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Cognitive disorder and dementia in type 2 diabetes mellitus

Diabetes and Dementia

Abstract

Insulin, a key pleiotropic hormone, regulates metabolism through several signaling
pathways in target tissues including skeletal muscle, liver, and brain. In the brain,
insulin modulates learning and memory, and impaired insulin signaling is associated
with metabolic dysregulation and neurodedenerative diseases. At the receptor level, in
aging and Alzheimer’s disease (AD) models, the amount of insulin receptors and their
functions are decreased. Clinical and animal model studies suggest that memory
improvements are due to changes in insulin levels. Furthermore, diabetes mellitus (DM)
and insulin resistence are associated with age-related cognitive decline, increased levels
of b-amyloid peptide, phosphorylation of tau protein; oxidative stress, pro-
inflammatory cytokine production, and dyslipidemia. Recent evidence shows that
deleting brain insulin receptors leads to mild obesity and insulin resistance without
influencing brain size and apoptosis development. Conversely, deleting IGF-1R affects
brain size and development, and contributes to behavior changes. Insulin is synthesized
locally in the brain and is released from the neurons. Here, we reviewed proposed
pathophysiological hypotheses to explain increased risk of dementia in the presence of
DM. Regardless of the exact sequence of events leading to neurodegeneration, there is
strong evidence that mitochondrial dysfunction plays a key role in AD and DM. A
triple transgenic mouse model of AD showed mitochondrial dysfunction, oxidative
stress, and loss of synaptic integrity. These alterations are comparable to those induced

in wild-type mice treated with sucrose, which is consistent with the proposal that




mitochondrial alterations are associated with DM and contribute to AD development.
Alterations in insulin/IGF-1 signaling in DM could lead to mitochondrial dysfunction
and low antioxidant capacity of the cell. Thus, insulin/IGF-1 signaling is important for
increased neural processing and systemic metabolism, and could be a specific target for
therapeutic strategies to decrease alterations associated with age-related cognitive

decline.
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Core Tip: Cognitive disorders and dementia have multiple causes and clinical
manifestations. Recently, defects in insulin signaling in the brain have been associated
with cognitive disorders and dementia. To this regard, insulin signaling pathways in
the brain regulate learning and memory, and modulate peripheral energy metabolism.
In this review, the pathophysiological factors involved in cognitive disorders, dementia,
and diabetes mellitus, and the link between these disorders, are presented in a
summarized manner. Finally, we discuss the role of mitochondrial dysfunction in

Alzheimer’s disease and diabetes mellitus.

INTRODUCTION

Diabetes mellitus type 2 and its complications
According to recent data published by the World Health Organization (WHO), diabetes
mellitus (DM) &ffects more than 400 million people worldwide, and has a high burden

of morbidity and mortality. Diabetes mellitus is a multisystemic disease that involves




several organs. The complications related to DM are mainly due to a chronic
hyperglycemic condition and can be divided into macrovascular and microvascular
damage. Macrovascular complications are currently well known and include
arteriosclerotic alterations of the large-caliber arteries with progressive reduction in the
caliber of the vessels, and the consequential increase in the incidence of myocardial
infarctions and cerebrovascular accidents. On the other hand, microvascular
complications affect the peripheral circulation and small-caliber vessels, involving the
eyes, kidneys, lower extremities, and the central and peripheral nervous system!ll. At
the eye level, diabetic retinopathy first causes preproliferative microangiopathy
associated with cotton-wool spots and then the formation of microaneurysms and
angiogenesis (proliferative microangiopathy), leading to hemorrhages that can produce
detachment of the retina itself, causing progressive decrease or acute vision loss and the
need to perform various sessions of laser therapy; which, nevertheless, is often not
enough, and can lead to progressive, irreversible blindnessl2l. At the kidney level, DM
leads to alterations in renal function that present with a progressive course according to
different stages, which include the appearance, in succession and at different periods of
time, of microalbuminuria and proteinuria; and this damage can progress to manifest as
chronic renal failure, resulting in uremia, and the need to resort to dialysisl®l (Table 1).
At the level of the nervous system, decompensated DM leads to an alteration in tactile,
thermal, and pain sensitivity, and to the transmission of internal muscular impulses
from movement. Additionally, peripheral neuropathy can lead to more or less serious
lesions of the foot at the beginning, and to paresthesia or a burning or stinging
sensation in the extremitiesl®], until it leads to malfunction of the vascular and nervous
components, and the appearance of ulcers which can complicate with infections,
degenerate into gangrene, and cause severe tissue damage that may require
amputationl®l.

However, what is emerging lately is that DM is also associated with another type of
very serious and debilitating complication: dementia. In fact, DM appears to be a risk

factor for the development of progressive cognitive impairment as well as vascular-




based dementia and ADI®. Several studies have shown that people with type 2 DM
(DM-2) have a risk factor for mild cognitive impairment and dementia that is greater
than 1.5 times. The evidence was strengthened with the early stages of AD that are
characterized by an alteration of energy metabolism, and, in particular, by a modified
use of glucosel”l. What has emerged from the various studies is that it is not so much the
DM itself that causes dementia, but the alterations in blood glucose levels associated
with it; as, in fact, there is a close correlation between the glycated hemoglobin value
and the possibility of developing dementia. In particular, the ACCORD-MIND study
(The Action to Control Cardiovascular Risk in Diabetes-Memory in Diabetes trial)
evaluated the relationship between H-E level of glycated hemoglobin and fasting blood
glucose on the ability to perform four cognitive tests that included: the digit and symbol
substitution test (DSST)8l, the Mini Mental Status Examination (MMSE), the King
Auditory Verbal Learning Test, and the Stroop Test. The data showed that a 1% increase
in glycated hemoglobin is associated with a significant reduction in scores on various
cognitive function tests, and concluded that elevated glycated hemoglobin levels relates
to lower cognitive function. However, unlike glycated hemoglobin, a high fasting blood
sugar level was not correlated with a worsening of the test score, which shows that
chronic hyperglycemia creates the damage, not a single glycemic spike. Nonetheless,
what seems worrisome is the demonstration that excessively high blood glucose values
are not necessary in order to have this complicationll,

