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Genomic Linkage Between Alzheimer's Disease and Type 2 Diabetes
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Abstract: Alzheimer’s disease (AD) is a major health concern that affects nearly every society worldwide. The disease is
an irreversible, progressive and age-related neurodegenerative disorder. It is characterized by impaired cognitive function
and the diffuse deposition of amyloid plaques and neurofibrillary tangles. The causes of AD and the underlying
mechanisms that trigger the onset of the disease are still a matter of debate. Several epidemiological studies have shown
that the development of AD is associated with type 2 diabetes mellitus (T2D). In this review, we provide evidence for the
link between T2D and AD, highlighting the critical role of insulin in the pathogenesis of these diseases, and we provide
information on the genes that might be involved in the interplay between these two disorders. New insight into the
complex biology of AD is necessary for the early diagnosis of the disease, the development of novel drug therapies and

the prevention of these health issues.
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INTRODUCTION

In 1906, the German scientist Alois Alzheimer diagnosed
the first case of Alzheimer’s disease, which has since
become a major health concern affecting nearly every
society worldwide. The disease is the main cause of
dementia and is characterized by a progressive impairment
of cognitive function and behavioral deficits. It was reported
that, in the year 2010, 36 million people were affected with
dementia worldwide. These numbers are predicted to double
every 20 years to 66 million by 2030 and 115 million by
2050 [1]. The disease has had a major impact on global
healthcare and social services and has also become an
economic burden. The estimated worldwide cost of dementia
was over US $600 billion in the year 2010, which represents
more than 1% of the global gross domestic product [2].

AD is clinically distinguished by a decline in cognitive
functions associated with a progressive impairment in the
daily living activities and behavioral disturbances [3].
Histologically, amyloid plaques and the deposition of
neurofibrillary tangles constitute the main pathological
features observed in Alzheimer’s patients. These lesions are
the result of aberrant protein processing and are
characterized by the self-association and aggregation of f3 -
amyloid (AP), which is derived from the amyloid precursor
protein (APP) and results in neuritic plaques, and the
microtubule associated protein tau, which forms
neurofibrillary tangles [4]. Abnormal hyperphosphorylation
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of tau, together with the accumulation of non-soluble 3 -
amyloid, leads to neuron toxicity and induces apoptotic cell
death [5].

Numerous  multidisciplinary ~ studies, such  as
epidemiological and clinical studies, have been undertaken
in an attempt to identify the etiology, pathogenesis and risk
factors associated with AD. These studies provide strong
evidence that AD is associated with type 2 diabetes mellitus
(T2D) and that both diseases share the same
pathophysiology, suggesting that AD might be type 3
diabetes [6]. T2D is a non-insulin dependent metabolic
disorder with increasing prevalence worldwide. The disease
represents 90-95% of all diabetic cases [7]. It has been
associated with the late onset of AD and with other
neurodegenerative disorders, such as stroke [8] and, most
likely, Parkinson’s Disease [9, 10]. In a separate study, T2D
was linked with a two-fold increased risk of developing mild
cognitive impairment (MCI), which is an intermediate phase
between normal behavior and AD, in elderly women [11].
Furthermore Ohara and colleagues reported that T2D was a
significant risk factor for all types of dementia, including AD
[12]. In an independent study using a transgenic mouse
model, Jimenez-Palomares and colleagues provided
experimental evidence that demonstrated that the increased
production of aberrant AP triggered the onset of glucose
intolerance and insulin resistance, which means that AD
might lead to the development of T2D [13]. These diseases
also share similar biochemical features characterized by
amyloidosis, which presents as fibrillar amylin aggregates in
the pancreatic islets of T2D patients and amyloid deposits in
the brains of AD patients, suggesting that these diseases may
have common pathogenic mechanisms [5]. Data gathered
from animal mouse models support the epidemiological
findings and highlight insulin as a mechanistic link between
the two disorders [14]. Several mechanisms underlying this

© 2014 Bentham Science Publishers
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association have been proposed. These mechanisms include
the presence of cerebrovascular disease commonly
associated with T2D and the addition of the toxic effects of
chronic hyperglycemia, hyperinsulinemia and insulin
resistance [15].

