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Abstract

Insulin resistance, hyper-insulinemia and products associated to insulin metabolism can affect the amyloid
cascade and promote the onset of Alzheimer's disease or aggravate the condition, in early or old age regardless of
the development of type 2 diabetes. The changes described in pathological studies and molecular research, classify
two types of mechanism involved with cognitive impairment in these cases: one related to cerebrovascular events
due the action of vascular risk factors, and the other more controversial, non-cerebrovascular mechanism involving
the interaction of insulin with AB in the entorhinal cortex and hippocampus, as well as its synaptogenesis action
that involves signaling of intracellular molecular paths in the modulating of neurotransmitters such as acetylcholine,
norepinephrine and glutamate receptors. Based on a literature review, the role of insulin in the Central Nervous
System is examined along with its participation in the amyloidogenesis process in progression to Alzheimer Disease.
This review also addresses the consequence of chronic peripheral hyperinsulinemia, leading to down-regulation of
insulin receptors in the blood-brain barrier and decreased insulin up-take, causing a state of central hypoinsulinism.
This state interferes mainly in the process of AR degradation, emphasizing the role of the catalytic enzymes in AR
clearance, particularly of the insulinase. Among others, increasing synaptic toxicity by disrupting PI3K/Akt inhibition of
the GSK3 intracellular molecular pathway increasing tau phosphorylation, as well as PKC synaptogenesis signaling,

causing clinical and anatomic changes that favor Alzheimer Disease.
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Introduction

Type II diabetes mellitus (T2DM) affects an estimated 250 million
people in the world and epidemic projections predict a rise to 300
million cases by 2030 [1]. The relationship between diabetes and late-
onset Alzheimer Disease (AD) has been extensively discussed and, a
growing incidence of this association is reported in clinical practice.
Studies have evolved to recognize this condition. The main mechanism
of convergence between the two diseases is insulin resistance, a stage
that precedes the onset of T2DM [2].

Insulin resistance is defined as the resistance of tissues to the insulin
action. In the periphery it is attributed to resistance to the uptake of
glucose used by the muscles, liver, kidney and other organs, while in
the brain it impairs insulin signaling. Insulin resistance involves the
insulin receptors and is influenced by genetic predisposition as well as
environmental factors such as feeding and obesity [3,4].

Insulin resistance with hyperinsulinemia can precede the onset
T2DM by several years. This pre-diabetic stage is responsible for
vascular changes that may or may not be associated with other vascular
risk factors (hypertension, dyslipidemia and obesity), which together
comprise the metabolic syndrome [5]. It may also lead to the more
discussed non-vascular changes of the hippocampus and other regions
related to the cognitive circuit, similar to AD, a combination explored
in numerous studies [6].

Among the changes observed, focus has centered on the role of
hyperinsulinemia in promoting deposition of the peptide amyloid f,
contributing to the accumulation of amyloid plaques in the brain, an
important hallmark of AD [7,8].

The process of amyloid plaque deposition entails the stages of
formation, degradation and transport of the peptide out off the
brain (clearance). Specific enzymes are involved in each step. In the

mechanism of forming the peptide that involves the precursor protein
cleavage is emphasized the role of B secretase (BACE1), a disintegrin
enzyme responsible for the cleavage that forms the amyloid peptides
in familial early onset AD, that is related with the genes of the amyloid
precursor protein (APP), presenilin 1 and presenilin2 [8,9].

In sporadic forms, insufficient degradation of the amyloid protein
[5] with the accumulation and deposition of the peptide, and the more
known genetic linkage with the APOE allele 4, appear to predominate.
The enzymes physiologically involved in the process include neprilysin,
endothelin-converting enzyme, the uPA/tPA/ plasminogen system,
angiotensin-converting enzyme and insulin degrading enzyme (IDE
or insulinase) [10]. The activity of the latter playsa central role in the
process associated with hyperinsulinemia, with or without T2DM, and
in the absence of the APOE allele 4 [2,11].

Type 1I diabetes and AD are characterized by insoluble protein
aggregates: amylin in pancreatic cells (T2DM) versus AP and tau
tangles (AD). Amylin is a pancreatic protein analogous to amyloid
peptide dependent on insulinase for degradation. Deposition of amylin
is observed in the pancreas of diabetic patients, similar to that which
occurs in the brain with the amyloid peptide in cases of T2DM with
AD [12].
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Various substrates compete for the insulin degrading enzyme,
including the B amyloid protein, but the most competitive substrate
is insulin. Experimental mechanisms described in both animals and
humans suggest that in the presence of hyperinsulinemia or of genetic
mutation in the locus of IDE expression, the relationship between the
substrates becomes favorable to the deposition of amyloid peptide, in
view of the decreased degradation of the substance [13].

