of a-secretase and y-secretase. In the amyloidogenic pathway, AB, AICD, and
soluble APPB (sAPPB) are produced through sequential cleavage of APP by B-secretase and y-secretase. Accumulation of AB
plagues increases Alzheimer’s disease pathogenesis. CTFa- C-terminal fragment o; CTFB- C-terminal fragment B.
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Figure 2: Molecular pathways linked to Alzheimer’s disease with insulin resistance.

Tau is a Microtubule-Associated Protein (MAP), which main-
tains the stability of the microtubule and plays an important
role in synaptic functions [9]. Tau protein undergoes phosphor-
ylation by Proline-Directed Protein Kinases (PDPKs) or non-pro-
line-directed protein kinases that are involved in the formation
of NFTs, which is a major pathological hallmark of AD [10]. PD-
PKs comprise Cyclin-dependent kinase-5 (Cdk-5), extracellular
Signal-Related Protein Kinase (ERK), and Glycogen Synthase
Kinase-3 (GSK-3). While, non-PDPKs include Protein Kinase A
(PKA), Casein Kinase 1 (CK1), and Casein Kinase 2 (CK2). Aber-
rant activities of these kinases and phosphatases act as an indi-
cator in AD pathogenesis [10,11]. The irregular activity of Cdk-5
and GSK-3 causes tau phosphorylation leading to loss of den-
dritic spines and deterioration of synaptic plasticity [11]. GSK-3
mediated tau phosphorylation is regarded as the early-stage AD
pathogenesis, while in the late-stage of AD, consistent inhibi-
tion is observed [12,13].

The complexity of the AD pathogenesis is increased by co-
morbidities like stress, diabetes, depression, etc. Diabetes re-
mains the most significant risk factor that is involved in increas-
ing detrimental effects and AD progression [14-16]. Diabetes
classified into two major forms, Type-1 Diabetes (T1D) and T2D,
the latter case accounts for the majority (90%) of the diabetes
cases. T1D is autoimmune destruction of pancreatic B-cells
resulting in the deficiency of insulin production, while T2D is
characterized by the inability of the insulin to stimulate glucose
utilization due to insulin resistance [17,18]. Insulin resistance
usually precedes the onset of T2D by several years and is closely
associated with obesity. In addition, some studies suggest that
even in non-diabetic populations, insulin resistance increases
the risk of dementia in AD [19]. Diabetes is a complex meta-
bolic disorder characterized by chronic hyperglycemia resulting
in the damage and failure of the brain, eyes, kidneys, and heart.
Diabetes has a severe impact and influence on brain morphol-
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ogy, memory processing, and synaptic communications contrib-
uting multiple abnormalities to AD [20]. T2D individuals have a
two-fold higher risk of developing AD when compared to non-
diabetic individuals [21], and 80% of AD patients exhibit T2D or
aberrations in blood glucose levels [22]. This work discusses the
possible link of mechanisms underlying the enhancement of AD
pathogenesis due to the alterations of insulin signalling path-
ways that influence glucose metabolism, and glutamate levels.
Moreover, this text also highlights the mitochondrial dysfunc-
tion, oxidative stress, cognition and behavioural impairment,
and hormonal deviations associated with AD as shown in Figure
2.

Insulin signalling

Insulin is involved mainly in regulating glucose metabolism
but also affects cognition, memory, and synaptic plasticity of the
neurons through insulin signalling pathways [23]. Disturbances
in insulin signalling have been found in T1D patients [24], Strep-
tozotocin (STZ)-induced T1D model, that demonstrated that im-
paired cognitive performance is associated with a decrease in
hippocampal activity [25]. BBZDR/Wor and BB/Wor rats of T2D
and T1D models respectively showed neuronal loss, deviations
in APP metabolism, tau protein hyperphosphorylation, impaired
signalling of insulin and Insulin-like Growth Factor 1 (IGF-1) [26].
Of note, the T2D model with insulin resistance was associated
with more severe alterations. Insulin resistance is the main
characteristic feature shared among the people suffering from
diabetes, obesity, and AD that leads to hyperinsulinemia, fur-
ther resulting in saturation of Insulin-Degrading Enzyme (IDE).
In addition, insulin resistance in the brain impairs the insulin sig-
nalling pathways altering the bioenergetics leading to defects in
energy metabolism [27-29]. The insulin resistance is accompa-
nied by an increase in insulin levels and reduces the activity of
insulin that lowers the cerebrocortical glucose metabolism [30].
Lack of proper insulin response enhances the down-regulation
of the insulin receptors, faulty activation of the insulin signal-
ling cascade that consequently reduces the glucose uptake of
neurons impairing neuronal plasticity, triggering inflammatory
cascade, and neurotransmitter deficits [31].

