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Abstract

Type 2 diabetes mellitus (DM) appears to be a significant risk factor for Alzheimer disease (AD). Insulin and insulin-like growth factor-
1 (IGF-1) also have intense effects in the central nervous system (CNS), regulating key processes such as neuronal survival and
longevity, as well as learning and memory. Hyperglycaemia induces increased peripheral utilization of insulin, resulting in reduced insulin
transport into the brain. Whereas the density of brain insulin receptor decreases during age, IGF-1 receptor increases, suggesting that
specific insulin-mediated signals is involved in aging and possibly in cognitive decline. Molecular mechanisms that protect CNS neu-
rons against B-amyloid-derived-diffusible ligands (ADDL), responsible for synaptic deterioration underlying AD memory failure, have
been identified. The protection mechanism does not involve simple competition between ADDLs and insulin, but rather it is signalling
dependent down-regulation of ADDL-binding sites. Defective insulin signalling make neurons energy deficient and vulnerable to oxidiz-
ing or other metabolic insults and impairs synaptic plasticity. In fact, destruction of mitochondria, by oxidation of a dynamic-like trans-
porter protein, may cause synapse loss in AD. Moreover, interaction between A and 7 proteins could be cause of neuronal loss.
Hyperinsulinaemia as well as complete lack of insulin result in increased T phosphorylation, leading to an imbalance of insulin-regulated
7 kinases and phosphatates. However, amyloid peptides accumulation is currently seen as a key step in the pathogenesis of AD.
Inflammation interacts with processing and deposit of g-amyloid. Chronic hyperinsulinemia may exacerbate inflammatory responses
and increase markers of oxidative stress. In addition, insulin appears to act as ‘neuromodulator’, influencing release and reuptake of
neurotransmitters, and improving learning and memory. Thus, experimental and clinical evidence show that insulin action influences
cerebral functions. In this paper, we reviewed several mechanisms by which insulin may affect pathophysiology in AD.
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Introduction

Alzheimer’s disease (AD) is a neurological disorder characterized
by profound memory loss and progressive dementia. The patho-
logical and histological hallmarks of AD include amyloid plaques,
neurofibrillary tangles and amyloidal angiopathy, accompanied
by diffuse loss of neurons and synapses [1]. Environmental and
genetic factors interact in the development of disease. Type 2
diabetes mellitus (DM) appears to be a significant risk factor for
vascular dementia and AD in several epidemiological studies
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[2, 3]. Recent longitudinal studies have shown that AD and dis-
order of glucose metabolism are related [4, 5]. One explanation
could be that vascular complications of diabetes result in neu-
rodegenerative disease [6]. On the other hand, in addition to its
peripheral metabolic effects, insulin also appears have important
outcome on brain functions. A recent commentary offers two
models of the link between Type 2 DM and AD: (1) ‘central
insulin resistance’ and (2) inflammation. Both mechanisms
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influence insulin sensitivity in the brain, finally leading to
B-amiloid accumulation and, consequently, to AD [7]. Complex
molecular mechanisms, referring to insulin and/or insulin-like
growth factor-1 (IGF-1) signalling could link DM and AD [8]. In
fact, there is evidence that altered insulin and/or IGF-1 signalling
to brain cells is probably responsible of amyloid accumulation in
AD [9] and several independent effects of insulin on brain func-
tions and cognitive performance have been described [10].
Insulin resistance with associated hyperinsulinemia are the
mechanisms suggested to explain the increased AD risk in dia-
betes [11]. Subsequent investigations demonstrated reduced
blood glucose levels and increased insulin levels in patients with
late onset AD compared to aged controls or patients with vascu-
lar dementia. Although the authors concluded that these findings
did not support an association between diabetes and AD [12],
the same data were reinterpreted as an increased prevalence of
insulin resistance in AD. The latter conclusion contradicts the
finding that glucose administration could both increase plasma
insulin levels and improve cognition in AD. Working under the
assumption that increased insulin rather than glucose was
responsible for the improvement in memory, further studies
were used to demonstrate that the administration of insulin sig-
nificantly improved memory performance in AD [8, 13].
Hyperinsulinemic euglycaemic clamp studies in humans showed
improvement of attention in AD patients and neuroelectric
changes in evoked potential induced by insulin [14]. In contrast,
increases in plasma glucose that were not accompanied by
increases in insulin levels did not influence cognitive perform-
ances [15]. The Rotterdam Study was one of the first epidemiol-
ogy surveys to provide convincing evidence on a relationship
between DM and dementia based on a significantly higher preva-
lence of dementia in patients with insulin-dependent (Type 1)
DM compared to non-diabetic aged controls [3]. In addition, the
possible association between DM-insulin resistance and degree
of hippocampal and amygdala atrophy was investigated in vivo
by magnetic resonance imaging [16]. The study showed that: (1)
Individuals with DM had greater degree of hippocampal and
amygdala atrophy compared with patients who did not have DM
and (2) severity of insulin resistance associated with degree of
amygdala atrophy. The inability to convincingly demonstrate a
correlation between DM and AD, or find evidence that DM causes
neuropathology, led to the alternative hypothesis that diabetes
may serve as a cofactor in the pathogenesis of dementia and
possibly AD. In this regard, epidemiological studies showed that
hyperinsulinemia in patients with APO E4— genotype was corre-
lated with AD-type dementia, whereas in the absence of diabetes,
APO E4+ genotype was also correlated with AD [17], suggesting
that APO E4 genotype and DM contribute independently to the
pathogenesis of AD. Correspondingly, post-mortem studies have
shown that individuals with DM and APO E4 genotype had signif-
icantly more abundant AR deposits and neurofibrillary tangles
compared with diabetics who did not have an APO E4 allele [18].
In this review, we will summarize current evidence supporting
the association between insulin action, insulin receptors, IGF-1
and AD, and we will describe the underlying mechanisms.
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Insulin, IGF-1 in the brain

