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Abstract Alzheimer's disease is the most common form of
dementia among older people and is still untreatable. While
β-amyloid protein is recognized as the disease determinant
with a pivotal role in inducing neuronal loss and dementia,
an impaired brain insulin signaling seems to account in part
for the cognitive deficit associated with the disease. The
origin of this defective signaling is uncertain. Accumulating
toxic species of β-amyloid, the so-called oligomers, has
been proposed to be responsible for downregulation of

neuronal insulin receptors. We have found that the nontoxic
form of β-amyloid, the monomer, is able to activate insulin/
insulin-like growth factor-1 (IGF-1) receptor signaling and
thus behaves as a neuroprotectant agent. Our suggestion is
that depletion of β-amyloid monomers, occurring in the
preclinical phase of Alzheimer's disease, might be the cause
of early insulin/IGF-1 signaling disturbances that anticipate
cognitive decline.
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Introduction

Alzheimer's disease (AD) is the most frequent form of
dementia and the most common neurodegenerative disease
[1]. The two classical lesions of the disease originally de-
scribed by Alois Alzheimer, namely, senile plaques and
neurofibrillary tangles, are made from proteins (β-amyloid
and tau, respectively) that have a pivotal role in inducing
dementia, with tau alterations occurring downstream of β-
amyloid (Aβ) build-up [2]. Early-onset forms of the disease,
occurring before the age of 65, have a familiar aggregation
and some of these are caused by rare autosomal dominant
mutations in the genes encoding the amyloid precursor
protein (APP), and presenilin-1 and presenilin-2, which are
all involved in Aβ production [3]. The majority of AD cases
have a late onset and are sporadic [3], likely resulting from
complex interactions of disease determinants with age-
related risk factors (e.g., loss of sex hormones [4] or decline
of insulin-like growth factor-1 (IGF-1) function [5]) and
systemic disease conditions (e.g., hypercholesterolemia [6]
or diabetes [7]), which progressively overcome the brain
physiological cognitive reserve. Stranahan and Mattson [8]
have recently suggested that the cognitive reserve relies on
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insulin/neurotrophic factor signaling and glucose metabo-
lism that set the brain metabolic efficiency.

Approximately, 20 % of neurodegenerative disorders
have been linked to some sort of altered insulin action.
Isolated peripheral insulin resistance is rare (e.g., in ataxia
teleangectasia), and either type I (e.g., in Turner's syndrome,
Wolfram syndrome, thiamine-responsive megaloblastic ane-
mia syndrome, and maternally inherited diabetes and deaf-
ness) or type II (e.g., in narcolepsy, Prader-Willi syndrome,
and Werner syndrome) diabetes are observed. An altered
peripheral glucose metabolism has been reported also in
Parkinson's disease and Huntington's chorea (reviewed in
[9]). Apart from those cases in which evident genetic or
biochemical factors indicate a unifying mechanism for both
diabetes and neurodegeneration (e.g., mutations of mito-
chondrial tRNAs directly affecting mitochondria metabo-
lism, [9]), overall, the high prevalence of diabetes in
people suffering from neurodegenerative disorders points
to the relevance of insulin signaling in the brain capacity
to compensate for neuropathology.

In the specific case of AD, a relatively high percentage of
affected individuals have peripheral insulin resistance or
type II diabetes, but the vast majority of AD patients do
not have these diseases [10]. Interestingly, even in the ab-
sence of a systemic disease, the AD brain shows impair-
ments in insulin/IGF-1 signaling mechanisms [10] and a
deficit of glucose metabolism that anticipates the cognitive
decline [11].

The present review discusses first the role of insulin/IGF-
1 receptors in the adult brain and the possibility that the
function of these receptors might exceed mediation of insu-
lin/IGF-1 actions, then suggests that an impairment of insu-
lin/IGF-1 receptor signaling contributes to AD via a disease-
specific mechanism involving the loss of receptor activation
by monomers of Aβ.