Altered glucose availability

In AD pathology, brain glucose metabolism is severely im-
paired due to hypometabolism that precedes before the onset
of cognitive symptoms [32]. Hypometabolism is mainly charac-
terized by decreased consumption of brain glucose that is es-
sential for neuronal survival. In the early stages of AD, hypo-
metabolism is prominently found in posterior cingulate and
parieto-temporal regions, while it spreads to other regions
like the prefrontal cortex during the disease progression [33].
Neurons are unable to synthesize or store the glucose and are
totally dependent on Glucose Transporters (GLUTs) across the
Blood-Brain Barrier (BBB) [34]. In the brain, GLUT1 and GLUT3
isoforms are predominantly found, GLUT-1 located in cerebro-
vascular endothelial cells, astrocytes, oligodendrocytes, and
neurons, while GLUT-3 is expressed specifically in neurons [35].
The post-mortem investigations revealed decreased protein lev-
els of GLUT1 and GLUT3; especially a significant loss of GLUT3 in
the cerebral cortex [36,37]. These shreds of evidences suggest
that decrease in glucose availability leads to abnormal glucose
metabolism due to disruption in glucose supply, in turn, associ-
ated with decrease in O-GIcNAcylation and hyperphosphoryla-
tion of tau proteins [38,39].

Glycosylation imbalance

Glycosylation is one of the important post-translational
modification that acts as a cellular regulator of growth and
proliferation. Dysregulation of the glycosylation pathway con-
tributes to etiology of diseases, particularly diabetes and neu-
rodegeneration [40,41]. The Hexosamine Biosynthetic Pathway
(HBP) produces Uridine 5’-diphospho-N-acetylglucosamine
(UDP-GIcNAc), a key substrate for protein glycosylation. 2 to
3% of cellular glucose is transformed into UDP-GIcNAc that
acts as a substrate for O-GIcNAcylation, and dysregulation of
O-GlcNAcylation occurs in AD [42]. Alteration in glucose me-
tabolism lowers the availability of cellular glucose that seems to
decrease the UDP-GIcNAc through HBP [43,44]. APP undergoes
O-GlcNAcylation as a part of the post-translational modification
to exert its function [38]. O-GIcNAcylation of APP enhances the
non-amyloidogenic pathway that has a neuroprotective role
[45]. Besides, the tau protein also undergoes O-GlcNAcylation
that reduces the tau phosphorylation. Tau-O-GlcNAc plays neu-
roprotective role by preventing the formation of NFTs. However,
due to aberrations in glucose availability in AD patients, imbal-
ance in protein O-GIcNAcylation leads to increase the AD pa-
thology by enhancing the amyloidogenic pathway of APP and
tau hyperphosphorylation [38].