Still, there are no effective treatments to prevent, halt, or
reverse AD, but emerging research from recently adopted
genetic and transgenic mouse model approaches might
provide new insight into the pathogenesis of AD and change
this gloomy picture. These approaches focused on the
molecular alterations and genetic susceptibility of
individuals with AD and its linkage with others disorders,
including T2D. In this article, we summarized the clinical
and epidemiological features of AD in light of the current
literature. We also reviewed the molecular mechanisms that
possibly link the pathogenesis of AD and T2D, focusing on
the potential involvement of insulin and the insulin signaling
network in the progression of AD.

CLINICAL FEATURES

AD is a progressive disorder; therefore, identifying the
specific time of its initiation is often difficult. The disease is
likely preceded by an intermediate phase referred to as mild
cognitive impairment (MCI) [16]. This phase represents a
transitional state and is characterized by memory complaints
and objective memory deficits, but with preserved cognitive
and functional abilities that can maintain the standard daily
life activities [17]. Based on an epidemiological study
performed by Gauthier and colleagues, the prevalence of
MCI ranges from 3% to 19% in adults older than 65 years.
Some of these adults will recover over time, whereas most of
them will progress to dementia within 5 years [18]. In an
independent study, Mitchell and Shiri-Freshki (2009)
reported that 10-15% of MCI patients progress to dementia
every year [19]. This observation was supported by other
studies [20, 21]. Yet, after including the criteria for MCI,
older persons have a ten-fold increased risk in developing
AD [22]. For this reason, it is now generally accepted that
studying the early phase of AD is more beneficial to
understanding the biology of the disease. The progression of
MCI to AD is associated with symptoms and signs of
memory impairment, which is the most significant clinical
feature. Memory decline represents the cardinal hallmark of
AD. In this case, patients must exhibit other symptoms that
reflect a severe decrease in their cognitive abilities and that
jeopardize their daily life activities. These symptoms include
the inability to generate coherent speech or to understand
spoken or written language, the inability to recognize or
identify objects and the inability to think abstractly and to
make sound judgments [23]. Language impairment, visio-
spatial dysfunction and behavioral and psychiatric symptoms
are also common clinical features of AD. As the disease
progresses, these signs become more prominent, eventually
resulting in global aphasia, apathy and depression, which can
occur in up to 50% of AD individuals [23, 24].

EPIDEMIOLOGICAL EVIDENCE

Risk Factors

Alzheimer’s disease is a multi-factorial disease, and
several factors have been implicated in its pathogenesis. The
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precise causes of AD are not yet known. However,
epidemiological studies have been performed to identify risk
factors that increase the likelihood of developing AD, and a
number of risk factors have been identified. These include:

- Increasing age: Population aging and increased life
expectancy, especially in developed countries, has
massively contributed to the increased prevalence of
dementia, particularly AD. Dementia-related diseases
will also increase in developing countries due to the
increased total population, and this increasing
population will be an enormous challenge to the
global health care services [25]. A number of
published reports have indicated that AD is the
leading cause of neurodegeneration in elderly
individuals, and therefore, the greatest risk factor for
developing AD is advanced age [26]. It was reported
that most people with AD are diagnosed at an age of
65 years and older, and the age-specific prevalence of
AD almost doubles every 5 years after this point. It is
expected that 50% of the population aged 85 and
older may develop AD [27].

- Inherited predisposition: The main genes that cause
familial AD have not yet been identified (Tables 1
and 2). However, early-onset AD has been associated
autosomal dominant mutations in the APP, presenilin
1 and presenilin 2 genes [28]. This form of AD
accounts for approximately 2-5% of all AD cases
[29].

X\ Apolipoprotein Eeg4: The association between
diabetes and AD is particularly strong among carriers
of the APO-¢4 allele [30]. It has been postulated that
early-onset AD and its risk of developing AD are
attributed to the increased expression of the APO-g4
isoform [31]. APO-g4 contributes to the decreased
clearance of plaques and is involved in the increased
aggregation of the neurotoxic AB. It has also been
suggested that apoE-g4 is less effective against
oxidative stress and contributes to cholinergic
dysfunction in AD [32].

— Other risk factors:

1. Diabetes: A strong link between T2D and AD has
been shown [33, 34] in a number of clinical and
epidemiological studies. The detailed association
between T2D and AD will be reviewed below.