Insulin and the Adult Brain

Both insulin and insulin receptors (IRs) are present in the
brain. Concentrations of insulin in the different brain
regions range from 10- to 100-fold greater than in plasma
[12], from where insulin is transported in the cerebrospinal
fluid through an IR-based saturable transport occurring
mostly in the olfactory bulb and in the hypothalamus [12].
Evidence for insulin synthesis in the CNS is less solid;
neuronal synthesis has been found in animals [13], but it is
unknown whether brain-derived insulin has a significant
role in the adult human brain. IRs are highly abundant and
localized on both astrocytes and neurons. Glial cells express
typical IRs, whereas a brain-specific IR is present in neurons
[12]. This brain-specific IR is an IR-A isoform that is less
glycosylated than the corresponding peripheral receptor

[14]. As different from the IR-B isoform, which has exqui-
site metabolic actions, IR-A also has mitogenic and anti-
apoptotic actions during development [14]. This predomi-
nant expression of the IR-A is peculiar to the adult brain,
since IR-B is the main receptor in all adult peripheral tissues
that depend on insulin for glucose metabolism [14]. The
evidence that IR-A, but not IR-B, is a low specificity recep-
tor that is activated with high affinity by ligands other than
insulin (i.e., IGF-1 and IGF-2) [15] suggests that many of
the effects observed with insulin administration (e.g., neu-
ronal survival or memory enhancement [16, 17]) may phys-
iologically depend on locally produced substances.
Accordingly, IR density and insulin contents do not corre-
late well in the different brain areas [12]. Based on the
evidence that dendritic areas receiving rich synaptic inputs
have a high IR density [18], a possible correlation between
IRs and synaptic activity has been suggested [19]. The
obvious functional sequel would be the cognition-
enhancing properties of insulin. There are several mecha-
nisms by which insulin may affect memory; these include
modulation of neurotransmitter release and enhanced ex-
pression of postsynaptic NMDA receptors, which are re-
sponsible for the induction of long-term potentiation, the
molecular substrate of learning, and memory [20]. Mecha-
nisms directly related to the modulation of glucose uptake
have also been suggested. Insulin does not affect whole-
brain glucose use, but it increases glucose metabolism in
selected brain regions [21, 22] where discrete neuronal
populations express insulin-sensitive glucose transporters,
namely, GLUT4 and GLUT8 [12, 23, 24]. Because of their
somatic cellular localization [25], GLUT4 and GLUT8 are
likely to support the metabolic requirements of neuronal cell
bodies, but the fact remains that an insulin-insensitive glu-
cose transporter, GLUT3, is present in the neuropil [25] and
is likely to uphold synaptic energy provision.

Another level of complexity is added by the evidence that
IR is highly homologous to IGF-1R [14], with nearly iden-
tical signal transduction pathways potentially leading to the
same neuronal effects. The two receptors are receptor tyro-
sine kinases that, after ligand-induced autophosphorylation,
associate with insulin receptor substrate (IRS) adapter pro-
teins. IRS proteins bind to tyrosine phosphate docking sites
on the activated receptors, undergo phosphorylation them-
selves, and then recruit additional SH2-containing signaling
proteins. Among these, the phosphatidylinositol-3 kinase
(PI-3K), via phosphorylation of protein kinase B (PKB)/
AKT, leads to the translocation of facilitative GLUTs from
the intracellular pool to the plasma membrane (reviewed in
[14]). AKT/PKB also induces the inhibitory serine phos-
phorylation of glycogen synthase kinase-3β (GSK-3β),
which relieves the inhibition of the glycogen synthase and
the translation initiation factor eIF2B, thus promoting gly-
cogen and protein synthesis [26]. In addition, PI-3K/AKT
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activation may result into: (1) an activation of regulatory-
associated protein of mammalian target of rapamycin–
mTOR pathway, which regulates cell growth and metabo-
lism [27]; (2) an inhibition of the pro-apoptotic BAD func-
tions; and (3) a suppression of the transcriptional program of
FoxO proteins (reviewed in [14]). Finally, another signal
transduction protein interacting with IRS proteins is GRB2,
an adaptor that in turn elicits the activation of the
extracellular-regulated kinase (ERK) cascade leading to mi-
togenic responses (reviewed in [14]).