The competitive mechanism of substrates may be observed in
the early stages of hyperinsulinemia [13]. However, controversies
exist over the hippocampus alterations observed with prolonged and
chronic hyperinsulinemia [14] that reduce insulin uptake in the brain
by saturable transport across the blood brain barrier (BBB), decreasing
insulin levels in the central nervous system (CNS) with the development
of brain insulin resistance and AD [11].

This review aims using synoptic approach to explore the manner in
which peripheral hyperinsulinism with brain insulin resistance affect
this cascade, given that some mechanisms explaining this relationship
are known while a clear understanding on others remain elusive. It
encourages the continuity of studies in this area in the future with new
therapeutic strategies.

Mechanism of Insulin Action and Brain Insulin
Resistance

The main role of insulin in the CNS is not related to glucose uptake
into tissue, there is a class of peptide isoform - glucose transporter
isoforms (GLUTs 1-8) to play this role, which are modulated by the
action of insulin in some important regions of cognitive circuits [2,15].

The insulin action in the brain, is related to cognitive functions in
specific regions such as the hippocampus, and influences the process of
forming short-term memory and learning with improved performance.
In addition, it plays part in long-term memory potentiation with the
modulation of the expression of neurotransmitter receptors involved
in the task of synapses plasticity such as acetylcholine, glutamate and
dopamine [11]. A action is also exerted on hypothalamus-pituitary axis,
regulating the mechanism of feeding and body energy balance [3,4].

These actions in the CNS are carried out through specific insulin
receptors that are structurally and functionally different from the IR
present in peripheral tissue, and are distributed in large numbers in
the entorhinal cortex, hippocampus, frontal cortex and hypothalamus
regions, as well as in the BBB where insulin is actively transported into
the brain. There is little local production of insulin within the brain
itself, most of which is transported from the periphery across the BBB
where it reaches the cerebral spinal fluid (CSF) and binds to its specific
receptors in the CNS [16].

A brief summary now ensues outlining some of the main events
related to the mechanism of insulin action reviewed by Kahn and
Suzuki [16]. The insulin receptors (IR) belong to the tyrosine kinase
family, a classical allosteric enzyme. This has a mechanism of action that
starts by inducing conformational changes in the receptor by binding
to it, a critical step for activating insulin signaling and triggering
phosphorylation of the receptor in 12 substrates of intracellular protein.
The main four first identified in the brain (IRS1 - IRS4) [2,16], and in
which insulin action activates the paths of the intracellular molecular
cascade responsible for performing the insulin function in neurons and
astrocyte cells.

After phosphorylation [2,16], these substrates function by
intermediating signal transduction through interaction with other

intracellular molecules. The main molecules with the clearest
mechanisms include: Phosphatidylinositol-3-kinase (PI3K/Akt),
Protein Kinase C (PKC), Glycogen Synthetase Kinase 3(GSK3) [17].

Regulatory actions include the activation and inhibition of
signaling pathways. The activated PI3K path is the most important
link of signaling for insulin metabolic effects and via Akt activity is
an important signaling pathway for IDE effects while also inhibits the
GSK3 path which has deleterious cellular action. Akt, a Protein Kinase
B - PKB, acts as a multifaceted intermediary between signals arising
from IR activation and signals to be transmitted downstream for
biological effects. PKC constitutes another path of neuronal activation
and via IR and IGF-R activity produce the signaling for synaptogenesis
and neuronal survival effects [2,9,16].

The GSK3 pathway, when activated by insulin resistance facilitates
the binding of AP oligomers linked to tau toxicity action. There are
many mechanisms related to insulin resistance signaling that may
originate at the BBB, in T2DM model [2,5,16].

T2DM and the role of amyloid

In type 2 diabetes, peripheral hyperinsulinemia is a consequence
of the insulin resistance that follows the glucose intolerance stage until
the onset of diabetes. In the brain, insulin resistance with impairment
of insulin signaling is a consequence of peripheral hyperinsulinemia,
and can precede by many years the development of the diabetes with
pancreas born out [12].

In an early stage of the process, central hyperinsulinism appears
to occur concomitantly with peripheral hyperinsulinemia, because the
insulin crosses the BBB at a proportional concentration. With onset
of chronic hyperinsulinemia, saturation of the carrier receptors of
insulin at the BBB takes place, with down-regulation of the receptors
(internalization with degradation of the receptor) and decreased insulin
uptake into the brain, producing a stage with central hypoinsulinism.
One of the processes of insulin resistance in the CNS that begins at
the BBB, is a mechanism extensively explored in the studies of Suzanne
Craft [11,18,19].