2. Diet: A variety of dietary factors are also associated
with an increased risk of AD, all of which are
amenable to intervention, such as increased red and
processed meat consumption and a reduced intake of
methionine [35] and folate from food sources [36].

3. Cholesterol: Perturbed cholesterol levels have been
proposed as an important factor contributing to the
development of AD [37].

4, Cardiovascular disorders: It was revealed that long-
standing cardiovascular patients were susceptible to a
decline in cognitive function and the development of
AD [38]. Thus, controlling vascular risk factors, such
as hypertension, obesity, coronary disease, and
cholesterol level may contribute to the rescue of
vulnerable patients [39].
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Table 1.  List of Genes Associated with Early-Onset AD and their Pathogenic Effects
Gene Protein Chromosome Molecular Phenotype References
PSEN1 Presenilin 1 14924 Increased AB42/AB40 ratio [144]
. . Increased APB42/AB40 Increased AP production
APP Amyloid p [A4] protein precursor 21q21 . . [145]
Increased AP aggregation ratio
PSEN2 Presenilin 2 1q31 Increased AP42/AB40 ratio [146]
Table 2.  List of Genes Associated with Late-Onset AD and their Pathogenic Effects
Gene Protein Chromosome Molecular Phenotype References
ATXNI1 Ataxin 1 6p22.3 Production of AB [147]
CD33 CD33 [Siglec 3] 19q13.3 Innate immunity, degradation of AB [147]
CLU Clusterin 8p21.1 Clearance of AP, innate immunity [148]
CR1 Complement component [3b/4b] receptor 1 1932 Clearance of AP, innate immunity [148]
PICALM Phosphatidylinositol binding clathrin assembly 11q14 Production and clleara_nce of AB, [149]
molecule cellular signaling
L Production and clearance of Af,
BIN1 Bridging integrator 1 2q14 cellular signaling [150]
ABCA7 ATP-binding cassette subfamily A member 7 19p13.3 Lipid metabolism; cellular signaling [151]
CD2AP CD2-associated protein 6pl12.3 Cellular signaling [151]
EPHAL1 EPH receptor Al 7q34 Cellular signaling, innate immunity [151]
Membrane-spanning 4-domains, subfamily A, . -
MS4A6A/MS4A4E members 6A and 4F 11ql2.1 Cellular signaling [152]
APOE Apolipoprotein E 19q13 Clearance of A, Lipid metabolism [153]
5. Smoking: Ongoing studies are investigating the developing countries confirmed that the incidence of AD is
potential association between AD -and tobacco generally lower than in North America and Europe [42]. For

smoking [40]. This association is still litigious and
remains to be clarified.

6. Gender: It has been reported that there is an increased
incidence of AD in females compared to males [41].

7. Level of education: It has been reported that AD is
more prevalent in populations with low educational
profiles [39].

Prevalence and Incidence

Alzheimer’s disease is considered the sixth leading cause
of death and the fifth leading cause of death in persons aged
>65 years [42]. The prevalence and incidence rates of AD
increase exponentially after the age of 70 [43]. Taking into
consideration the regional distribution of high-risk
populations, it has been noted that developed countries have
a higher incidence rate compared to developing countries.
Western European individuals aged 60 and above exhibited
the highest prevalence of dementia (6.4%), and 4.4% of
these individuals suffer from AD [44]. As for the North
American population, the prevalence of AD has been
reported to be approximately 9.7% for individuals above the
age of 70 [45], followed by the populations from Latin
America (4.9%) and China and its western-Pacific neighbors
(4.0%). Data gathered from studies that were performed in

example, the incidence rate of AD among people aged 65
and older was 7.7 per 1000 persons/year in Brazil and 3.2
per 1000 persons/year in India [46]. Geographical
discrepancy in the results may reflect the differences in study
design and data analysis. Unfortunately, there have been
very few studies on dementia in the Gulf region. In Saudi
Arabia, the prevalence rate of AD was shown to be
significantly lower than the rates reported in Western
countries. The overall prevalence rate among the Saudi
population was reported to be 0.22 per 1000 persons [47]. In
Egypt, the prevalence ratio of people with dementia accounts
for 2.26% of the population aged >50 years. This ratio
increases to 4.5% in persons aged 60 and over, most of
whom are affected by AD with an estimated ratio of 51.2%
[48, 49].