Insulin is almost exclusively synthesized and secreted into the
plasma by pancreatic g cells and has important role in metabolic
homeostasis. IGF-1 is synthesized by liver in response to pituitary
growth hormone (GH) and affects growth processes; however,
many other tissue, including the brain, are also able to synthesize
IGF1 locally, out of GH control [19]. Although accumulated evi-
dence indicate that insulin is derived from peripheral insulin and
transferred by a transporter regulated way through the
blood-brain barrier (BBB) [20, 21], there is also evidence consis-
tent with local synthesis of insulin in the brain. In fact, Schechter
et al. demonstrated that insulin can be produced locally in rabbit
neuronal cells from culture [22]. Besides, Devaskar et al. revealed
localization of insulin expressing neurons involved in associative
areas of limbic system and areas regulating olfaction [23]. On the
other hand, it is now generally thought that insulin synthesis in the
brain is restricted is not synthesized to any significant amount in
adult developed brain [21]. It may be possible that insulin could
be synthesized during a specific period of brain development. In
the larva of fruit fly Drosophila, insulin-producing cells exist in
brain and secrete insulin into the circulatory system; ablation of
these cells caused developmental delay, growth retardation and
elevated carbohydrate levels, which are characteristics of human
DM [24]. Over the past few years, it has become clear that insulin
and IGF-1 also have intense effects in the central nervous system
(CNS), regulating key processes such as energy homeostasis,
neuronal survival, longevity, as well as learning and memory.
Insulin and IGF-1 bind to tyrosine kinase receptors, the insulin
receptor (IR) and IGF-1 receptor (IGF-1R), which share a high
degree of identity in their structure and function. Insulin and IR are
abundant but selectively distributed in the brain. Rodent studies
have shown that insulin binding is highest in the olfactory bulb,
cerebral cortex, hippocampus, hypothalamus, amygdala and sep-
tum [25, 26]. In the adult mammalian brain, two types of IR were
found: a peripheral type and a neuron-specific type [27]. Insulin
signalling within the cell is mediated, in general, by two functional
cascades, one acting through the phosphatidylinositol-3 (PI3)
kinase pathway, and other acting through the mitogen-activated
protein kinase pathway [28]. Binding of insulin or IGF-1 induces a
conformational change of the receptor and activates tyrosine-
kinase which leads to auto-phosphorylation of the intracellular
B-subunit [29]. Tyrosine-phosphorylate IR and IGF-1R B-subunits
recruit and subsequently phosphorylate tyrosine residues of the
intracellular insulin receptor substrates (IRS). The IRS protein
family has at least four members, IRS-1 to -4 [30]. Giovannone
et al. revealed that IRS proteins are homologue in structure and
function but show distinct tissue distribution: IRS-1 and IRS-2 are
widely distributed throughout different tissues and the brain,
whereas IRS-3 is only expressed in rodent adipose tissue, and
IRS-4 is predominantly localized in hypothalamus, thymus, skele-
tal muscle, heart, kidney and liver [31]. IR and IGF-1R are also
expressed on brain capillaries and mediate the high-efficiency
translocation of insulin and IGF-1 into the brain across the BBB
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[32, 33]. Insulin and IGF-1 interact in regulation of glucose
disposal [34] and IGF-1 mimic insulin signalling in the brain [35],
suggesting a partial overlapping. Several studies have shown the
highest IR density in olfactory bulb, hippocampal formation, hypo-
thalamus and cerebral cortex [36]. In post-mortem studies in adult
humans, Adem et al. showed the highest IGF-1R density in hip-
pocampus, amygdala and parahippocampal gyrus [37]. Whereas
the density of brain IR decreases during age, IGF-1R increases,
suggesting that specific insulin mediated signals are involved in
aging and possibly cause age associated cognitive decline [38, 39].
Insulin has been shown to cross the BBB by different mechanisms:
extracellular pathways, non-saturable transmembrane diffusion or
saturable active transport [40]. Currently, the majority of studies
suggest that the largest proportion of insulin crosses the BBB by
receptor-mediated transport [41]. In contrast, insulin 1GF-1 is
formed within the CNS during the development and, to a lesser
extent, in the mature brain [42]. However, besides the local expres-
sion of IGF-1, recent studies suggest that IGF-1 might cross the
BBB via an analogous mechanism such as insulin [43].

Glucose metabolism and AD

Some of the earliest work on senile dementia, which probably cor-
responded to AD, vascular dementia or a combination of both,
documented the development of altered brain metabolism soon
after the onset of clinical symptoms [44, 45]. The metabolic
abnormalities consisted of impaired glucose utilization and energy
metabolism, with features that resemble Type 2 DM [44]. In addi-
tion, several studies confirmed that cerebral metabolism declined
before the deterioration of cognitive functions, suggesting that
energy failure is one of the earliest reversible hallmarks of AD.
These observations led to the hypothesis that AD-associated
abnormalities in energy metabolism are caused by IR action in the
brain, that is brain diabetes [45]. Plasma glucose is transported
across the BBB by several glucose transporter (GLUT) isoforms:
GLUT 1 (expressed on BBB endothelial cells and cortical mem-
branes), GLUT3 (expressed on neurons), GLUT4 and GLUTS
(expressed in intracellular compartments of neurons and trans-
lated to cell membranes in response to insulin) [46]. Rats express
GLUT4 transporters in cerebellum, sensorimotor cortex, hip-
pocampus, pituitary and hypothalamus [47]. Similarly, GLUT8
transporters are present in hippocampus and hypothalamus [48].
Therefore, overlapping distributions of insulin, IR and insulin-sen-
sitive GLUT isoforms constitute a platform for insulin-stimulated
glucose uptake in selective brain regions, such as the hippocam-
pus, a structure that supports memory [47].