Glycated hemoglobin levels equal to 7% are a value that many diabetologists consider
discretely high, and, in and of themselves, sufficient to cause harm. Several mechanisms
have been proposed to explain hgw decompensated DM can lead to dementia: a first
hypothesis is that since elevated glucose levels are associated with a higher prevalence
of cardiovascular risk factors and cardiovascular disease, the relationship with
dementia could be mediated by the latter; however, this hypothesis is refuted by the
fact that this relatioﬁﬂip is not attenuated by a reduction in cardiovascular risk. It has
also been proposed that chronic exposure of the brain to elevated blood sugar levels can

accelerate cognitive declinel'’l. Additionally, several post-mortem studies in the brains




of people with AD have shown the presence of metabolic oxidation products associated
with hyperglycemia. Another possibility is related to the fact that high levels of
glycosylated hemoglobin imply an inefficient action or a reduced effect of insulin (more
on this later) due to insufficient secretion or reduced activity, or both. There are many
insulin receptors in the brain, some of which play a role in glucose transport, but many
are believed to have a role in cognitive and neurotrophic processes. On this basis,
therefore, it is suggested that cognitive impairment is a consequence of a reduced action
of insulin in the brain['!l. Other studies suggest that frequent hypoglycemia, which the
diabetic patient often suffers, may be the cause of dementia: in a recent and large
longitudinal cohort study carried out in elderly patients, the presence of severe
hypoglycemic episodes was associated with a 2.4% higher risk per year of developing
dementia than in DM-2 without this complication/'2. The mechanism by which this
occurs is quite intuitive: hypoglycemia, indeed, seems to directly cause neuronal death,
especially in particular areas of the brain that are more vulnerable, such as the
hippocampus. It should also be taken into account that the prevalence of dementia is
higher not only in diabetics but also in hypertensive and dyslipidemic patients, and in
many cases these three mechanisms are enhanced in patients with metabolic
syndromes. Treatment with antihypertensive drugs in subjects older than 60 years with
isolated systolic hy pertension, has been shown to reduce the incidence of dementia. The
study data would indicate a 50% reduction in the frequency of dementia from 7.7 to 3.8
cases per 100 patients treated per year (P = 0.05)[13. Nevertheless, with respect to
dyslipidemic subjects, statin intake would not affect the prevalence of dementia. This is
what emerged from the results of the PROSPER study (PROspective Study of
Pravastatin in the Elderly at Risk), where it was observed that cognitive function
declined at the same rate in both study treatment groups, and no significant differences
were observed between the patients in the pravastatin group or the placebo groupl!4l.
Mild cognitive impairment is a risk factor for developing a major cognitive disorder
over time, and vascular lesions associated with DM, hypertension, and dyslipidemia

can gradually trigger neurodegenerative mechanisms of damagel'l. Major cognitive




impairment is a highly disabling medical condition that affects all aspects of patient life
and the family environment; and, if we take into account that often the diabetic patient
is also hypertensive and dyslipidemic, we understand how the risk of developing
dementia is very high in these subjects, especially if the risk factors are not well

controlled[6l,

Diabetes mellitus-2 and dementia: “A complicated and dangerous relationship.”

Although DM affects all age groups, its prevalence is the highest in elderly patients
(under 65 years of age): 12 to 25%. Population projections suggest that these rates will
double over the next twenty years. The prevalence of dementia, of all etiologies
combined, increases exponentially with age, and so it represents a major public health
problem with a high probability of worsening in the near future. Therefore, there is a
bidirectional association between DM and dementia, each of which increases the risk of

“looking” at the other, although we do not know precisely how.

Diabetes mellitus-2 and the risk of developing dementia

A growing number of studies indicate that patients with DM-2 are between 1.5 and 3
times more likely to develop AD or vascular dementia, and this risk seems especially
increased in the group of elderly diabetic patients who have a history of severe
hypoglycemia during hospital stays or outpatient management, particularly during
multiple hypoglycemic episodesl!”]. But, is this increased risk of developing dementia in
the presence of DM the result of a causal link? As a matter of fact, cross-sectional and
longitudinal studies using brain MRI show an association between DM and the
development of brain atrophy, particularly at the level of the hippocampus and the
amygdala. These studies also reveal a link between DM and ischemic strokes
(cerebrovascular accident) as cortical and subcortical microinfarcts; and, moreover,
severe hypoglycemia leads to brain damage, particularly in the cortex and
hippocampus!!8l. The pathophysiological hypotheses proposed to explain the increased

risk of dementia in the presence of DM are diverse. Microinfarctions can result from




hypoglycemia or microvascular changes secondary to hyperglycemia, and are one of
several factors involved in this pathophysiologyl!9l. The latter can also lead to changes
in key proteins by glycosylation; and, alterations in intracerebral insulin signaling
pathways could cause a loss of cellular ionic homeostasis, oxidative stress, an increase
in B-amyloid deposits, and phosphorylation of tau proteins (to be discussed later). This
last mechanism is cited more frequently to explain the increased risk of dementia, even
in the presence of a pathology compatible with ADI20l. Also, DM-2 continues to be an
important cardiovascular and cerebrovascular risk factor that increases the risk of
stroke and, ultimately, of vascular or mixed dementia, with an overlapping presentation

of both being frequent (15 to 20% of dementias)!! (Figure 1).