In an attempt to investigate the etiology of AD, a number
of risk factors have been nominated that may trigger or
facilitate the development of AD. Strong evidence from
epidemiologic research has emerged that supports the
hypothesis that T2D is associated with an increased risk of
AD [42] and that controlling diabetes could have a major
impact on the prevention of the disease [50]. The evidence is
based on the fact that both diseases are age-related. The
evidence takes also into consideration the total number of
both T2D and AD patients, which is expected to increase
from 171 million in 2000 to 366 million in 2030 for T2D
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[51] and from 36 million people in 2010 to 66 million by
2030 for AD [43]. The Rotterdam study showed that the risk
of developing AD increased almost two-fold in diabetic
patients compared with normal individuals, and insulin
treatment was associated with a more than four-fold increase
in AD incidence. In contrast, in a different study led by Curb
et al. (1999), there was no association between T2D or
impaired glucose tolerance and AD episodes in Japanese
American men living in Hawaii [52]. A number of other
cross-sectional studies linked the increased risk of AD to
hyperinsulinemia and not directly to T2D [53]. Similarly,
another longitudinal study from the American continents
found that the risk of AD was higher in persons with
hyperinsulinemia, indicating that insulin might directly
influence the risk of AD [54]. A recent report from the
Alzheimer’s Association (2012) revealed that 29% of AD
patients showed signs of coexisting diabetes conditions. In a
recent meta-analysis, which included 10 longitudinal studies
assessing the association between T2D and AD, stated that
T2D increased the risk of AD by 54% [55].

Epidemiological and clinical data provide evidence of the
overlap between T2D and AD, suggesting that these two
diseases possess a natural, parallel history and may share a
similar genetic signature and homologous underlying
mechanisms.

Molecular Linkage Between T2D and AD

Various mechanisms of how T2D influences the
development of AD have been suggested. Because the
common features of T2D disease are hyperglycemia,
hyperinsulinemia, and insulin resistance, which in turn lead
to impaired downstream signaling pathways [56], most of
the previous studies have focused on insulin as a core
molecule mediating the cognitive impairment in AD.
Furthermore, the observation that insulin sensitizer therapy
enhanced the cognitive performance in an experimental
model [57] also lent support to the concept that insulin is an
important molecule in the pathogenesis of AD [58]. It has
been suggested that insulin resistance contributes to the
neuropathy that frequently occurs in patients with impaired
glucose tolerance [59]. It was also revealed that insulin
resistance was detected in the majority of elderly people and
contributes to the development of AD [60]. Insulin is a major
metabolic hormone that regulates glucose metabolism.
Diabetic patients can no longer control their blood sugar
levels, resulting in hyperglycemia. Chronic overload with
sugars leads to chronic hyperinsulinemia, which eventually
triggers insulin resistance. This condition is mediated, to a
certain extent, by a defect in the insulin receptor, leading to
an impaired downstream insulin signaling cascade [61]. A
broad distribution of insulin receptors in the brain,
particularly in the hippocampus, makes the brain more
vulnerable to a glucose level imbalance. This will have a
direct effect on the activity of the brain, including cognitive
processes [58]. Thus, glucose imbalances lead to the
progressive impairment of the brain’s capacity to utilize
glucose and respond to insulin and insulin-like growth
factors (IGF), which regulate neuronal survival, energy
metabolism, and plasticity and are required for learning and
memory [62, 63]. Hence, endogenous brain-specific
impairments in insulin and IGF signaling account for the
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majority of AD-associated abnormalities, which are
pathologically  characterized by the occurrence of
intracellular neurofibrillary tangles rich in tau protein and
extracellular plaques containing amyloid peptide [64]. It has
been documented that too much insulin in the brain can
contribute to -amyloid production and subsequent
accumulation of amyloid plaques [65]. Hence, T2D leads to
the destructive deposition of amyloid (AB), and the
accumulation of AP in the brain results in Alzheimer’s.
Insulin  resistance  and  hyperinsulinemia  trigger
inflammation, and T2D has been associated with elevated
levels of inflammatory markers that increase the risk of AD
[66-68]. Patients with- AD have elevated concentrations of
the inflammatory cytokine interleukin (IL) 6 and the lipid
peroxidation marker F2- isoprostane in their cerebrospinal
fluid (CSF) [69, 70]. Furthermore, in vitro and animal
studies suggest that inflammation interferes with the
processing and deposition of amyloid (AB), a key peptide
linked to AD pathogenesis [67]. Insulin may also contribute
to the inflammation of the central nervous system (CNS),
partially through its effects on Ap [71]. Insulin promotes the
release of AP from intracellular neuronal compartments and
inhibits its degradation by the metalloprotease insulin-
degrading enzyme [72, 73]. However, a second major
mechanism of cognitive impairment has been linked to
obesity and T2D. Human and experimental animal studies
revealed that neurodegeneration associated with peripheral
insulin resistance is likely mediate by a liver brain axis
whereby toxic lipids, including ceramides, cross the blood
brain barrier, resulting in brain insulin resistance, oxidative
stress, neuro-inflammation, and cell death. In essence, there
are two mechanisms of brain insulin resistance that can lead
to AD-like neurodegeneration: one is mediated by
endogenous, CNS factors, whereas the other is caused by
peripheral insulin resistance with excess cytotoxic ceramide
production [74].