Glucose/glutamate alterations

Deviations in insulin signalling alter cerebral glucose me-
tabolism, which affects the glutamatergic system by reduc-
ing the glutamate neurotransmitter in AD. In neurons and
glial cells, glutamate is produced from precursors glucose and
a-ketoglutarate [46]. However, these precursors are compro-
mised in AD reducing the synthesis of glutamate. Therefore,
impairment of glucose metabolism leads to memory-related
aberrations in AD [47,48]. Glutamate is a nonessential amino
acid and major excitatory neurotransmitter involved in 70% of
all excitatory synapses of CNS [49]. Glutamate is released into
synapse and excess amounts of glutamate is taken up by the
astrocytes and is converted into glutamine by glutamine syn-
thetase. This non-neuroactive glutamine is converted back into
glutamate by the action of Phosphate-Activated Glutaminase
(PAG) and this entire cycle is called the glutamate/glutamine
cycle [50]. However, majority of the energy required for the
conversion of glutamate to glutamine is produced from oxida-
tion of the glucose in the form of ATP. In this regard, impairment
of glucose metabolism and inability to produce sufficient ATP
imbalances the glutamate synthesis leading to neuronal death
[3]. These alterations in glutamate/glutamine cycle lead to exci-
totoxicity and toxic activation of extrasynaptic ionotropic recep-
tors that increase the influx of Ca*, in turn triggering apoptotic
pathways [51,52].

Oxidative damage

The imbalance between the production of oxidants and the
defensive anti-oxidants results in oxidative stress. The damage
done to the biomolecules during oxidative stress is referred to
as oxidative damage. Oxidative damage is the result of insulin
resistance that affects glucose metabolism in the brain that con-
tributes significantly to the pathogenesis and progression of AD
[53]. The brain is an energy-demanding organ and it depends
heavily on glucose metabolism to utilize ATPs produced through
glycolysis, TCA cycle, and oxidative phosphorylation [54]. But,
glucose metabolism is severely depressed in the brains of AD
patients. Ample research shows that inefficient glucose utiliza-
tion and oxidative damage of proteins, lipids, and nucleic acids
(DNA,RNA) are closely related [55]. ROS and RNS (Table 1) react
with the biomolecules producing the biomarkers of oxidative
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or nitrosative damage that are commonly measured during
the oxidative damage of the brain. Of note, oxidative damage
of mitochondrial DNA also contributes to the impairment in
ATP production [56]. Moreover, redox proteomics of brain tis-
sue in AD revealed the oxidative modifications of key glycolytic
enzymes like aldolase, Triosephosphate Isomerase (TPI), Glycer-
aldehyde 3-Phosphate Dehydrogenase (GAPDH), Phosphoglyc-
erate Mutase 1 (PGAM1), and a-enolase [57]. Besides, other
vital enzymes like aconitase of TCA cycle, creatinine kinase that
maintains ATP levels, and ATP synthase of brain mitochondria
undergo oxidation reducing the production of ATP [58].

Table 1: List of ROS and RNS.

Type ROS RNS
Hydroxyl-OH*
Superoxide-0,"
Alkoxyl-RO* Nitric oxide-NO*
Radical Peroxyl-RO,* Nitrogen dioxide-NO,*
Hydroperoxyl-HO,* Nitrate-NO,*
Lipid radical-L"
Lipid peroxyl-LO,*
Nitrous acid-HNO,
Hydrogen peroxide-H,0, Peroxynitrite-ONO,
Hypochlorous acid-HOCI Peroxynitrous acid-ONO,H
Non-radical Peroxynitrite-ONO,° Nitrosyl cation-NO*
Peroxynitrous acid-ONO_H Nitrosyl anion-NO
Ozone-O, Dinitrogen trioxide-N,O,
Nitryl chloride-NO,CI

Mitochondrial dysfunction

Mitochondria are regarded as the powerhouse of the cell,
especially brain neurons require high metabolic energy for their
proper function and hence synapses contain more number of
mitochondria to meet their energy demand [59,60]. Brain mi-
tochondria depend highly on glucose to produce ATP and also a
major source of oxidative stress that happens due to unavoid-
able leakage of electrons, producing the superoxide anion that
is responsible for endogenous ROS production [61,62]. In fact,
low glucose metabolism is well documented in AD due to the
impairment of mitochondrial function. In addition, mitochon-
drial dysfunction is not only efficient in producing less ATP,
but also a major source for the oxidative imbalance. Besides,
change in glucose metabolism and mitochondrial dysfunction
alters cognition functionality that is regarded as an early feature
of AD [63]. Mitochondrial Electron Transport Complex (ETC)
contains cytochrome c-oxidase (Complex IV) that is more sus-
ceptible to modification through ROS/RNS, impairing the ETC
cycle to produce hydrogen peroxide rather than water molecule
[64]. It has been estimated that 1% of mitochondrial electron
flow triggers the generation of ROS/RNS [65]. Thus, maintaining
the mitochondrial homeostasis and bioenergetics in neurons is
critical in the production of mitochondria-driven ATP that are
generally accompanied by ROS as by-products. ROS are mainly
produced from complex | and Ill of ETC, which react with elec-
tron acceptors generating free radicals [66,67].