IR and IGF-1R expression overlaps in many brain
regions [28], and also hybrid insulin/IGF-1 receptors, with
an unclear physiological role, are highly present in the brain
[29]. Noteworthy, insulin has a low affinity for both IGF-1R
and hybrid receptors that, instead, are bounded by IGF-1
with higher affinity than insulin (reviewed in [14]). Specif-
ically, at least in purified receptors from human placenta, the
concentration of unlabeled IGF-I for half-maximal inhibi-
tion of 125I-IGF-I binding appears to be 0.1–0.2 nM for
hybrids and 0.05–0.01 nM for IGF-1R. By contrast, unla-
beled insulin required for half-maximal inhibition of 1251-
insulin binding is 3–5 nM for hybrids and 0.3–0.5 nM for
IRs, confirming the relatively low affinity of hybrids for
insulin [30]. The evidence that IGF-1 inhibits 1251-insulin
binding to hybrid receptors or IGF-1R more effectively than
insulin (1 and 0.04 nM (IGF-I) vs. 4 and 4 nM (insulin) for
hybrid receptors and IGF-IR, respectively) [30] and also
stimulates the kinase activity of hybrid receptors more
significantly than insulin [31] suggests that hybrid insulin/
IGF-1 receptors might have the functional properties of an
IGF-1R.

IGF-1 and the Adult Brain

The insulin homolog, IGF-1, is highly produced in the
developing brain by IGF-1R-expressing neurons, sug-
gesting local autocrine/paracrine actions of neuronal
IGF-1 [32]. In the adult brain, the local production of
IGF-1 is low, but serum IGF-1 gets access to the brain
through the blood–brain barrier (BBB) [33]. Thus, the
first question arises of whether brain IGF-1 and periph-
eral IGF-1 play different roles in the nervous tissue.
Genetic manipulation of IGF-1 contents in transgenic
mice has determined the fundamental role of neuronal
IGF-1 in the regulation of brain growth and glucose
utilization during development [34]. In contrast, brain
IGF-1 actions in the adult, and particularly in the con-
trol of cerebral glucose metabolism, are not fully under-
stood. Brain IGF-1 does not seem to participate in
glucose utilization under normal condition in the adult;
however, IGF-1 induction (both neuronal and glial) in
response to injury correlates with increases in local

glucose utilization [34], suggesting that brain IGF-1
functions at least to provide glucose for biosynthetic
and reparative processes. Under these conditions, IGF-
1 is believed to substitute for insulin by promoting
GLUT4 activity [34]. More ample effects have been
reported for serum IGF-1, including modulation of adult
neurogenesis [35], neuronal excitability [36], neuropro-
tection by exercise [37], and cognitive functions [38].
Because of the need for serum IGF-1 in the brain, a
peculiar mechanism of regulated passage through the
BBB (beside a tonic input) exists, according to which
neuronal activity is coupled to the entrance of serum
IGF-1 and, in turn, this peripheral input of IGF-1 to the
brain might sustain the activity of already active neu-
rons [39]. This feedforward mechanism has been named
“neurotrophic coupling” and suggested to be a determi-
nant of the cognitive reserve of the brain [33].

The interrelationship between IGF-1 and insulin actions
remains to be established. As in the periphery, brain insulin
signaling could depend on proper IGF-1 signaling via hy-
brid receptors [40], and/or direct facilitation of insulin sig-
naling could occur via IGF-1 co-stimulation of IRs [41].
Interpretation remains open until a more comprehensive
analysis will be available, which includes the potential
context-specific role of IGF-binding proteins [42] in setting
IGF-1 activity with respect to insulin, the specific properties
of hybrid insulin/IGF-1 receptors, and pathophysiological
conditions that may affect hybrid assembly [29].