The similarities between T2D and AD include the aging-
related nature, degeneration, high cholesterol levels,
peripheral and CNS insulin resistance, dysfunctional IR and
IR-mediated signaling pathways, and decreased glucose
transport and metabolism, despite the higher levels of non-
metabolized glucose in the cerebral blood [75-77]. Of note,
the imbalance between low and high glucose levels in T2D
patients may be responsible for vascular damage in the brain
and neurodegeneration, thus facilitating the onset of AD.

Insulin Function in the Brain

The biological basis of T2D is a systemic and chronic
impairment in glucose metabolism and utilization. Glucose
metabolism is vital to the brain because glucose is nearly the
exclusive energy source required to fuel the high-energy
machinery of its cells (neurons) [78, 79]. Surprisingly, the
brain represents only 2% of the body weight but consumes
18-30% of the total body glucose [80]. However, it is now
well established that the consumption of glucose is critical
for the brain, and the uptake of glucose into the neurons is
mediated through insulin, an important component of brain
glucose metabolism [79]. If the uptake of glucose into the
neurons is diminished, energy metabolism is hindered with
significant consequences on the brain’s capacity to generate
connections that are vital to memory and learning [81].
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Experimental diabetes in animal models showed a clear
association between abnormal glucose metabolism and
impaired memory and synaptic plasticity [82-84].
Furthermore, it has been shown that insulin and IGF play a
role in modulating neuronal survival, energy metabolism,
synapse formation and plasticity, which are required for
learning and memory [85]. Additionally, insulin/IGF also
regulate the growth, survival and myelin
production/maintenance in oligodendrocytes [86]. Therefore,
the impairment of the insulin/IGF receptor signal adversely
affects glucose homeostasis, energy metabolism and the
structure and function of white matter fiber, which are
directly associated with a wide range of neuronal and glial
functions. Insulin binds to receptors at the synapse, a key
communication locus between neurons in the brain. Synaptic
junctures between the neurons are where the cell-to-cell
brain circuitry is facilitated. Insulin is now known to serve as
a vital element for the maintenance of the synapse structure
and function and subsequently for the strength of the
connections between neurons [82-84]. This insulin/synaptic
axis and the formation of new circuits in the brain are key
contributors to “brain plasticity”. Brain plasticity refers to
the brain’s capacity for adaptive changes. Thus, disruptions
in glucose supply, transport, and utilization can lead to
neuronal damage and directly affect cognitive function.
Furthermore, there is now evidence that demonstrates that
insulin and its receptors in the brain are key elements in
memory formation and learning beyond their function in
glucose uptake [81].