Accumulating pieces of evidence also suggest that Ca?* dys-
regulation also plays a major role in AD pathogenesis. The Ca%
homeostasis alterations in neurons affect mitochondrial signal-
ling that compromise neuron functions through debilitated mi-
tochondrial function [68]. Mitochondria is a dynamic organelle
in maintaining the intracellular Ca?* levels, generating ATP and

scavenging free radicals. However, aged neurons are less ef-
ficient in handling the Ca* related mechanisms that result in
excess accumulation of intracellular Ca** and activation of Ca*
dependent proteases leading to mitochondrial dysfunction and
apoptosis [69]. Nonetheless, AD patients are observed with al-
tered expression of Ca? related genes in the brain [70]. Recom-
binant apolipoprotein E4 allele (ApoE4) cell line studies showed
an increase in cytosolic Ca* levels through the efflux of plasma
membrane Ca?* channels [71,72]. Recent studies demonstrated
that AD pathology alters Ca* signalling, in turn triggering mi-
tochondrial dysfunction. Post-mortem studies of AD patients
demonstrate that A accumulates into mitochondria and blocks
the transport of mitochondrial proteins, damaging the mito-
chondria structurally, disrupting ETC, and causing synaptic dam-
age leading to AD pathogenesis [73]. Of note, studies show that
AB peptide in the presence of Ca* opens the mitochondrial
permeability transition pore (mtPTP) through the interaction of
cyclophilin D (CypD), a mitochondrial protein that is present in
the lumen of the inner mitochondrial membrane (IMM) [74].
While CypD knock-out mice displayed a stronger Ca?* threshold
than wild-type [75]. Thus, AB42 oligomers alter the mitochon-
drial Ca* signalling, promoting mtPTP opening, the release of
cytochrome c, leading to apoptosis and cell death [76].

Cognition and behavioural impairment

AB pathology and NFT formation are having a direct corre-
lation with the onset of cognitive impairment in AD patients.
In addition, mitochondria dysfunction and oxidative stress also
play a critical role in cognitive impairment [77]. Mutations in
mitochondrial DNA leads to disruption of certain mitochondrial
genes, altering mitochondrial functions resulting in cognitive
decline in neurodegenerative diseases, demonstrating the im-
perative role of mitochondrial dysfunction in the contribution
of cognitive decline in AD [78]. Age-related memory impair-
ments are associated with a decrease in brain and plasma an-
tioxidant mechanism, indicating that an imbalance in oxidative
stress triggers cognitive dysfunction in AD. Moreover, research
suggests that melatonin helps in modulating the plasticity in
hippocampal neurons. Thus, higher levels of melatonin content
are associated with a lower prevalence of cognitive impairment
through hippocampal neurogenesis [79,80].

Behavioural changes are also observed in AD patients when
compared to healthy individuals. AD patients with mild cogni-
tive impairment display aggressive and impulsive behaviour
that worsens with the disease progression [81]. Besides, oxida-
tive stress is also associated with aggression and intermittent
explosive disorder. Expression of the MAO-A gene is decreased
in oxidative stress and its low activity is implicated in violence
and aggression [82,83]. In this regard, antioxidants could be
helpful against aggression, impulsivity, and emotional stability
[84].