Vascular dementia

First of all, dementia is defined as a decrease in cognitive functions (attention, memory,
judgment, efc.) that leads to a significant loss of autonomy in the affected person; where
cognitive impairment and loss of autonomy exceed what is expected in normal aging.
The term “vascular dementia’ is used when cognitive and functional losses are related to
damage to the cerebral vascular network, in other words damage to the vessels that
circulate blood in the brainl2l. Keep in mind that we do not always talk about dementia
when there is a cognitive disorder. Instead, when the cognitive difficulties are mild, and
the autonomy of the person is not compromised, we use the term ‘mild cognitive
disorder of vascular origin’ according to the the DSM-V. Mild vascular cognitive
disorder can progress to vascular dementia (major cognitive impairment) but it does not
necessarily do so; thus, the importance of understanding what is happening in order to

intervene appropriatel yl23l.,

Differences between vascular dementia, Alzheimer’s disease, and mixed dementia
Vascular dementia and AD are two types of dementia. They share similarities but differ
in terms of causes, the course of the disease, and the type of impairment of cognitive

abilities, among other things. The cause of AD is still unknown. However, it is known to




be associated with the death of neurons in certain areas of the brain. The affected areas
present characteristic abnormalities (neuritic plaques and neurofibrillary tangles)2425].
In general, the areas involved in memory are affected first, then the damage gradually
spreads to other areas of the brain(?*l. In vascular dementia, it is the cerebral vascular
network that is involved and there may be a multi-infarct vascular dementia (2 or more
simultaneous or asynchronous arterial or venous territorial ischemic vascular events), a
vascular dementia as a sequel to a heart attack or hemorrhage in some strategic
topography, or a mild or greater cognitive impairment associated with confluent and
progressive subcortical lesions of the cerebral microcirculation. This vascular network
refers to everything that has to do with blood vessels including veins, arteries, and
capillaries. Since the vessels that can be affected are numerous, the clinical picture is
more variable than in AD. Here, it is not necessarily the areas responsible for memory
that are initially affected!(?2.

Studies of the brains of patients who died of AD and had vascular dementia showed
that the signs of both diseases were often found simultaneously. The researchers
concluded that both causes could contribute to the clinically observed difficulties,
which leads us to then speak of mixed dementia (AD + vascular cognitive decline)/2¢!

(Table 2).

Causes of vascular dementia

The brain feeds on oxygen and glucose transported in the blood by the cerebral vascular
network, which is formed by a multitude of blood vessels that cover all parts of the
brain; and the malfunction of these vessels can have the effect of depriving oxygen to
specific areas of the brain, therefore weakening or destroying neurons in these areas!?’l.
Various problems can affect the vascular network and its many blood vessels, such as
the narrowing, blockage, or rupture of arteries or veins. In these cases, the blood flow
that ensures the survival of the cells is disturbed and the health of the latter is seen

threatened. The involvement of the cerebral vascular network is also usually influenced




and accompanied by other diseases like atherosclerosis, DM, or arterial

hypertension[2228],

Cognitive disorders associated with vascular alterations

The cognitive disorders found in people with vascular damage vary depending on the
nature of the problem (narrowing, obstruction, bleeding), the type of vessels affected
(small or large vessels), and the location in the brain (forward or backward); on the
surface or in the center, and on the right side or on the left side. Therefore, the
symptoms can be very varied and affect both cognitive functions (attention, reasoning,
language, efc.) as well as motor and sensory functions?22?l. Nevertheless, some
disorders in diseases of a vascular nature are more common than others. Among the
most common symptoms found are slower processing of information, difficulty with
cognitive flexibility, or frequent need for help to remember the information learned.
These disorders are also associated with changes in mood, slowed motor skills,
increased fatigue, and sometimes a less confident gait associated with postural
instabilityl?l. Some people present a dysexecutive problem with reduced speed of the
thought process, attention, working memory, the ability to solve problems and make
decisions, making mistakes in terms of daily activities with problems in performing
simultaneous, dual or multi tasks, and sometimes failure to remember recent

informationl30],

Diabetes and Alzheimer’s disease epidemiology

Longitudinal studies have shown that the cognitive decline in patients with DM-2 is up
to two times faster than in physiological aging, and that diabetic patients are at
increased risk of mild cognitive impairment[®-32. In addition, a pioneering study in the
1990s, the Rotterdam study, investigated the link between DM-2 and different types of
dementia including AD. They showed that DM-2 nearly doubled the risk of dementia,
with the strongest relationship being to vascular dementia but also observed with

ADB3l. The relationship between the accumulation of vascular risk factors (DM, high




blood pressure, heart disease, and smoking) and AD showed that DM and smoking
were the most important risk factors, and that AD risk associated with DM, regardless
of other vascular risk factors, was higher than praiously reported®l. Since then,
numerous longitudinal studies have been conducted. Most have identified DM as a risk
factor for ADI1. Studies that specifically analyze the incidence of dementia in DM-2,
after adjusting for glycemic control, microvascular complications, comorbidities, and
high blood pressure and cerebrovascular accidents, have also shown to have a higher
risk. Eight of the thirteen population-based longitudinal studies analyzed found an
increased risk of AD in adults with DM, ranging from 50% to 100%[1%l. These results
were confirmed by two large population studies with a 10-year follow-upl337l. Poor
glgemic control and duration of DM were later identified as risk factors for ADP8-4I, In
a meta-analysis, with a total of 6,184 people with DM and 38,530 non-diabetics, the
relative risk of AD for people with DM was 1.5 (95%CI: 1.2-1.8) 41, A meta-analysis
involving 1,746,777 subjects found similar results with a relative risk of AD in DM of
1.53 (95%ClI: 1.42-1.63) [42I. Other studies have linked various forms of peripheral insulin
resistancel®l, such as prediabetesl*l, metabolic syndromel#’], obesity induced by a high-
fat dietl*¢l, and non-alcoholic fatty liver diseasel*’], with AD and cognitive impairment

(Table 3).