The insulin and IGF-1 system in AD

Type 2 diabetic patients are insulin resistant and have chronic
hyperinsulinemia. In normal physiology, insulin facilitates memory
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as demonstrated when administration at optimal doses and in con-
trast of sufficient glucose availability [15]. The peripheral utilization
of insulin reduces insulin transport into the brain, ultimately produc-
ing brain insulin deficiency [49], and abrogating the beneficial influ-
ences of insulin on the brain functions [15]. Different insulin levels
have been observed in different brain regions [32, 50], probably
linked to multiple insulin actions in CNS. Studies on Type 2 DM ani-
mal models have shown a reduced uptake of insulin into the brain.
It was observed that obese diabetic Zucker rats have a decreased
insulin transport into the brain, reduced brain levels of insulin and
peripheral hyperglycaemia [32, 40, 50]. Recent studies linked dia-
betes with AD [8, 9, 18] and suggested that the brain may be influ-
enced by changes in insulin levels and sensitivity. The observations
that insulin, insulin receptors and C-peptide levels in cerebrospinal
fluid (CSF) appears to be reduced in aging [51], along with the find-
ing that AD patients have lower levels of insulin in the CSF, suggest
impaired transport of insulin into the brain [52]. However, the salu-
tary effect of insulin on brain functions are reserved under condi-
tions that impair its functioning, such as insulin resistance [53].
Frolich et al. found that neuronal tyrosine-kinase activity is
decreased in AD patients compared to age-matched controls [39].
The overall expression of IGF-1R is reduced in AD brains dependent
on the severity of the disease. Brain IGF-1 mRNA levels diminish in
severe AD, whereas IGF-1 serum levels are increased in early stages
of the disease, suggesting that IGF-1 resistance plays a role in the
pathogenesis of AD [39]. IRS-1/2 protein expression is reduced in
AD brains, and inactivating Serine-phosphorylation of IRS-3"2 and
Ser®™ is improved, leading to impaired insulin resistance and 1GF-
1R signalling [54]. Given that IRS are widely expressed in the hip-
pocampus, the most studied brain region for learning and memory,
it seems to be plausible that decline of insulin resistance signalling
leads to cognitive impairment [55]. Experiments with adult mice
lacking liver IGF-1 production with an up of 85% reduction in circu-
lating IGF-1 showed impaired spatial memory in the Morris water
maze task compared to wild-type litter mates [55]. These findings
might explain the reduction of cognitive functions during aging,
because IGF-1 serum levels diminish under physiological conditions
[56]. Unpredictably, studies in neuronal-IR-knockout mice (NIRKO)
did not provide evidence for impairment in learning and memory,
proposing that insulin resistance alone is not a key feature in
dementia and neurodegeneration [17]. The revelation of a down-
regulation of brain insulin signalling in obesity and diabetes leads to
the proposal brain insulin resistance [57]. The down-regulation of
neural insulin action results associated to change of hippocampal
electrical activity [58] and to modulation of GABA [59], AMPA
receptors [60] and N-L calcium channels [61]. Moreover, there are
conflicting findings regarding the effects of antidiabetic therapy on
clinical and neuropathology of AD. The Honolulu-Asia Aging Study
demonstrated improvement of cognitive function and memory fol-
lowing induced hyperinsulinemia in patients with AD, independently
of diabetes and blood glucose levels [2]. Conversely, the Rotterdam
Study [3] observed increased risk of dementia in patients with dia-
betes treated with insulin. In fact, in this prospective study, 6370
non-demented and non-diabetic elderly patients were evaluated. At
the end of follow-up, 126 patients became demented, of whom 89
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had AD. DM almost doubled the risk of dementia [relative risk (RR)
1.9 (1.2-3.1)] and patients treated with insulin were at higher risk
of dementia [RR 4.3 (1.7-10.5)]. In opposition, recent studies sug-
gest that the combination of insulinic therapy with other diabetes
medications is associated to a lower neuritic plaques [63] and to
slower cognitive decline in patients with AD [13]. Besides, studies
in animals have revealed the beneficial effects of peripheral and
cerebroventricular injections of insulin on memory and learning
[63]. Several studies have recognized that increasing plasma glu-
cose levels improves memory in patients with AD [14, 15, 32].
Increasing plasma glucose levels also increases endogenous insulin
levels, raising the query whether memory improvement is because
of changes in insulin, independently of hyperglycaemia [14],
although the exact mechanism remains unclear. Dense IR distribu-
tions have been documented in the dentate gyros, CA1 and CA3
fields of the hippocampus [64]. These regions are known to play a
role in declarative memory and they are affected earlier and most
severely by the neuropathologic changes of AD [65]. Increased
plasma insulin levels result in amplified insulin binding in hip-
pocampus. In turn, increased brain insulin levels results in enlarged
glucose utilization in the entorhinal cortex [66]. Johnstone et al.
observed that activation of the PI3 kinase pathway triggers GLUT4
translocation and consequently cellular glucose uptake in peripheral
insulin-sensitive tissue as well as in some brain regions [28]. In
contrast to the traditional notion that the brain is not an insulin-sen-
sitive organ, insulin-promoted glucose utilization also results in gly-
colytic production of acetyl-CoA and subsequent increase in acetyl-
choline [67], a neurotransmitter closely linked to memory function
and severely reduced in AD. Craft et al. confirm that elevated insulin
without hyperglycaemia enhances memory in adults with AD, when
endogenous insulin was suppressed by concomitant infusion of
somatostatin analogues [14]. Moreover, the beneficial effect of
insulin appears to be reduced when insulin resistance is present
[17]. Craft ef al. showed acute effect of hyperinsulinemia in older
adults and in patients with AD using a hyperinsulinemic—eugly-
caemic clamps [15]. Low doses of insulin that result in plasma
insulin levels of 10-20 wU/ml improve memory in normal patients.
AD patients with insulin resistance required higher insulin doses
(60-85 .U/ml) to obtain memory improvement. AD patients in this
subgroup were not carriers of APO Ej allele. To date, no genetic risk
factors have been identified for these patients, raising the possibil-
ity that factors relating to insulin resistance may be important for AD
pathogenesis [15].