Insulin Receptors Function in the Brain

Until approximately 30 years ago, there was speculation
that neurons do not require insulin for glucose transport;
therefore, the brain was considered a non-insulin targeting
organ. However, this misconception was changed when
widespread distribution of insulin receptor (IR) was detected
in the brain [87, 88]. A growing body of experimental
evidence, such as the specific regional expression of IR
mRNA by in situ hybridization [89, 90] and insulin binding
with autoradiography [91], revealed that IR is distributed in
discrete areas, including the olfactory bulb, pyriform cortex,
hippocampus, amygdala, and hypothalamus. Surprisingly,
the most elevated IR mRNA expression was found in the
choroid plexus and the cerebellum [92-94]. Interestingly,
while the cerebellum has high levels of IR mRNA, only low
levels of protein are detectable [91, 95], presumably due to
the high protein turnover rate of the receptor. IRs are present
at the synapses and are highly expressed in highly plastic
areas of rich synaptic density, such as the cortex and
hippocampus [95], suggesting a possible relationship
between insulin signaling and synaptic plasticity. It has been
demonstrated that there is an alteration in insulin and IR
gene expression in the brains of advanced AD patients.
Moreover, IR expression is upregulated in the rat
hippocampus during spatial memory tasks, such as the
Morris- Water Maze [95]. IR is a membrane receptor
tyrosine  kinase that is activated by tyrosine
autophosphorylation of the B subunit upon insulin binding to
the o subunit, which is exposed to the extracellular surface
[96, 97]. The phosphorylated receptor subsequently activates
several downstream signaling cascades primarily through the
insulin receptor substrates 1-6 (IRS1-6). Activation of the
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insulin receptors results in the downstream activation of the
phosphatidylinositide 3 kinase (PI3)/Akt kinase (Akt)
pathway [98, 99], an important signaling pathway for
synaptic plasticity [100]. Akt inactivates glycogen synthase
kinase-3 (GSK-3) by phosphorylating the protein on serine 9
[100]. It has recently been reported that GSK-3 co-
immunoprecipitates with GluR1/2 AMPA receptor subunits
[101] and that GSK-3 activity is essential for determining the
direction of synaptic plasticity, as its inactivation is crucial
for the induction of long-term potentiation [102-104]. The
brain forms new connections and “rewires” itself to integrate
new information during the learning process, or it “rewires”
itself to replace the damaged pathways that were lost in a
stroke. If the function of insulin is disrupted in the brain,
synapse function and density are diminished, and the neural
pathways that optimize and reflect learning and memory
formation are hindered. Therefore, dysfunction of insulin
and insulin signaling at the synapse is largely to blame for
the decreased synaptic density and brain plasticity that are
central features of the brains of AD patients.

Insulin Resistance and Amyloidogenesis as Common
Molecular Features of Both T2D and AD

Insulin resistance may be caused by abnormalities in
insulin signal transduction at any level of the signaling
pathways in the target cells. This process is initiated through
various mechanisms, such as the binding of IR to its ligands,
the activation of IR kinases and the activation of individual
molecules in specific signaling pathways or, ultimately, at
the level of the effector systems, such as the glucose
transport system or glycogen synthesis. Approximately 20%
of the neurodegenerative diseases that affect the general
population worldwide are associated with diabetes mellitus,
increased insulin resistance, obesity, disturbed insulin
sensitivity and excessive or impaired insulin secretion [105].
T2D is becoming widely recognized as a risk factor for the
development of AD and clinical features such as insulin
signaling defects. Possible contributors to this relationship
may include AP accumulation and the hyperphosphorylation
of tau protein [106]. As we have previously mentioned,
insulin resistance develops as a result of the reduced ability
of the IR to respond to insulin stimulation [107]. Under this
condition, the islet f -cells in the pancreas secrete higher
levels of insulin to compensate for the declined receptor
function, making hyperinsulinemia a common characteristic
of T2D patients. Therefore, numerous lines of evidence
clearly dictate that insulin deficiency or insulin resistance is
a feature of T2D, which in turn plays an important role in
AD pathogenesis.

COMMON MOLECULAR LINKAGES IN T2D AND AD
Role of Insulin Signaling Deregulation in AD Pathogenesis

The understanding of IR physiology in AD will
contribute to the development of more adequate preventive
and therapeutic strategies to decrease the burden of
complications related to insulin resistance. Although IRs in
the brain have structures and functions that are distinct from
their peripheral counterparts [108], evidence indicates that
excessive insulin levels are associated with a functional
decline in the CNS. Studies conducted with elderly subjects
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demonstrated that the elderly men with the highest insulin
levels made 25% more errors on the Mini-Mental State
Examination than men with the lowest insulin levels [109-
111]. In their study using postmortem brain tissues, Frolich
and colleagues first reported an increase in the insulin
binding activity in the brain regions of sporadic AD [112]. It
is important to note that despite the increased insulin
binding, insulin receptor activity was reduced in the AD
brain [113], which was consistent with insulin insensitivity.