Pathophysiology

Neurodegenerative diseases such as AD are predominantly sporadic, and the
underlying pathophysiological mechanisms are not yet fully understood. Although
there are obvious differences between AD and DM, they share pathophysiological
mechanisms such as: protein aggregation, mitochondrial dysfunction, chronic
inflammatory response, apoptosis, synaptic failure, and decreased neurogenesis. As
previously mentioned, numerous epidemiological studies have shown a link between
neurodegenerative diseases and DM-2, but the pathophysiological link that unites them
remains to be discovered. Even if the vascular hypothesis is widely suggested to explain

the possible influence of DM-2 in ADI-%0, the hypothesis most studied at present is




that of the implication of the insulin signaling defect which is a fundamental
characteristic of DM-2.

There is evidence in favor of the implication of a defect in insulin/insulin-like growth
factor 1 (IGF-1) signaling in ADI51521, As indicated below, altered insulin signaling
influences the pathogenesis of DM-2 and AD. This shows its role in neurodegenerative
processes and the probable implication of other pathophysiological mechanisms

common to metabolic disorders and neurodegeneration.

The insulin / IGF-1 signaling pathway

Insulin and the IGF-1 are polypeptidic hormones that are very similar in structure and
function. Insulin is mainly secreted by the pancreas when blood sugar is perceived to be
high, while IGF-1 is mainly secreted by the liverl>354. However, these two molecules are
also found in the brainl®l Historically, insulin is considered a peripherally-secreted
anabolic hormone that plays a role in the storage and use of metabolic reserves. Insulin
also exerts pleiotropic functions on protein metabolism (increased synthesis and
inhibition of proteolysis), growth, control of apoptosis, and development. The most
studied role of insulin is that it plays a part in glucose homeostasis and energy balance.
These peripheral actions are controlled (at the brain level) by neurons, known as
glucose-sensitive, that are present in the hypothalamus. Hence, insulin regulates body
weight, energy homeostasis, and peripheral lipid and glucose and protein metabolism.
Therefore, a defect in insulin secretion or signaling at the periphery or at the central
level could cause changes in energy metabolism throughout the body, including the

in(54],

The source of insulin in the brain is still under discussion. It is thought that insulin from
pancreatic [ cells is transported to the brain through the blood-brain barrier (BBB) by a
saturable process wvia receptors. However, insulin and IGF-1 are also produced by
pyramidal neurons in the cortex, hippocampus, and olfactory bulb. Unlike peripheral

tissues, brain insulin does not have a direct influence on glucose uptake in neurons, but




plays a central role in modulating many functions in the brain and, in general, through
effectors posterior, promotes cell survival (Figure 2).

The effects of insulin result from its binding to a specific membrane receptor, the insulin
receptor (IR), and are expressed primarily in its three target tissues: liver, mﬁcle, and
adipose tissue. However, this receptor is also present on nerve endings in key brain
regions such as the olfactory bulb, hypothalamus, cerebral cortex; cerebellum, and
hippocampus. It should be noted that there is a striking similarity between the insulin
receptor and the IGF-1 receptor (IGF-1R) in various brain regions, which could lead to
an overlap of signal transduction pathways and to the same neuronal effects/>6.571,

Two pathways are involved in intracellular events after the binding of insulin and IGF-1
at its receptor and the activation of its tyrosine kinase function of its intracellular
domain: the Shc proteins (Src homologous and collagen protein ) that activate the MAP
kinase (mitogen-activated protein) pathway, resulting in the translocation of
extracellular signal-regulated protein kinases (ERK) to the nucleus and the effects of
mitogenic insulin; and, o e other hand, the IRS proteins (insulin receptor substrate 1
and 2), which activate the phosphatidylinositol-3 kinase (PI3K)/AKT (also called
protein kinase B) pathway upon which the metabolic effects depend. Conversely, the
phosphorylation of IRS proteins on serine residues by protein kinases (c-JUN kinases
(JNK), atypical protein kinases C (PKC), and IKKp (inhibitor of nuclear factor kf§
kinase), plays an antagonistic role to that of the phosphorylation of only tyrosine
residues, and causes the dissociation of IRS proteins from the insulin receptor or the
IGF-1 receptor, and pra‘notes their degradation; thus inhibiting the downstream
insulin/IGF-1 signaling. This suggests that in maintaining the protein stability, IRS acts
as a critical point in the insulin signaling pathway, and can determine the extent of its
actions. In addition, negative control of the insulin signal may come from the
degradation of the hormone by the insulin-degrading enzyme (IDE), or by
dephosphorylation of the receptor or IRS proteins by tyrosine phosphatases (PTPases

such as PTP1B and LAR (a molecule related to the common antigen of leukocytes)[57.58].




Other mechanisms are also involved in the negative regulation of the insulin signal:
dephosphorylation of the phosphoinositides by lipid phosphatases such as PTEN
(homolog of phosphatase and tensin deleted on chromosome ten) and SHIP (Src
homology 2 containinainositol 5-phosphatase domain) invert the PI3 kinase signal. The
PI3K/AKT pathway can modulate several downstream effectors including glycogen
synthase kinase-3p (GSK-3f), mTOR (mammalian target of rapamycin) kinase, Caspase-
9, and the FoxOl transcription factor (Forkhead box protein O1). These different
posterior effectors regulate a variety of important functions that are commonly
disrupted in neurodegenerative disease such as apoptosis, autophagy, inflammation;
nerve cell metabolism, protein synthesis, and synaptic plasticity. So, it is not surprising

that insulin signaling has finally been shown to improve neuronal survival[>%6l.