The insulin and oxidative stress in AD

Insulin promotes cell membrane expression of A-methyl-p-aspartate
(NMDA) receptors, with increased neuronal Cca®" influx [69]. ca’"
influx presumably activates Ca2+-dependent enzymes, including
«-dependent enzymes and strengthens neuronal synaptic association
[10]. Besides, a recent study identified a molecular mechanism
that protects CNS neurons against B-amyloid-derived-
diffusible ligands (ADDL), responsible for synaptic deterioration
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underlying AD memory failure. The authors found ADDL binding
to particular synaptic sites, and the resulting oxidative stress on
synapses loss are markedly decreased by the presence of insulin.
The protection mechanism does not involve simple competition
between ADDLs and insulin, but rather is signalling dependent
down-regulation of ADDL-binding sites [69]. Another metabolic
disturbance of emerging importance in AD involves insulin sig-
nalling in the brain. Levels of insulin receptors, glucose-transport
proteins and other insulin pathway components are reduced in
some studies of AD brain (central resistance) [32]. Han et al. pro-
posed a central insulin resistance together with decreased brain
insulin levels might lead to accumulation of B-amyloid and conse-
quently AD [7]. Insulin and brain-derived IGF-1 instigate signals in
the brain by activating the PI3 kinase—Akt pathway and the mito-
gen-activated protein kinase-extracellular signal-regulated kinase
pathway [70], but it is unclear whether signalling is up-regulated
(compensatory) or down-regulated (pathologic) in AD. Aging and
life span are also influenced by insulin. Resistance to insulin sig-
nalling makes neurons energy deficient and vulnerable to oxidiz-
ing or other metabolic insults and impairs synaptic plasticity [71].
Both in AD and in normal aging process mtDNA sustains high lev-
els of oxidative damage [72] (Fig. 1). In fact, it was observed the
accumulation of AB within structural damaged mitochondria iso-
lated from the brains of AD patients [72, 73] and transgenic brains
[74], which impair critical mitochondrial enzymes. Dysfunctional
mitochondria release oxidizing free radicals, with peroxidation of
membrane lipids and output of toxic aldehydes that cause consid-
erable oxidative stress in AD and in normal aging brains [75].
Other essential proteins resulted oxidized, yielding carbonyl and
nitrated derivatives, in neuronal cytoplasm in cerebral regions of
neurodegeneration, in human brain affected by AD [76].
Subsequently, increased membrane permeability to calcium, and
impaired glucose transport aggravate the energy imbalance [77].
Experimental model show that markers of oxidative damage pre-
cede pathological changes [78]. Destruction of mitochondria by
the oxidation of a dynamic-like transporter protein may cause
synapse loss in AD [79]. The ‘receptor for advanced glycation end
products’ (RAGE) mediates AB’s pro-oxidant effects on neural,
microglial and cerebrovascular cells [80]. The RAGE receptor is a
multi-ligand receptor, and one of its ligands is A [80]. RAGE reg-
ulates several intracellular pathways [81], such stimulates expres-
sion of b-site amyloid precursor protein (APP)-cleaving enzyme 1
(BACE1) [82], an enzyme that is necessary for AB production.
Moreover, RAGE seems to negatively affect the long-term potenti-
ation (LTP) synaptic process of learning and memory [83].
Moreover, RAGE can induce its own expression through activation
of the transcription factor NF-«xB [81]. RAGE also exists in a solu-
ble form, structured by alternative splicing [84] or proteolytic
cleavage by the metalloprotease 10 (ADAM 10) [85]. Soluble
RAGE (sRAGE) contains the ligand-binding site, but does not have
the signalling properties of full-length RAGE (flIRAGE). Soluble
RAGE should also have an increased propensity to scavenge AB,
thus increased protective properties. Nevertheless it was observed
that fIRAGE is engaged in positive feedback mechanisms, enhanc-
ing its own production, and limiting SRAGE proposed protective
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Fig. 1 Protein phosphorylation/dephosphorylation imbalance is generated, at least in part, by a decrease in the activities of = phosphatases and increase
the activities of 7 kinase (i.e. cdk5, GSK-3, etc.) affected by insulin. Impaired insulin signalling stimulates GSK-3 activity that increases oxidative stress
and T hyper-phosphorylation, by Cdk-5. Severe or sustained oxidative injury leads to mithocondrial DNA damage, mithocondrial dysfunction, apopto-
sis and the attendant cell loss and impaired neuronal function lead to dementia. Age reduces membrane fluidity inducing mutations in transmembrane
proteins (i.e. PS1, PS2, APP), and vulnerability of the cell membrane to variation in pathological signal transduction.

actions. This notion is supported by the finding that fIRAGE
expression is increased in AD brains [86]. Indeed, studies have
shown that SRAGE can inhibit the accumulation and aggregation
of A in mice brains [87]. In addition, it has been shown that
SRAGE is present at lower levels in the blood and brain of AD
patients [88]. Abnormal expression of RAGE forms in AD brain
suggests that it is relevant to the pathogenesis of neuronal dys-
function and death.

The insulin and IGF-1R system
and ~ phosphorylation

Neurofibrillary tangles are intracellular polymers of = proteins,
observed in cytoplasm of neurons [89] in AD and in other