Impaired insulin signaling negatively affects several
functions of brain cells, such as glucose homeostasis, energy
metabolism, white matter fiber structure and function [114].
Like other hormones, insulin exerts its effects by binding to
its specific cell surface receptor, causing the pleiotropic
hormone to activate multiple signaling pathways. This
binding initiates a cascade of intracellular signaling
pathways, which ultimately lead to changes in glucose
transport, glycogen and lipid synthesis and specific gene
expression [115]. The IRs and the insulin-like growth factor
receptor belong to the receptor tyrosine kinase super-family.
However, signal transduction by these receptors [116]
mainly occurs via the insulin receptor substrate (IRS) adapter
proteins (IRS-1-4) [117]. These adapter proteins bind to the
transphosphorylated activated receptors at the tyrosine
docking sites. Tyrosine phosphorylated (TP) IRSs transmit
intracellular signals that mediate growth, metabolism, and
viability by interacting with downstream SH2 domain-
containing molecules [118], including the p85 regulatory
subunit of phosphatidylinositol-3 kinase (PI3K) [119]. IRS
proteins are involved in an important regulatory step in IR
activation. The degree of serine/threonine phosphorylation
determines the positive or negative signal transmission via
the IRS proteins [116]. During insulin stimulation, PI3K
becomes activated via IRS association, as well as the Ras—
MAPK pathway, leading to glucose transport activation
through GLUT-4 and other metabolic actions [115].
However, this processes relies on the tyrosine
phosphorylation of IRS after it is bound to the juxta-
membrane region of the activated IR [120]. Experimental
data indicate that increased serine/threonine phosphorylation
of IRS could affect the action of insulin. This
hyperphosphorylation of the serine/threonine residues could
explain why tyrosine phosphorylation of IRS does not occur
in the presence of insulin and leads to insulin resistance.
Thus, PI3k is a key molecule in signal transduction that
stimulates glucose transport [121] and inhibits apoptosis by
activating Akt/Protein kinase B and inhibiting glycogen
synthase kinase-33 (GSK-3B) [122]. Positive stimulation
through the PI3K/Akt pathway preserves mitochondrial
membrane integrity [123] and inhibits the production of free
radicals that causes mitochondrial DNA damage,
mitochondrial dysfunction, and the initiation of pro-
apoptotic mechanisms [124]. Hence, impairments in insulin
and IGF signaling due to insulin/IGF resistance and/or
trophic factor withdrawal lead to decreased energy
metabolism due to reduced glucose uptake and ATP
production [125]. Reduced ATP adversely affects cellular
homeostasis, membrane permeability, and fundamental
processes required for synaptic maintenance and remodeling,
which are needed for learning and establishing new memory.

Nedjadi et al.