Role of the insulin/ IGF-1 signaling defect

With normal aging, there is a gradual loss of regulation of insulin secretion leading to
hyperinsulinism as well as decreased expression and functiog_ of insulin receptors.
Decreased insulin expression, reduced delivery of insulin to the brain, and low binding
affinity of insulin for its receptors, lead to a state of insulin resistance in the brain.
Interestingly, this physiological decrease in insulin signaling seems more marked in

neurodegenerative diseases such as ADI®!],

Role of insulin resistance in Alzheimer’s disease

Several studies have reported that peripheral insulin resistance can promote the onset
of AD by reducing insulin supply to the brain and increasing levels of amyloid beta
(AP), phosphorylation of tau protein, oxidative stress; pro-inflammatory cytokines,
production of advanced glycation products (AGEs), advanced ﬁcation end products;
dyslipidemia, and apoptosisl(®2l. However, it has been proposed that insulin resistance is
not limited to peripheral tissues, and, in particular, that the brain itself could become
insulin resistant with or without the presence of DM-2, and that this could promote (or

even lead to) the appearance of key pathophysiological factors of the diseasellL®0l. Some




researchers have even used the term "type 3 diabetes" to explain these phenomenal®l.
But this new definition is questioned by other authors who prefer the term "insulin
resistant brain state"[11.63],
Likewise, several insulin signaling markers have been found in the brain of AD
patients(®0.63], and the selective increase in brain insulin of patients with AD or high risk
of AD, by intranasal insulin administration, resulted in improved memory functions!®].
When examining the existence of brain insulin resistance in patients with AD and mild
cognitive disorder, it has been shown that the hippocampus, and to a lesser extent the
cerebellar cortex, of patients with AD show a reduction in the insulin signaling pathway
by IR -> IRS-1 -> PI3K -> AKT and IGF-1 by IGF-IR -> IRS -2 -> PI3K, compared to
healthy tissue. This dysfunction occurred independently of diabetic status and APOE &4
genotypa and gradually worsened as the AD progressed; furthermore, there was a
reduced activation of this same pathway when comparing patients with establisheaﬁD
with healthy controls, despite increasing the insulin dose tenfold[!l. These results were
associated with elevated levels of phosphorylated IRS-]éJroteins at serine residues 636
and 616 (IRS-1 pSer) (which inhibit insulin signaling). Other studies have also shown
elevated levels of the IRS-1 proteins pSer312 and pSer616 in association with neuronal
insulin resistance in ADI®®l, leading some authors to suggest that the detection of
elevated protein levels of IRS-1 phosphorylated on serine residues could serve as a
potential biomarker of neuronal insulin resistance in AD, as is already the case for
insulin resistance in peripheral tissues.
The participation of brain insulin resistance in AD has been demonstrated but the
obligatory questions are:

Is the observed insulin resistance due to inherent resistance of insulin receptors, or to
alterations in the transit of insulin across the BBB?

Is the involvement of insulin resistance in AD primary (isolated manifestation with
selective brain damage) or secondary (after systemic insulin resistance due to obesity,

DM, nonalcoholic fatty liver disease, or metabolic syndrome)?




Or, we should consider insulin resistance diseases as processes that can affect one or
more organs and tissues, in the same way that atherosclerosis can affect one or more
vessels, and produce different manifestations of the disease. On the other hand, there
are mechanisms of oxidative stress and chronic inflammation that are associated with

clinical processes like DMI#1.

Protein aggregation in Alzheimer’s disease: 3-amyloid peptide and tau protein
b-amyloid peptide
The term B-amyloid peptide refers to a collection of peptides of 39 to 43 amino acids in
length that are formed by cleavage of the amyloid precursor protein (APP) under the
action of f and y secretases. They are products of normal cellular metabolism and
probably have a physiological roledhat is not yet fully understood. The abnormal
oligomerization of some of these peptides (such as Ap-42) and the formation of
extracellular plaques containing A fibrils (neuritic plaques) in their center, constitute
one of the histopathological markers of AD in post-mortem brain tissue. In sporadic
AD, part of the oligomerization of Ap may be caused by decreased degradation and
elimination of AP from the brain. The AP can be degraded by various peptidases such
as insulin-degrading enzyme (IDE), neprisilin, angiotensin-converting enzyme, and
many serine proteases. Recent in vivo studies have shown that insulin resistance can
contribute to amyloid deposits in the frontal and temporal areas in asymptomatic
subjects/50L.

Expﬁimentally, the induction of insulin resistance in rats increases the production of
AP by increasing the activation of -secretase and y-secretase, and by decreasing the
levels of the insulin-degrading enzyme (IDE)[l. Insulin and IGF-1, by activating the
PI3K/MAPK pathways, stimulate the transport and clearance of AP out of the central
nervous system by increasing the expression of AP transporters in cerebrospinal fluid.
On the other hand, the accumulation of AP could also be explained by the effect of

insulin on IDE. The main function of IDE is to break down insulin; however, Ap is also




a substrate for IDE, but with lower affinity. Therefore, when insulin rises, it inhibits the
breakdown of AP by IDE; nevertheless, A} can be degraded by othersl®l.