© 2011 The Authors

neurodegenerative disorders, such as frontotemporal dementia,
Pick’s disease, corticobasal degeneration, supranuclear palsy.
Normally, soluble T proteins assemble with tubulin to constitute
cross bridge between adjacent microtubule and promote stability
of microtubules and vesicle transport [89]. Neurofibrillary tangles
are hyperphosphorylated and aggregated form of T proteins.
Hyperphosphorylation of = induces abnormal insoluble = protein,
formation of helical filaments and lack of affinity for microtubules
[90]. Studies in humans [91] and in mice [92] supposed that the
interaction between AB and T proteins is necessary to cause
neuronal loss. When hyperphosphorylated, = aggregates and
interferes with intraneuronal metabolism and transport, leading to
neurodegeneration. Protein phosphatases 2A (PP2A) is the major
phosphatases with 70% activity in human brains [93]. This
implies a protective role of PP2A in neurodegeneration, which is
consistent with the finding that PP2A activity is reduced in AD
brains [94]. In vitro experiments demonstrated that = phosphory-
lation is normally regulated by insulin and IGF-1 [95]. The
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phosphorylation of 7 is mainly promoted by GSK-38 and cyclin-
dependent-kinase5 (Cdk5). GSK-3B is functionally important for
regulating glycogen metabolism, cell cycle kinetics, proliferation
survival and cell migration. These effects are mediated by growth
factor stimulating phosphorylation and attending inhibition of
GSK-3 activity [90] (Fig. 1). GSK-3p is a serine/threonine kinase,
modulated by insulin-IGF-1 signalling. However, PP2A dephos-
phorylates GSK-3B [96], which then phosphorylates T at several
sites leading to an equilibrium of phosphorylation and dephospho-
rylation of 7. Thus, impaired insulin resistance-IGF-1R signalling
might lead to hyperphosphorylation of = protein and increased for-
mation of neurofibrillary tangles. In IGF-1 knockout mice, a sub-
stantial increase of site-specific = phosphorylation at Ser’® and
Ser®® could be demonstrated whereas - mRNA as well as = protein
levels remained unchanged [95]. This suggests a protective role of
IGF-1 to prevent T hyperphosphorylation. Hyperphosphorylation
of = at Thr*®" was found in NIRKO mice brain [58]. Furthermore,
in IRS-2 knockout mice hyperphosphorylation of = at Ser?® was
demonstrated [97]. The pattern of = phosphorylation in NIRKO
mice is different from IRS-2 deficient mice, suggesting that not
only insulin resistance, occurring in both mouse models, but also
other factors might be involved, for example hyperinsulinemia to
compensate insulin resistance. Freud ef al. showed that the brain
is a direct target of peripheral circulating insulin where it leads to
intraneuronal insulin receptor signalling inducing presumably
unfavourable = phosphorylation, predisposing for tangle forma-
tion [98]. In fact, authors demonstrated a significant increase of =
phosphorylation at Ser202 in the brain within 10 min. after 1-mU
insulin injection, indicating a correlation in vivo between = phos-
phorylation and peripheral insulin levels [98]. Thus, insulin-
stimulated T phosphorylation provides a mechanism linking insulin
action and insulin resistance to neurodegeneration. Moreover,
previous studies on cultured neurons in vitro have revealed con-
trary effects of insulin on 7 phosphorylation, depending on the cell
type investigated. In human SH-SY5Y neuroblastoma cells [99]
and primary cultures of rat cortical neurons [100], insulin treat-
ment resulted in an increase of = phosphorylation. However, in
cultured human neurons (NT2 cells), GSK-3 was inhibited, with
reduced T phosphorylation after insulin stimulation [101].
Schubert et al. tested NIRKO mice under hyperinsulinemic condi-
tions [58, 97]. IR signalling and = phosphorylation were com-
pletely abolished in these mice brains, indicating that cerebral IR
are a direct target of peripheral administered insulin. Streptozocin
(STZ) is specifically toxic for pancreatic g cells. Chronic treatment
causes impairment of insulin secretion. In STZ mice, increased 7
phosphorylation at multiple sites has be shown, which was
reversible after peripheral insulin treatment [102]. These results
show that insulin deficiency causes an increase of = phosphoryla-
tion. Intact insulin signalling is important for promoting neuronal
survival and energy metabolism, whereas impaired insulin sig-
nalling in CNS neurons results in increased GSK-3@ activity, which
leads to T hyperphosphorylation. In addition, GSK-38 can be acti-
vated by hypoxic, ischaemic or metabolic injury, irrespective of
growth factor stimulation [103]. Hyperphosphorylated = fails to be
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transported into axons and instead accumulates and aggregates in
neuronal perikarya. Besides T hyperphosphorylation promotes
further oxidative stress [104], which can cause cell death medi-
ated by apoptosis, mitochondrial dysfunction or necrosis. The
neuronal cytoskeletal lesions that correlate with dementia in AD
contain hyperphosphorylated 7. Moreover, GSK-3@, activating
c-Jun N-terminal-kinases (JNK) and ERK-1-2 signalling, leading to
an increase in 7 phosphorylation JNK and ERK-1-2, might be of
importance in AD pathogenesis. In particular, Dickens et al.
showed that JNK-interacting protein 1 (JIP1) caused cytoplasmic
retention of JNK and inhibition of JNK-regulated gene expression
[105]. In fact, the authors identified JIP1 as inhibitor of JNK
signal pathway. Besides, JIP1 seems play a more direct role in tar-
geting JNK to specific cellular regions and substrates, that is cyto-
plasm [105]. It is tempting to speculate that JIP1-APP interaction
could provide the molecular basis for activation of signalling cas-
cades, involving mitogen-activated and stress-activated kinases in
the brain of AD patients, that may ultimately be responsible for
7 hyperphosphorylation and NFT formation [102, 106]. Although
the mechanisms of increased GSK3 activation in AD can be read-
ily explained on the basis of impaired insulin-IGF-1 signalling, the
increased levels of ERK [107], AKT [108] and Cdk-5 [109]
detected in AD brains cannot be attributed to these abnormalities.
However, as noted earlier, GSK-33 can also be activated by oxida-
tive stress. Review of the literature revealed that in addition to IGF-1
stimulation, ERK [110], AKT [111] and Cdk-5 [110] activities also can
be increased in response to oxidative stress. Hyperinsulinemia, as
well as complete lack of insulin, results in increased = phosphory-
lation, leading to the hypothesis that hyperphosphorylation of
7 follows an imbalance of insulin-regulated T kinases and phos-
phatates [100].