According to descriptions by Kahn and Suzuki [16], mutations
in the insulin receptor (IR) gene have been reported in a substantial
number of patients with severe insulin resistance, and there are many
mechanisms involved in the acquired alterations of IR signaling at
different stages of the disease. The most common down-regulation
occurs in variable degrees with the hyperinsulinemia.

The brain depends on adequate levels of insulin to keep its
signaling healthy. The consequent reduction of insulin levels in the
CNS promotes a decrease in components dependent on insulin such
as insulin growth factor (IGF), IDE and other IR in the brain tissue
[2]. This contributes by aggravating the process of resistance to insulin
signaling, at several stages of the intracellular molecular pathways,
leading to the histopathological changes found in AD. These changes
include deposition of amyloid plaques of insoluble oligomers (AB42)
in the extracellular space, intracellular tau phosphorylation with
neurofibrillary tangles and amyloidal angiopathy, resulting in synapse
dysfunction and neuronal death [2,8,9,20].

Lowlevels of insulin and IR are unable to activate and phosphorylate
the receptor to start activation of the intracellular molecular events,
necessary to allows insulin to fulfil its metabolic functions. Under these
conditions, PI3K is not activated, leading to the cytotoxic action of the
GSK3 path (Figure 1) [2,5,10,17].
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Figure 1: Figure to left represents insulin signaling under normal healthy conditions: insulin adapts in receptor, activates P13-K/Akt(PKB) and inhibits GSK3 in the
intracellular compartment, with good balance between insulin, IDE and AB in extracellular space. Figure to right, represents states of insulin resistance and AD
pathology: insulin remains in extracellular space competing for IDE favoring deposition of AB. In the intracellular compartment, PI3K fails to activate and promotes

In the presence of the hypoinsulinismstate, insulin cannot adapt to
IR and remains in the extracellular space, competing for IDE substrate
and decreasing AR degradation (Figure 1). Insulin modulates Ap
clearance to regulate IDE expression and activate Akt required for up-
regulation. Low levels of insulin decrease IDE expression, aggravating
the situation cyclically.IDE (110 kd zinc metalloprotease that catabolize
insulin) deficit expressions are sufficient to cause both T2DM and
amyloidogenesis [5,10].

Several studies have explored the role of IDE dysfunction in the
process of amyloidogenesis in the states of chronic hyperinsulinemia
and T2DM with progression to late-onset AD. Compared to the
well established genetic influence of APOE in late-onset AD, which
contributes to insufficient degradation and deposition of amyloid
plaques, the pathologic hallmark of AD [2,7,11,13,14].

However, the crucial issue surrounding IDE performance can be
identified in the absence of the APOE genetic factor. Suzane and Craft
[11,18] reported that 50% of late-onset AD cases are unrelated to APOE
and have no identified genetic inheritance. This 50% encompasses
cases of T2DM, pre-T2DM stages and metabolic syndrome (obesity,
hypertension and dyslipidemia) that is associated with changes resulting
from the mechanisms of insulin resistance strongly predictive of AD.
These studies emphasize the relationship of insufficient action of IDE
with A accumulation, and the strong contribution of inflammation in
the process with the participation of tumoral necrosis factor-a (TNFa)
and interleukins from the microglia.

The several cross-sectional and longitudinal studies that investigated
the influence of hyperinsulinemia, metabolic syndrome elements and
T2DM to evaluate the contribution of these risk factors in late-onset
AD, found disparate results among histopathological analyses [5]. Most
of the studies, described AD pathological changes in association with
the APOE allele 4.

Other studies however, described pathological alterations
associated with hyperinsulinemia as the longitudinal study in elderly
black, Caribbean Hispanic, and Non-Hispanic whites in New York
City-Luchsinger et al. [5]. One study conducted in Israel found a
progressive relationship between T2DM in midlife and risk of dementia
in elderly subjects [5].

By contrast, some studies failed to find a relationship of elevated

AP peptide load deposited in pathological material of individuals with
T2DM and AD, findings emphasized in the study of Alafuzoff et al.
[14]. These divergent pathological results point to the need for further
studies on the role of insulin and its influence in cognition and cases of
sporadic AD.