The activity of IDE decreases with age and there is a reduction in its activity similarly in
patients and experimental models of ADI®I. Thus, insulin resistance through decreased
IDE activity or, to a lesser extent, competitive inhibition of IDE by insulin during
prolonged hyperinsulinism, could lead to defects of IDE autophagy, and, consequently,
to a decrease in the turnover and/or neutralization of amyloidogenic proteins in 3 cells,
as well as a defect in the degradation of AP that would promote AD-related
neuropathological lesionsl®l. Therefore, insulin resistance is believed to play a role in

the accumulation of Af}, one of the key markers of the pathogenesis of DM-2.

Tau protein

Tau is a protein that belongs to MAPs (microtubule-associated proteins). In its primary
conformation, the tau protein is a soluble and unfolded protein that participates in the
stabilization of microtubules and in the axonal growth of neurons. In AD, however, tau
is hyperphosphorylated due to inappropriate activation of several proline-directed
ki.naseﬁncludi.ng glycogen synthase kinase-3 beta (GSK3p). This results in the folding
of the tau protein and self-aggregation into insoluble fibrillar fiber structures (paired
helical filaments and straight filaments) that form neurofibrillary tangles, dystrophic
neurites, and neuropil threadsl®6l.

Insulin regulates GSK3p; therefore, insulin and IGF-1, by inhibiting GSK3[3, inhibit the
phosphorylation of tau, and enhance its binding to micE)tubules. Insulin manages the
balance of tau phosphorylation through subsequent activation and inactivation of
GSK3p through the Pi3K/ Akt signaling pathwayl!®l. The GSK3p is one of the major
signaling molecules downstream of Akt, and the insulin signaling defect in obesity and
DM-2 results in aberrant activation of GSK3[3 leading to increased phosphorylation and
accumulation of tau. Therefore, the molecular pathways of DM and AD run parallel in
the pathogenesis of these diseases, and the Pi3K/Akt signaling pathway plays a critical

role in the neuropathology of tau. Likewise, the alteration of glucose metabolism due to




insulin resistance can affect the pathology of tau through the dysregulation of O-linked-
N-acetylglucosaminylation (O-GlcNAcylation)[66],

Like phosphorylation, O-GlcNAcylation is a dynamic post-translational modification
that involves the attachment of N-acetyl-d-glucosamine (GIcNAc) residues to the
hydroxyl group of serine and threonine residues, and it is deregulated in obesity and
DM-2. Decreased brain glucose metabolism and O-GlcNAcylation have been shown to
lead to hyperphosphorylation of tau in both in vivo and in vitro models. By contrast,
increased O-GlcNAcylation prevents the pathological accumulation of tau. Moreover, in
experimental models, the specific elimination of insulin in the neurons of NIRKO
(Neuronal Insulin Receptor Knockout) mice leads to hyperphosphorylation of tau
associated with a decrease in phosphorylation of Akt and GSK3p. Similarly, the insulin
signaling defect in IRS-2 KO (knockout) mice results in the accumulation of
hyperphosphorylated tau protein. This accumulation has been attributed to protein
phosphatase 2a (PP2A), an enzyme responsible for the dephosphorylation of tau.
However, a decrease in GSK3p dephosphorylation was found in this same animal
model, suggesting that GSK3p, again, could be responsible for the accumulation of
hyperphosphorylated taul67l.

The patterns of tau phosphorylation between IRKO mice and IRS-2 knockout mice
vary, suggesting that tau phosphorylation could be controlled not only by insulin
resistance but also by other factors such as hyperinsulinism, hyperglycemia, and
inflammation. Increaseﬁinsoluble hyperphosphorylated tau protein and deposition of
neurofibrillary tangles occur in various animal models of obesity, DM-2, or AD, with
altered insulin signaling. Therefore, altered insulin signaling could promote the
formation of neurofibrillary degeneration, disrupt neural cytoskeletal networks and
axonal transport, and lead to loss of synaptic connections and progressive
neurodegeneration(! (Figure 3).

These results suggest that insulin resistance accelerates the onset and increases severity
of AD, particularly in situations that predispose to the development of tau disease.

Furthermore, the increase in the cytosol of IRS-1 pS312 and pS616 is consistent with the




presence of neurofibrillary degeneration in the brains of AD patients, whereas pS312 is
limited to the nuclear region of cells in controls. These findings suggest that
phosphorylated IRS-1 species may cause tau pathology in AD, beyond their role in the
development of brain insulin resistancel®’l.

The combination of all the aforementioned elements described, demonstrate the effects
that the insulin/IGF-1 signaling defect could have on tau aggregation in AD.

Brain glucose metabolism

There may also be a relevant relationship betyeen neurodegeneration, insulin
signaling, and glucose utilization in the brain. Glucose metabolism and insulin
signaling are essential for normal brain function, and circulating glucose levels play an

important role in learning and memory functions.

ain glucose metabolism in Alzheimer’s disease
One of the pathological features of AD is the extreme drop in energy metabolism in the
affected areas of the brain. Regional patterns of brain hypometabolism are seen in the
early stage of AD. Glucose is necessary for the synthesis of several neurotransmitters
such as acetylcholine, dopamine, y-aminobutyric acid (GABA), and glutamate, etc.,
which mainly participate in synaptic plasticity and cognitive functionsl’?l. However,
cerebral glucose hypometabolism iﬁnot directly related to insulin resistance in the brain
since, unlike in the periphery, this resistance does not affect neuronal glucose uptakel!1l.
Rather, glucose hypometabolism in AD may be the result of reduced postsynaptic
neurotraﬂsmission (a likely effect of reduced insulin signaling in the brain). This is
because glutamate and other depolarizing agents stimulate glucose uptake in the brain

and the potency of this effect is reduced in ADI!!.