Brain amyloid and insulin IGF-1
signalling

The amyloid plaques is formed by amyloid B (AB) peptides organ-
ized in fibrils intermixed with non-fibrillar forms of this peptide
and are surrounded by dystrophic dendrites, axons, reactive
astrocytes and activated microglia. AB consists of small
hydrophobic peptides with N- and C-terminal heterogeneity, that is
AB1-40 and AB1-42 which are proteolytically released from a large
Type 1 integral membrane glycoprotein, the APP, via sequential
cleavage by two aspartyl proteases, the B- and vy-secretases
[enzymatic complex, containing nicastrina, presenilina, preselin
enhancer-2 (PEN-2), CD147] [112]. Initial B-secretase cleavage
generates a soluble fragment from the NHz-terminus of APP,
whereas the c-terminal fragment (3-CTF) stays membrane bound.
AB4o/42 activates Cca®" influx in neurons, hyperphosphorylation of
7 protein (via activation of GSK3p and CDK5), leading to deposi-
tion of neurofibrillary tangles, impaired axonal transport and
finally, to neuronal death (Fig. 2). Full-length APP can undergo
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Fig. 2 AB is a small peptide with N- and C-terminal heterogeneity, that is AB1-40 and AB1-42, which are released from a transmembrane glycoprotein,
the amyloid precursor protein (APP) via sequential cleavage by aspartyl proteases: the g and y secretases. AB/40/42 activates ca®" influx in neurons,
hyperphosphorilation of T protein (via activation of GSK3B and CDK5), leading to oxidative stress, deposition of neurofibrillary tangles, impaired axonal

transport and, finally, to neuronal death.

alternative processing by a-secretase, generating a soluble APPsa
ectodomain and a membrane-bound carboxy-terminal fragment,
APP-CTFa. Processing of APP by a-secretase is postulated to
be protective in the context of AD, because the enzyme cleaves
within the AB-sequence, thereby preventing the production of AB.
Several studies have indicated that increased «-secretase-mediated
processing of APP reduces the processing of APP by B-secretase
and decrease Ap-production [113, 114], however this finding has
not been universally replicated [115]. Increasing «-secretase
activity, as mentioned above, increases the production of APPs«,
and has been reported to be neuroprotective and growth promot-
ing [116], but the consequences of chronically up-regulating
«-secretase-mediated cleavage of other substrates remain
unknown. Besides, in a recent study, Adlerz et al. suggested that
increased levels of APPsa and amyloid-precursor-like protein-1
(APLP1), in response to either IGF-1 or insulin, were mediated by
activation of IGF-1 receptors [117]. APP, «CTF and BCTF are fur-
ther cleaved by ~vy-secretase to generate p83 fragment and Ap,
respectively [118]. In a recent study, McElroy et al. suggested a

© 2011 The Authors

possible link between IGF-1R and y-secretase. IGF-1R, as several
Type 1 membrane proteins, undergoes regulated intramembrane
proteolysis. Afterwards metallo-protease-dependant ectodomain-
shedding, IGF-1R carbossiterminal domain is cleaved by ~-
secretase. These observations suggest that IGF-1R may be sub-
strate for y-secretase involved in mechanisms independent of its
receptor tyrosine-kinase activity [119]. Multiple lines of biochem-
ical evidence have shown y-secretases activity to reside in a high
molecular weight complex, consisting of at least four compo-
nents: presenilin (PS, PS1, PS2), nicastrin, anterior pharynx-
defective (APH-1) and PEN-2 [120]. The p83 fragment is rapidly
degraded and widely believed to possess no important function, if
any. y-Secretase-mediated cleavage is unique in that the cleavage
takes place within the membrane domain, although the exact site
can vary. y-cleavage can yield both AB1-40 and to a lesser extent
AB1-42 [118]. AB are toxic, and their accumulation is currently
seen as a key step in the pathogenesis of AD. Closer examination
of the amyloidogenic B- and ~vy-secretates discovered the mem-
brane-anchored aspartyl protease B-site BACE-1, which acts as
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B-secretase and presenelin 1-2, transmembrane proteins involved
in formation of the y-secretase complex, as the responsible cleav-
age enzymes. Thus, alteration of their activity might be a possible
target for AD treatment [121]. It has been shown that BACE-1 lev-
els are increased in post-mortem brain sections from AD patients
[122]. During aging changes in the cerebral expression levels of
the neurotrophin receptors tyrosine kinase receptor A (TrkA) and
p75 neurotrophin receptorv (p75NTR) have been described. In the
human neuroblastoma cell line SHSY5Y as well as primary cul-
tured neurons, chronic treatment with IGF-1 leads to a switch
from TrkA to p75NTR expression as seen in aging brains [123].
This switch causes increased B-secretase activity indirectly by
activation of neuronal sphingomyelinase, which is responsible for
hydrolysis of sphingomyelin and active liberation of the second
messenger ceramide [124]. Ceramide is responsible for the
molecular stabilization of BACE-1, the B-secretase which is rate
limiting for generation of A [125]. This process leads to accumu-
lation of AR, connecting IGF-1R signalling to neurotrophin action.
Furthermore, Sotthibundhu et al. recently showed that treatment
of wild-type embryonic mouse hippocampal neurons with AB1-42
as Ii&and for p75 R resulted in significant cell death. In contrast,
p75 ™ deficient neurons are less affected by AB1-42 treatment
[126]. These data might provide a molecular link between aging,
pathogenesis of AD and neuronal insulin-IGF-1 signalling. Lots of
research has been performed on the formation and accumulation
of AB, however, in the last years the mechanisms of amyloid clear-
ance came into focus. AR spontaneously self-aggregates into mul-
tiple coexisting physical forms, such as oligomers (2—6 peptides),
intermediate assemblies, fibrils that coalesce into B pleated sheets
to form insoluble fibres and amyloid plaques [127]. Although
monomeric AR is not neurotoxic, the AR oligomers exhibits a
marked toxicity [128]. The physiological role of g peptides is still
in part unclear, but it is involved in neuronal activation and con-
nection mechanisms [129]. Neuronal activation rapidly increase
AR secretion at the synapse, during the process of neurotransmit-
ters release. Normal levels of A at this site may modulate neu-
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ronal transmission and prevent hyperactivity [129]. It was
assumed that imbalance between production, aggregation and
clearance of peptides is considered initiating factor in AD [130].
The molecular mechanisms involved in the secretion, aggregation
and toxicity of AR are still in part unknown [130]. For AB clearance
several mechanisms have been described: (1) enzymatic degrada-
tion by activated microglia or by insulin-degrading enzyme (IDE),
neprilysin, endothelin-converting enzyme (ECE) and angiotensin-
converting enzyme (ACE); (2) receptor-mediated transport across
the BBB by binding to the low-density lipoprotein receptor-related
protein (LRP), either directly or after binding to APO E and/or «2-
macroglobulin («2M), to be delivered to peripheral sites of degra-
dation, for example liver and kidney [50]. Concerning insulin
resistance it has been shown that IDE expression is stimulated by
the insulin resistance-IGF-1R cascade (Fig. 3) [131]. Furthermore,
it has been suggested that increasing circulating IGF-1 levels lead
to reduction of A burden in aging rats [132]. It has been recently
reported that membrane associated G protein-coupled receptor
kinase-5 (GRK5) deficiency occurs during early AD [133]. In defi-
cient GRK5 mice (tg2576-APPsw), A accumulation resulted
significantly increased [133]. IGF-1 administration resulted in
reduction of cerebral A load in these mice, whereas A was ele-
vated in CSF suggesting an increased A elimination across the
BBB or the choroid plexus [134]. Furthermore, it has been shown
that the blockade of the IGF-1R in the choroid plexus triggers AD-
like pathology [134]. In contrast, Lanz et al. [135] analysed in vivo
models using acute, subchronic and chronic IGF-1 treatment to
evaluate A levels in brain, CSF and plasma of rats and Tg2576
mice. However, no changes in AR were detected in any of these
models. Furthermore, T phosphorylation did not change signifi-
cantly following chronic IGF-1 treatment in Tg2576 mice [134]. A
possible explanation could be that the chronic increase of IGF-1 by
peripheral treatment might down-regulate IGF-1R signalling. This
hypothesis is supported by the finding that in a cohort of individ-
uals with exceptional longevity serum IGF-1 levels were high but
IGF-1R activity was low leading to reduced IGF-1R signalling
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Fig. 4 (1) Molecular mechanism insulin promotes cell membrane expression of NIMDA receptors, which increases neuronal Ca®~ influx-dependent
enzymes and strengthens neuronal synaptic association. Besides, diffusible ligands (ADDL) binding to particular synaptic sites and the resulting oxida-
tive stress and synapse loss are markedly decreased by the presence of insulin. This mechanism is associated with a signal-dependent down-regula-
tion of ADDL-binding sites. (2) Glucose metabolism low concentrations of exogenous insulin may increase cerebral glucose metabolism and then mod-
ulate brain functions, such as memory. (3) Neurotransmitter modulation insulin increases CSF levels of norepinephrine and reverses the amnestics