Insulin, IGF-1, and the AD Brain

Possible defects in insulin/IGF-1 signaling have been
investigated in postmortem AD brains mainly by immu-
nohistochemical analysis [43, 44]. Hoyer et al. first
reported a reduction of IRs and receptor-kinase activity
markers in the tissue [45]. Recently, a more detailed
analysis carried by Moloney et al. [46] has revealed
that the localization of both IRs and IGF-1Rs in AD
neurons is away from the plasma membrane and con-
centrated in the cytosol, suggesting that these neurons
become resistant to insulin/IGF-1 signaling in the course
of the disease. Accordingly, decreased levels of IRS-1
and IRS-2, key adaptors for both IR and IGF-1R sig-
naling, are disease stage-related and correlate strongly
with neurofibrillary tangle pathology [46]. Since insulin
and IGF-1 engage the same downstream adaptors (i.e.,
IRS-1/IRS-2 and Shc) to drive the activation of PI-3
kinase and Ras/ERK kinase pathways [14], determining
the relative contribution of IRs and IGF-1R to this
defective signaling system is particularly challenging.
One difference stays in the evidence that IGF-1R is
highly expressed in AD astrocytes, and increasing
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IGF-1R levels, but not IR levels, accumulate within and
around plaque pathology both in the AD brain and in
18-month-old Tg2576 mice, a transgenic model of AD
[46]. This finding is consistent with a reparative role of
IGF-1 under injury conditions [34] and might reflect the
AD brain attempt to cope with progressing neuropathol-
ogy by activating the IGF-1 signaling system.

Genetically engineered model targeting either the IGF-1
or the insulin signaling might help to identify relevant steps
for AD pathology in the absence of a systemic disease
condition (i.e., diabetes). Heterozygous inactivation of
IGF-1R in the mouse brain has confounding effects result-
ing from a reduced somatotopic tone with ensuing deceler-
ated animal growth and delayed mortality [47]. Even so, it is
interesting that the IGF-1R-deficient brain shows a compen-
satory overactivation of the remaining IGF-1Rs so that the
animals exhibit only a subtle impairment of exploratory
behavior [47]. On the other hand, brain-specific IR knock-
out mice exhibit the features of reduced insulin signaling,
including the lack of activated PI-3K and the presence of
activated GSK-3β and phosphorylated tau protein, but not
cognitive dysfunctions [48].

Both spontaneous and experimentally induced animal
models of diabetes have been used to search for the presence
of AD-like pathology [49]. The limit of this approach is that
mice, due to the intrinsic nature of their own Aβ, cannot
produce the extracellular Aβ aggregates [50] that have a
pivotal role in AD; therefore, all data are biased by the lack
of evident Aβ-related neuronal pathology.

Instead, the induction of both type 1 and type 2 diabetes
in transgenic mouse models of AD appears to exacerbate
brain pathology [49], confirming the notion that diabetes-
related metabolic disturbances are intervening promoting
factors in the pathogenic cascade leading to AD [51].

The diabetogenic substance streptozotocin has been
found to induce an isolated insulin-resistant brain state
(IRBS) months after a single intracerebroventricular (i.c.v.)
injection in rats [52]. After STZ i.c.v. administration, region-
ally specific alterations have been reported in the rodent
brain, including a reduced IGF-1R gene expression in the
cortex and striatum [53], a reduced IR gene expression in
the frontoparietal cerebral cortex and hippocampus [54], and
an increase in the non-phosphorylated active GSK-3 in the
hippocampus [52]. Interestingly, when the IRBS is induced
in AD transgenic mice by the i.c.v. injection of streptozoto-
cin, mice neuropathology is exacerbated [55].