Eemoinﬂammation in Alzheimer’s disease
umerous studies have shown the presgnce of inflammatory markers in the post-

mortem brains and blood of AD patients. There is considerable evidence to suggest that




inflammation modulates cognition; from post mortem studies, to analyses of genomic
association, to in vivo models addressing its use (for example, of chronic injections of
lipopolysaccharide (used to induce inflammation) that accelerates the progression of
AD), or from human studies showing that patients with systemic Efection have greater
cognitive impairment. The induction of metabolic diseases in rodents also induces
neuroinflammation: mice fed a high-fat diet showed a higher expression of
inflammatory markers in their brains, and cognitive impairment/”l. Furthermore,
hyperinsulinism associated with insulin reﬁtance leads to the production of cytokines
in the central nervous system(7ll. The tumor necrosis factor alpha (TNF-a) and
Interleukin-6 (IL-6), which are pro-inflammatory cytokinges, are known to activate the
nuclear factor kappa B (NF-xB) pathway that leads to the transcription of pro-
inflammatory genes that exacerbate this cycle. Thus, chronic inflaimmation may

represent an underlying mechanism common to AD and metabolic disorders (Figure 4).

Synaptic transmission and memory

The role of insulin in modulating cognition is suggested in part by the high density of
insulin receptors in the hippocampus, cortex, and amygdala, and by the fact that &ese
receptors increase in response to spatial memory trainingl?2l. Furthermore, the acute
administration of insulin improves memory performance in rats, and improves verbal
memory, attention, and cognition in humans, by activating insulin receptors in the
hippocampus. Nevertheless, there is conflicting evidence from studies using NIRKO
mice (transgenic mice in which the insulin receptor gene has been deleted in the brain).
NIRKO mice do not show alterations in memory performance, suggesting tE other
mechanisms may also contributel’2l. However, NIRKO mice have increased glycogen
synthase kinase 3 beta (GSK3-beta) activity, E\sulti_ng in hyperphosphorylation of tau
proteinl”2l. Conversely, a growing body of evidence indicates that insulin plays an
important role in cognition, and although the underlying molecular mechanisms
remain unclear, studies indicate that insulin resistance in the hippocampus is a risk

factor for cognitive decline and dementia in AD[3,




The effects of insulin on cognition appear to depend on the activation of the PI3K/
MAPK pathways, through their ability to modulate synaptic plasticity, synaptic density,
neurotransmission, and possibly neurogenesis. In addition, insulin induces or
modulates a series of neurotransmitters that are part of learning and memory, such as
acetylcholine. Activation of the PI3K/MAPK/ERK pathways also serves the effect of
glutamate and g-aminobutyric acid receptors. They alsgenhance protein synthesis and
maintain dendritic spine stabilization, which has been shown to be essential for long-

term potentiation (LTP) in the hippocampus, and for memory consolidation!”*! (Figure

5).

Insulin resistance: cause or consequence of Alzheimer’s disease?
A study in a population with AD found that up to 80% of patients had DM-2 or insulin
resistance, suggesting that AD may lead to the manifestation of DM. Unfortunately,
there are no longitudinal studies that demonstrate whether the presentation of DM
occurs after the onset of AD or if it precedes the AD diagnosis. Tissue analysis confirms
that insulin resistance in the brain deteriorates with the progression of AD, but when it
appears in the progression of the disease is unknown. Additionally, studies have shown
that AP can also affect insulin signaling in multiple ways/52!:

Competing with or reduci_rﬁ the affinity of insulin for its own receptor,

Inhibiting insulin receptor autophosphorylation and subsequent activation of PI3K/Akt,

Causing inhibitory phosphorylation on a serine residue of IRS by stimulation of the N-
terminal kinase c-Jun (JNK); and,

Inhibiting the activation of Akt preventing its interaction with isoenzyme 1 of the
pyruvate dehydrogenase-lipoamide kinase (PDK1).
The AP derivatives (ADDLs) induce abnormal insulin receptor expression and disrupt
insulin signaling, thus potentially contributing to the development of central insulin
resistance. There is also the question of the involvement of tau protein in insulin
resistance, as researchers very recently demonstrated that mice deficient in tau protein

develop an abnormal response to insulin in the hippocampus. The question now is




whether an abnormal tau protein (such as the hyperphosphorylated tau protein in AD)
could have the same impact on brain insulin resistancel7.
If the faulty insulin/IGF1 pathway leads to inflammation, it has also been proposed that
uroinflammation in AD may lead to faulty insulin signaling in neurons. For example,
inflammation associated with peripheral infections produces a peripheral inflammatory
response that, in turn, can reach the brain without knowing by what process.
At the molecular and cellular level, when cytokine receptors (such as TNFa) are
activated, cellular stress pathways (JNK and IKK) that cause phosphorylation at a serine
residue of IRS-1 are activated, and thus inhibit intracellular signaling of insulin in the
brain. The TNFa is secreted in the brain in response to infections and abnormal protein
aggregation, and is increased in the cerebrospinal fluid of AD patients and transgenic
mouse models. Initial evidence linking inflammatory pathways and the disruption of
insulin/IGF1 signaling in AD, comes from the observation that AP induces IRS-1
inhibition thgough the TNFal”l and the removal of insulin receptors from cell
membranes. Based on this evidence, it seems plausible to postulate that inflammation
plays a role in disrupting insulin/IGF1 signaling pathways in AD and metabolic
disorders!7l (Figure 6).