Role of Insulin Degrading Enzyme (IDE) in AD
Pathogenesis

Apart from the insulin signaling deregulation in AD,
elevated insulin poses another problem. Insulin regulates A
levels by modulating AP production through the actions of
APP cleaving enzyme (BACE) and/or y-secretase on the f3-
site, as well as by modulating AP degradation via insulin-
degrading enzyme [126-129]. It is conceivable that the
actions of insulin or the lack of action may be a link between
T2D and AD. IDE is a metalloprotease enzyme that
catalyzes the degradation of insulin in the brain following
internalization of insulin and its receptor [130]. IDE also
degrades soluble AP, thereby regulating its extracellular
levels by reducing aggregation and toxic amyloid plaque
formation that occurs during AD pathogenesis [130]. It is
believed that the net production of A is directly related to
the processing of APP and AP degradation, as well as its
clearance; these factors are crucial determinants for the
aggregation and formation of neurotoxic amyloid plaques in
the brains of AD patients. It has been demonstrated that Ap-
degrading proteases could regulate the cerebral levels of the
peptide: thus, IDE is considered an AB-degrading protease
[131]. Among the IDE substrates, insulin and amylin are
significant as they are involved in the pathogenesis of T2D
and in AD pathology [132-136]. These substrates compete
with each other to be degraded by IDE in vivo. If the insulin
level increases in the brain, it would hinder the ability of IDE
to effectively degrade AP. IDE catalyzes insulin degradation
and negatively regulates its signaling. However, the affinity
of IDE for insulin is much greater than AP [133], but,
surprisingly, it has been demonstrated that the C-terminal
cleavage products of APP, inhibit insulin binding and insulin
receptor autophosphorylation by reducing the affinity of
insulin for its own receptor [137]. Because APP-Af
competes with insulin for receptor binding, the inefficient
degradation of soluble APP-AP could represent an important
factor mediating brain insulin resistance in AD patients.
Interestingly, when IDE is overexpressed in transgenic mice,
the mutant IDE mice exhibits hyperinsulinemia, glucose
intolerance, and increased levels of APP-AB in the brain
[138]. These findings support the hypothesis that APP-ApB
contributes to AD neurodegeneration by impairing insulin
signaling and promoting insulin resistance. Insulin has a very
similar molecular structure to amyloid plaque and thus might
compete for the benefits of IDE [139]. Elevated insulin
levels have been implicated in the failure of brain cells to
clear the B-amyloid. It has been shown that the brains of AD
patients have reduced IDE levels [140], and the
overexpression of IDE in APP mutant mice reduced plaque
formation [141]. Accordingly, Ho and colleagues [142],
using an APP transgenic AD animal model, demonstrated
that insulin resistance caused by a high fat diet is associated
with a decrease in IDE levels and PI3K-Akt activity and an
increase in AP formation. PKB/Akt is a player in the
neuroprotection mediated by insulin signaling. In fact, data
show that Akt overexpression in PC12 cells protected the
cells from Ap-induced cell death [143]. Therefore, all of the
evidence shown above clearly shows that the insulin
signaling dysfunction may be involved in the pathological
events that occur in AD brains. Indeed, there is a major
abnormality in insulin and IR gene expression in the brains
from advanced AD patients, which strongly supports the
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notion [62]. Furthermore, excess insulin can increase the risk
of AD by stimulating pro-inflammatory molecules in the
brain and by impeding the clearance of beta-amyloid. Insulin
is partly responsible for the uptake of glucose into neurons.
The human brain needs a great deal of glucose for energy
metabolism, and individuals who have a greater genetic risk
(ApoE4) for AD have lower rates of glucose metabolism.
The insulin resistance that underlies T2D/Metabolic
Syndrome contributes to decreased brain insulin levels [69],
and elevated insulin in the body (periphery) contributes to
inflammatory molecules in the brain. Indeed, elevated
insulin in the body can have direct and deleterious
consequences on brain integrity. However, as an emerging
theory and explanation of the cascade of neurodegeneration
that characterizes AD, the role of insulin function in the
brain and how its dysregulation directly contributes to the
cognitive impairment that defines AD has resulted in the
development of a neuroendocrine model of AD that seems
destined to replace the amyloid theory of AD.

CONCLUSION

AD is a multifactorial disease that might be linked to
several different pathways. The disease emerges from the
interactions of environmental factors and genetic
susceptibility, and apolipoprotein Ee4 and other genes are
important risk factors. A considerable body of experimental
and epidemiological evidence supports the association
between AD and T2D. This link is also supported by the
overlapping molecular and biochemical abnormalities of the
two disorders. Impairment in insulin and insulin-like growth
factor, as well as signaling mechanisms that lead to the
deregulation of glucose metabolism, are at the core of the
pathogenesis. Recent research has indicated that tighter
control of T2D, including early screening of individuals at
risk, might be beneficial to delay cognitive declines and
could help prevent progression to AD. Therefore,
understanding the T2D physiology associated with AD will
allow for the development of more adequate preventive and
therapeutic strategies to decrease the burden of AD and T2D.

LIST OF ABBREVIATIONS

AD = Alzheimer’s disease

CNS = Central nervous system

MCI = Mild cognitive impairment
T2D = Type 2 diabetes

IR = Insulin receptor

IGF = Insulin-like growth factors
PI3 = Phosphatidylinositide 3 kinase
Akt = Akt kinase

GSK-3 = Glycogen synthase kinase-3
IRS = Insulin receptor substrate
PI3K = Phosphatidylinositol-3 kinase

IDE = Insulin degrading enzyme
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