effects of cholinergic blockade.

[136]. However, induction of insulin resistance by high fat diet
[137] or intake of sucrose-sweetened water [138] leads to an
aggravation of amyloid pathology in mouse models of AD.
Furthermore, peripheral injection of supra physiologically high
insulin doses but not of physiological doses leads to transient
cerebral T phosphorylation [98], leading to the proposal that there
is a dose-dependent effect of insulin resistance-IGF-1R signalling
in the pathogenesis of AD.

Insulin, inflammation and AD

Inflammation has been proposed as a key pathogenetic factor for
AD [139]. Elevated concentrations of interleukin (IL)-6 E2 iso-
prostane have been observed in CSF of patients with AD [140].

© 2011 The Authors

Furthermore, in vitro and animal studies suggest that inflamma-
tion interacts with processing and deposit of Ag [141]. In the
periphery, insulin modulates many aspects of the inflammatory
network. Low doses of insulin exert anti-inflammatory effects
[142]; however, during chronic hyperinsulinemia, insulin may
exacerbate inflammatory responses and increase markers of
oxidative stress [143]. In human, co-administration of insulin and
lipopolysaccharide produces a synergist increase in plasma con-
centrations of C-reactive protein and pro-inflammatory cytokines
(IL-1B, IL-6, TNF-ct) [144]. Besides, recently Han and Li sug-
gested that inflammation is able to accelerates the development
Type 2 DM, through its influence on peripheral insulin sensitivity
and pancreatic islet function. Consequently, cerebrovascular and
central inflammation disrupts normal synaptic function, promot-
ing AD pathological development [7]. Insulin may also modulate
levels of eicosanoids such as F2-isoprostane via regulation
of prostaglandin production in adypocites [145]. For example,
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elevated eicosanoid concentrations have been observed in hyper-
isulinemic Zucker rats [50]. Insulin may also contribute to inflam-
mation in the CNS, partially through effects on AB. In fact, A4z
interacts with inflammatory agents in a cyclically reinforcing man-
ner, such that Ag elevations increase pro-inflammatory cytokines
[146]. In vitro, soluble AB oligomers rapidly increase IL-18 and
TNF-o levels [147]. Conversely, IL-6 and IL-1B can regulate pro-
cessing of the APP from which Ap is derived and increase produc-
tion of AB42 [148]. The mutually reinforcing effects of AR, TNF-q,
IL-1B8 and IL-6 may thus create a ‘cytokine cycle’ [146]. Insulin
can regulate CNS norepinephrine [149], an endogenous anti-
inflammatory neuromodulator that blocks IL-18 expression [150].
Increased AB plaque load in AD has been linked to neuronal loss
in the locus coeruleus, the primary source of brain norepinephrine
[151]. Thus, decreased norepinephrine activity in AB may poten-
tate the deleterious inflammatory effects of AB. TNF-a may affect
the transport of Ag from brain to periphery. In fact, TNF-a may
antagonize clearance action of IGF-1 mediated by carrier proteins,
such as albumin and transretine [152]. Moreover, TNF-« has both
neurotoxic and neuroprotective effects mediated respectively by
two receptor subtypes, TNF-R1 and TNF-R2. TNF-R1 contains a
death receptor domain, and has been implicated in pro-apoptotic
events, whereas TNF-R2 promotes cell survival. Increased levels
of TNF-R1 and decreased levels of TNF-R2 have been observed in
AD brain [153], and in peripheral lymphocytes from older adults
compared with younger adults [154]. Abnormal levels of soluble
TNF-R1 and -R2 have been documented in adults with diabetes
and impaired glucose tolerance [155], which reportedly normalize
after a 3-weeks low calorie diet [156]. In the periphery, insulin
reduces hepatic production of APO E and regulates its uptake by
low-density lipoprotein receptor-related protein [157]. Fishel et al.
showed that insulin reduced plasma APO E levels, an effect that
increased with age. In contrast, insulin increased CSF APO E con-
centrations for older patients [158]. Increased brain APO E levels
have been reported in AD in association with polymorphisms in
the promoter region of the APO E gene that influence protein
expression [159]. Besides, Fishel et al. observed that insulin-
induced elevations of CSF APQ E levels were associated with
attenuated increase IL6 and TNF« levels and with higher anti-
inflammatory cytokine, IL-1« concentration. This pattern suggests
multiple insulin effects that modulate the role of APO E in
response to inflammation in CNS [158].