Amylin as a link between type 2 diabetes mellitus and neurodegeneration:
Alzheimer’s disease

Amylin polypeptide is a pancreatic hormone that is elvated as a crucial component in
the etiology of DM-2 and ADI77l. Recent studies have shown that people with DM-2 are
twice as likely as the rest of the population to suffer from AD, which is the leading
cause of dementia worldwide. Therefore, there must be a biological process that
facilitates the development of neurodegeneration in insulin resistant patients. These two
pathologies, as we know, have some points in common:

Both are particularly favored by obesity.

They are also associated with groups of proteins from the same family (that of amyloids).




In the case of DM, it is amylin (an endogenous protein with a hyperglycemic effect) that
accumulates in the pancreas.

In AD, itis f-amyloids that accumulate in plaques between neurons.
However, these two peptides have been found in the pancreas of people with DM and
their presence seems to coincide with the progression of the disease. Amylin is a
hormonal peptide released by pancreatic beta cells just like insulin. The coexistence of
B-amyloid, tau protein, and amylin in the brain and pancreas, demonstrates their ability
to promote amyloid accumulation and cell dysfunction, neuronal dysfunction, and
pancreatic p-amyloid accumulation. That is, p-amyloid protein, tau protein, and amylin
can interact synergistically, increasing to promote amyloid deposition, oxidative stress,
mitochondrial dysfunction; inflammation, insulin resistance, and cell damage,
culminating in dysregulation of amyloid metabolism, and glucose and
neurodegeneration in AD and DM-2. In previous studies, it has been found that high
plasma amylin concentration is associated with the incidence of AD, which suggests
that amylin is a risk factor for ADI737]; and, amylin deposits in the brain have been
found to interact with the p-amyloid protein and with tau protein in the pancreas and
the hippocampus, which provides new evidence of a potential overlap between the
understanding of the mechanisms of the pathophysiology of DM-2 and ADEY (Figure
7).

Mitochondrial dysfunction and oxidative stress in Alzheimer’s disease

Metabolic dysfunction derived from oxidative stress and altered mitochondrial function
has been extensively documented in AD. For example, increased levels of oxidative
stress markers are correlated with the diminution in mitochondrial epzymatic activity
in several brain areas and in peripheral tissues from AD patients[8182. The brain is very
susceptible to oxidative stress due to its high content of polyunsaturated fatty acids,
high oxygen comsumption, and low scavenging antioxidant capacity response system.

Mitochondria are both generators and direct targets of reactive oxygen and reactive




nitrogen species, thus oxidative stress and decreased mitochondrial activity of the
oxidative phosphorylaé'on system could have a significant effect on neuronal integrity.
Additionally, aging, a common risk factor for AD and insulin resistance, is also
associated with decreased antioxidant capacity, increased oxidative stress, and
decreased mitochondrial function.

The production of low levels of reactive oxygen species is not always detrimental: in
peripheral tissues, the transient generation of reactive oxygen species facilitates
insulin/IGF1 signaling by inhibiting phosphatases such as PTEN (which normally
invert the PI3K signal)®l. In the brain, the transient production of reactive oxygen
species is used for synaptic transmission, facilitating long-term potentiation!5283l.

The first evidenceafor a link between insulin/IGF-1 signaling and mitochondrial
dysfunction comes from experiments showing that insulin prevented the depolarization
of the inner mitochondrial membrane in sensory neurons of diabetic rats/®l Consistent
with this, the activity of ATPase and the levels of the mitochondrial coenzyme Q9 were
reduced in a model of DM. Thus, a decrease in the antioxidant activity of the
mitochondria due to aging or alteration of insulin/IGF-1 signaling, in the case of
metabolic disorders, could increase the vulnerability to AD since insulin prevents the
decrease of oxidative phosphorylation and reduces oxidative stress induced by Ap.
Insulin stimulates mitochondrial protein synthesis, IGF-1 protects against
hyperglycemia-induced oxidative stress, and the insulin/IGF-1 signaling defects makes
neurons more vulnerable to reactive oxygen species/®l. Additionally, insulin regulates
mitochondrial dynamics, autophagia, and tau phosphorylation in diabetic ratsi8¢, and
abolishes the Ab-40 mediated mitochondrial alterations!®®], and increases mitochondrial
ATP production in neuronal cells!®l.

Regardless of the exact sequence of events leading to neurodegeneration, there is strong
evidence that mitochoa]rial dysfunction plays a key role in animal models of AD and
DM. For example, the triple transgenic mouse model of AD (that expresses mutants of
human APP, presenilin 1 (PS-1), and tau protein) presents both neuritic plaques and

neurofibrillary tangles in brain. Furthermore, that triple transgenic model showed




diminished mitochondrial respiratory activity and impaired oxidative phosphorylation
systems. These alterations are correlated with the loss of synaptic integrity, with
increased levels of reactive oxygen species, and with decreased levels of reduced
glutathione and vitamin E. Interestingly, that aaerations are comparable to those
induced in wild-type mice treated with sucrose, is consistent with the proposal that
mitochondrial alterations are associated with DM and that they contribute to the
development of ADI®]. In accordance, NIRKO mice showed mitochondrial dysfunction,
altered mitochondrial morphology, reduced expression of proteins of the oxidative
phosphorylation system, and diminished mitochondrial respiratory activityl®l. Hence,
alterations in the insulin/IGF-1 signaling, in DM for example, could lead to
mitochondrial dysfunction, which would reduce the antioxidant capacity of the cell,
and, when aggravated by aging, this would increase the vulnerability of the cell to Ap-

induced toxicity.

CONCLUSION

Finally, the appearance of cognitive impairement in DM-2 contributes to making the
patient even more fragile and increasingly necessitating continuous home care to
perform daily activities, which impacts the patients’ quality of life. Interestingly, the
insulin signaling pathway is hypothesized to be a specific target of therapeutic

strategies to decrease alterations associated with age-related cognitive decline.
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