One of the limitations of the study methods concerns the facts that
the findings in animal models cannot be replicated in human beings
[21,22]. Type 3 diabetes mellitus (T3DM), a recent well established
reverse condition, associates peripheral insulin resistance with T2DM
during the course of sporadic AD. This model relates the diabetogenic
effect of AD [23,24].

Although the metabolic disorder can be primary or secondary in
origin, in fact, not all T2DM cases progress to late-onset AD, while
not all cases of late-onset AD evolve with T3DM [25,26]. Moreover,
the studies are pre-dominants in an age group in which metabolic
disorder and AD can occur in both directions. This issue could be
clarified by conducting further studies involving young adults with
hyperinsulinemia/T2DM [27].

However, among the numerous factors that can influence the
amyloid cascade and contribute to the precipitation of dementia, the
therapeutic strategy aiming at potentiating insulinase action in the
degradation and clearance of AP peptide, in an attempt to attenuate the
deleterious effects of AR deposition, is gaining attention [2,13,28].

In addition to the reduction of activity in hypoinsulinism states by
the mechanism of counter-regulation with insulin levels, there are also
cases with genetic mutation in the locus of expression of this enzyme,
a factor that can cause 15% to 30% reduction in this enzyme's activity,
apparently a sufficient drop to cause T2DM and impair AP degradation
[10], even with the co-participation of other catalytic enzymes also
involved in AP degradation, as mentioned in the introduction.

This genetic resistance is encoded in chromosome 10, found in
T2DM and late-onset AD. It alters IDE expression in the brain and in
the periphery. In the reviews of Kahn CR and Suzuki [16], a schematic
action of IDE was described and demonstrated in an IR internalization
model.IDE with normal action degrades the ligand insulin at the
endosome, and the free receptor is transferred to the membrane and
recycled. In the mutations, IDE does not recycle, impairing the number
of insulin receptors and consequently the levels of insulin and the
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counter-regulation mechanism with IDE, aggravating IDE insufficiency
and insulin resistance as a deleterious cycle. This mechanism can occur
in selective regions of the brain and in the peripheral organs with
insulin action.

Hyperinsulinemia also reduces AP clearance in the periphery,
IDE-mediated, precipitating the process, which is aggravated by the
imbalance of the drainage brain-periphery, and periphery-brain
[5,13]. The mechanisms linking insulin in the periphery with brain Af
clearance are multiple and complex, and warrant future investigation.

Another interaction of insulin and AP is related to modulation
of synaptotoxicity in AD. Soluble oligomers of A are synaptotoxic.
Oligomers have an affinity to the insulin receptor (and other receptors)
and disrupt PI3K and PKC signaling with activation of GSK3 path,
disrupting the LTP synaptogenesis signaling process. Insulin prevents
binding of AP to synapses, preserving synaptic integrity [10,20].

Evidence shows that besides amyloid peptide deposition induced
by insulin resistance in CNS, activation of the GSK3path linked to tau
also occurs. This action promotes phosphorylation of this axonally-
located protein and consequent intracellular toxicity, culminating
in the formation of tangles, another pathological hallmark of AD
[8,20,29]. Simon Lovestone [20] describes with details the mechanisms
underlying genotypes, phenotypes and insulin signaling in tau
phosphorylation, dependent on the GSK3 pathway in AD and other
related tauopathies. The author suggest that maintaining GKS3
signaling inhibited, even in the presence of stimulation from oligomers,
induces no tau phosphorylation, representing one of the strategies for
attenuating the deleterious effects of soluble oligomers and of insulin
resistance state.

In addition to the effects in AP regulation and neuromodulatory
action of neurotransmitters, there are long descriptions in the literature
exploring the inflammatory effects of insulin resistance in AD
pathology. These mechanisms of oxidative stress involving numerous
inflammatory products, aggravate the process and impact AP clearance
[18,19,30].

Conclusion

Insulin action may not be as important in AD as it is in T2DM, but,
is emerging as a promising strategy for improving cognitive decline in
AD.

The actions of insulin resistance in T2DM with AD progression
include: reduced IDE-mediated A degradation and AP clearance with
lower expression of IDE due to decreased levels of insulin in the brain
and anti-synaptogenesis effects via GSK3.

The recent studies focusing on multiple choice of therapeutic agents
able to mediate the molecular and inflammatory signaling pathways of
interaction of the insulin with the amyloid cascade: strategies of IDE
to improve AP degradation (clearance), of synaptogenesis to potentiate
PKC signaling (LTP) and inhibition of GSK3 signaling to prevent
synaptic toxicity and tau phosphorylation among others [23-27].
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