Hormonal imbalance

Thyroid hormone improves the insulin sensitivity and reduc-
es the activation of neurodegeneration pathway [85]. AD and
other dementias are associated with the alterations in the en-
docrine system. Elevated cortisol, low estrogen, low testoster-
one, and imbalance in thyroid hormones have been implicated
in the progression of AD [86]. Thyroid hormones are regarded
as the powerful CNS neuro regulators that affect the neuronal
cells during the early stages of CNS development [87]. Thyroid
hormones are important in the maturation of neuronal cells
[88,89], metabolic effects on mitochondrial ETC respiratory
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complex activity [16], and expression of astrocyte structural
proteins [90]. Indeed, thyroid dysfunction is associated with
neurological abnormalities that result in memory impairment,
cerebellar ataxia, depression, irritability, and psychosis [91].
It has been demonstrated that expression of APP mRNA, APP
protein, and APP cleavage are influenced by the thyroid func-
tioning status. In vivo studies done on female mice showed that
the hypothyroid mouse brain increased the APP gene expres-
sion and hyperthyroid mice brain displayed opposite effects
[86]. Thus hypothyroidism increases the vulnerability of AB
deposition [92]. However, a cross-sectional study done on hu-
man patients concluded that subclinical hyperthyroidism has a
consistent association with AD [93]. Nonetheless, depleted lev-
els of Thyrotropin-Releasing Hormone (TRH), which suppresses
the tau phosphorylation in hippocampal neurons have been
found in AD brains [94]. A decrease in TRH gene expression is
linked with elevated levels of tau and GSK-3B, which increases
tau phosphorylation enhancing AD pathogenesis [95]. In this
regard, administration of TRH resulted in the reduction of tau
phosphorylation in hippocampal neurons [94,95].

Moreover, sex hormones like estrogen, progesterone, tes-
tosterone, and Luteinizing Hormone (LH) are involved in at-
tenuating AB-induced AD pathogenesis [96]. Estrogen helps in
elevating the soluble AB protein reducing cerebral AB levels.
Besides, estrogen has anti-inflammatory properties and is in-
volved in the inhibition of proinflammatory cytokines [97,98].
A low level of progesterone is also implicated with dementia
and supplementation found to reduce tau levels [99]. In ad-
dition, testosterone is also found to attenuate the AB toxicity
via estrogen-independent mechanism, and supplementation
of testosterone stimulates the secretion of non-amyloidogenic
APP and reduce neuronal secretion of AP peptides [100]. On the
contrary, LH modulates AP processing and promote AD patho-
genesis through amyloid-dependent mechanisms [101,102].

Conclusions

AD is a neurodegenerative disorder characterized by pro-
gressive loss of memory and with ageing the prevalence of the
disease increases exponentially. Diabetes mellitus is a complex
metabolic disorder characterized by chronic hyperglycemia and
the individuals with T2D are believed to have two-fold higher
risk of developing AD. Reports say that 80% of AD patients ex-
hibit T2D or abnormal glucose levels, suggesting diabetes accel-
erates the onset of AD. Many studies reported the alterations of
insulin signalling functions as a bridge between diabetes and AD.
Malfunctioning of insulin signalling pathways leads to hypome-
tabolism affecting the bioenergetics that leads to compromise
in neural energy production. Moreover, decrease in glucose me-
tabolism and insulin resistance leads to defects in APP process-
ing leading to AP toxicity, increase in tau hyperphosphorylation
impairing axonal transport, alterations in oxidative stress that
changes mitochondrial functions, and energy metabolism lead-
ing to activation of the caspases. Besides, insulin resistance also
changes the signal transduction in glial cells inducing the pro-
inflammatory genes to produce the proinflammatory cytokines
ultimately leading to neuronal death. Nevertheless, decrease in
glucose availability in AD leads to aberrations in glycosylation,
decline in glutamate neurotransmitter impairing the memory
and cognition. Of note, thyroid and sex hormonal imbalance
is also observed in AD. These complications are interlinked to
one another, and currently there are no particular treatments
established effectively to counteract the cognitive decline in AD.
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