A unifying interpretation of the data is that the im-
pairment of IRs and IGF-1Rs, which per se represents a
neuronal stressor, is a contributing factor in the patho-
genesis of AD (see after). That said, we still need to
determine what is directly responsible for the defects in
the insulin/IGF-1 system, which have been found in
postmortem AD brains.

The Nature of Aβ

Aβ (a 40–42 amino acid peptide) is normally produced by
neuronal cells through the endoproteolytic cleavage of APP
[56] and is exported outside the brain by the low density
lipoprotein receptor-related protein-1. Aβ is also synthe-
sized in the periphery and gets into the brain via the receptor
for advanced glycation end-products [57]. This tightly reg-
ulated bidirectional trafficking of Aβ across the blood–brain
barrier, together with Aβ clearance by different metallopro-
teases [58, 59], is aimed at maintaining the peptide into a
specific range of concentrations. As other aggregation-
capable molecules, Aβ has a defined equilibrium state be-
tween monomers and oligomers such that it is primarily
monomeric below a certain concentration [60]. Thermody-
namic studies predict that, at the estimated in vivo concen-
trations [61], soluble Aβ is mainly monomeric [60], and
thus oligomers must originate in localized compartments
(e.g., cell membranes) and under pathological conditions.
In vitro, many different types of Aβ assembly forms, in-
cluding protofibrils, annular structures, paranuclei, Aβ-
derived diffusible ligands, and globulomers have been de-
scribed [62]. In vivo, pre-fibrillar assemblies of Aβ, known
as soluble Aβ oligomers, have been demonstrated to corre-
late better with dementia than plaques [63], suggesting that
oligomers represent the primary neurotoxic species in AD.
Natural oligomers of human Aβ disrupt synaptic functions
when added in vitro to hippocampal slices [64] or micro-
injected in living rats [65], where they also interfere rapidly
and reversibly with the memory of a learned behavior [66].
The neurotoxicity of Aβ oligomers has been confirmed by
distinct experimental approaches, including the use of syn-
thetic or native Aβ peptides, cell cultures overexpressing
APP, and APP transgenic mice [65, 67].

Mechanisms of Aβ toxicity have been largely investigat-
ed [68, 69]. However, since the majority of the reviews on
the topic of cell death in AD are largely focused on the toxic
actions of Aβ, there is no need to repeat the knowledge
here. On the contrary, few studies have addressed the phys-
iological activities of Aβ, although indirect evidence for the
implication of Aβ in the normal neuronal metabolism occa-
sionally appears in published papers. Thus, the in vitro
inhibition of either β- or γ-secretase (the two enzymes
required for APP metabolism and Aβ production) has been
reported to affect the viability of cortical neurons, which are
rescued by adding picomolar concentrations of Aβ [70].
The addition of Aβ to cultured neurons has been shown to
enhance metabolism via the induction of hypoxia-inducible
factor-1 [71]. Finally, the finding that the 1–28 fragment of
Aβ has a neurotrophic activity [72] dates back to 1989.

More recent findings provide hints towards the concept
of a physiological role for Aβ. β-Amyloid precursor protein
cleavage enzyme (BACE 1) knockout mice, which lack Aβ
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formation, have behavioral deficits [73] and synaptic dys-
functions [74, 75]. Along this line, picomolar concentrations
of synthetic Aβ, which likely approximate the endogenous
level of the peptide, have been shown to enhance synaptic
plasticity and memory in the rat hippocampus [76].

To date, several lines of evidence indicate that Aβ is
released in normal brains during synaptic activity. Kamenetz
and colleagues first reported that Aβ is secreted from neu-
rons in response to neuronal activity and that, in turn, it
downregulates excitatory synaptic transmission [77], thus
providing a physiological homeostatic control of neuronal
activity. In rodent hippocampal cells and slices, acute
increases in Aβ levels expand reversibly the number of
active synapses [78]. In the same system, enduring inhibi-
tion of Aβ clearance results in a reduction in the number of
synapses [78], suggesting that Aβ functions at least as a
modulator of synaptic activity requiring a fine balance be-
tween production and clearance. Although the nature of the

endogenous released Aβ has not been determined, it seems
reasonable to assume that it is released in its nontoxic
monomeric state.