Conclusions

DM is associated to slowly progressive end organ damage in the
brain. Mild to moderate impairments of cognitive functioning has
been reported both in patients with Type 1 DM and in patients with
Type 2 DM. The potential impact of DM on cognitive functions in
the elderly is further emphasized by several large epidemiological
surveys that report an increased incidence of dementia among DM
patients both AD and vascular dementia. The observation that the
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effects of DM on the brain are most pronounced in the elderly has
been attributed to an interaction between DM and the normal
aging process in the brain. Several mechanisms may be involved
in accelerated cognitive decline in patients with DM. It may be
possible, however, to identify process or clusters of risk factors,
which explain at least part of this association, and to be targeted
by preventive measures. These preventive measures may not only
include improvement of glycaemic control, but could also be
directed at vascular risk factors and insulin metabolism. Insulin
may affect the metabolism of AR and =, two proteins that repre-
sent the building blocks of amyloid plaques and neurofibrillary
tangles, the neuropathological hallmarks of AD. Insulin is not a
major regulator of glucose used in the brain, in contrast with its
prominent action in peripheral tissue such as liver, muscle and fat.
Besides, insulin and its receptor are widely distributed throughout
the brain, with particular abundance in defined areas, such as the
hypothalamus and the hippocampus. In addition, insulin appears
to act as ‘neuromodulator’ that influences the release and reuptake
of neurotransmitters, and improves learning and memory. The ini-
tial components of the insulin receptor signalling cascade in the
brain are largely similar to those of the periphery, but the down-
stream targets of the cascade are quite different, probably involv-
ing, among others, neuronal glutamate receptors [160]. Insulin
therapy plays an important role in cognitive processes and could
slow dementia in AD patients; this could be explained by: (1)
molecular mechanisms, insulin promotes cell membrane expres-
sion of NMDA receptors, which increases neuronal ca’* influx
[68], that activates Ca2+-dependent enzymes, including
o-dependent enzymes and strengthens neuronal synaptic
association [10]. The potentiation of NMDA receptor activity
insulin-induced does not occur by direct phosphorylation of the
C-terminal tails of the receptor protein, but by associated target-
ing anchoring, or signalling protein(s). Together, these findings
are consistent with a mechanism whereby insulin acting through
the IR tyrosine kinase, phosphorylates one or more protein(s)
involved in receptor signalling or trafficking. A recent study found
that AB ADDL binding to particular synaptic sites and the result-
ing oxidative stress and synapse loss are markedly decreased by
the presence of insulin [161]. (1) The protection mechanism does
not involve simple competition between ADDLs and insulin, but
rather is a signalling-dependent down-regulation of ADDL-binding
sites [162]; (2) glucose metabolism, low concentrations of exoge-
nous insulin may increase cerebral glucose metabolism and then
modulate brain functions such as memory [163]. In fact, insulin
has shown a significant effect on global brain glucose metabolism
and this effect is mainly expressed in the cerebral cortex. This may
be either a direct effect of insulin stimulating glucose uptake, as in
peripheral tissue, or an indirect effect achieved via insulin-
stimulated neuronal activation with secondary increment of
glucose metabolism in cell. Either way, insulin can access the
insulin receptors of the brain and have a metabolic effect, which
may be maximal at basal (fasting) circulating insulin concentra-
tions; (3) neurotransmitter modulation, low doses of insulin can
reverse the amnestic effects of cholinergic blockade (Fig. 4) [164].
Disturbances in cerebral insulin signalling pathways may be
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involved in AD and brain aging. Aging is associated with reduction
in insulin levels and the number of its receptors in the brain. In AD
age-related reduction in cerebral insulin levels appears to be accom-
panied by disturbance of the IR signalling. AR is derived from the
amyloid precursor protein. After secretion into the extracellular
space AB can aggregate with other proteins, to form senile plaques.
Alternatively, excessive AR can be cleared through LDL-receptor-
related protein mediated endocytosis, or through direct extracellular
proteolytic degradation. This latter process involves IDE. Insulin
appears to stimulate A secretion, and inhibits the extracellular
degradation of A by competition from IDE. A recent histopatholog-
ical study of the hippocampus in patients with AD reported marked
reductions in IDE expression, and IDE mRNA levels, relative to con-
trols. Although the concepts of ‘cerebral insulin resistance’ and
‘insulin-induced amyloid pathology’ are an attractive explanation for

J. Cell. Mol. Med. Vol 15, No 9, 2011

some of the effects of DM2 on the brain, there are still many loose
ends. In contrast with the increasing body of knowledge on the
mechanisms of insulin resistance in peripheral tissue, we know rel-
atively little on how DM2 and its treatment affect cerebral insulin and
its receptor. It is important to point out that definitive conclusions
about the value of insulinic treatment in course of AD cannot be
established at this time. Further studies are required to define the
effects of insulinic treatment on cognitive functions.
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