Aβ and the Insulin/IGF-1 System in AD

The existence of different Aβ forms (i.e., nontoxic mono-
mers and toxic oligomers) adds complexity to the under-
standing of the link between the dysregulation of the insulin/
IGF-1 signaling, which has been reported in AD [44], and
Aβ peptide itself. One level of interaction is established by
the fact that insulin and IGF-I have a direct effect on the
metabolism and clearance of Aβ. Insulin directly increases
Aβ secretion from neurons by accelerating peptide traffick-
ing to the plasma membrane [79] and promotes Aβ degra-
dation by regulating the expression of the insulin-degrading
enzyme (IDE), a metalloprotease that catabolizes both

Fig. 1 Possible interactions
between Aβ and the insulin/
IGF-1 receptor signaling. Aβ
monomers released at the
synapse (right panel) promote
the activation of the insulin/
IGF-1 signaling pathway,
resulting into: (1) self-
maintained levels of Aβ mono-
mers (via the activity of the
insulin-degrading enzyme,
IDE), (2) sustained neuronal
survival (via β-catenin-
regulated gene transcription),
and (3) decreased tau phos-
phorylation (via GSK-3β inhi-
bition). Aβ monomers could
also be responsible for synaptic
glucose provision (via GLUT3
translocation) and increased O-
GlcNAcylation of tau protein,
which opposes tau hyperphos-
phorylation. On the other side,
accumulating Aβ oligomers
(left panel) induce the downre-
gulation of insulin/IGF-1
receptors that will exacerbate
Aβ oligomerization with ensu-
ing neurotoxicity. Dashed lines
refer to proposed but not proven
mechanisms
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insulin and Aβ [80, 81]. On its side, IGF-1 increases Aβ
clearance from the brain by enhancing transport of Aβ-
carrier proteins (e.g., albumin and transthyretin) into the
brain [82]. Hence, insulin and IGF-1 seem to act in con-
junction as regulators of brain Aβ content, and systemic
conditions altering their interplay could indirectly promote
Aβ oligomerization. For example, aging (the main risk
factor for AD) is a associated with low serum levels of
IGF-1 [5], and type 2 diabetes is associated with peripheral
hyperinsulinemia and low brain insulin levels that could
result in reduced Aβ clearance [83].

Another level of interaction is at the receptor level. Zhao
and coworkers have suggested that the state of insulin
resistance observed in the AD brain is a response to Aβ
oligomers, which downregulate neuronal surface IRs [84].
In contrast, IR activation would promote the reduction of
oligomers to monomers via the IDE activity [85]. Our own
contribution to the field is the demonstration that Aβ mono-
mers support the survival of developing neurons under con-
ditions of trophic deprivation and protect mature neurons
against excitotoxic death. Both effects result from the stim-
ulation of a receptor of the insulin/IGF-1 system and are
mediated by the activation of the PI-3K pathway [86].
Among the survival pathways that are stimulated by insu-
lin/IGF-1, such as the ERK1/2 pathway and the PI-3K
pathway [14], Aβ monomers appear to specifically activate
the last one, thus leading to an enhanced phosphorylation of
Akt and also to an enhanced Ser9 phosphorylation
(inhibition) of the Akt substrate, GSK-3β [86]. Inhibition
of GSK-3β promotes cell survival through a variety of
mechanisms including a reduced degradation of β-catenin,
which activates the transcription of protective genes [87].
Accordingly, the neuronal levels of β-catenin show a rapid
and substantial increase in response to Aβ monomers [86].
By inhibiting GSK-3β, Aβ monomers could also decrease
the overall phosphorylation of tau [88], a process that
appears to be facilitated by decreased tau O-GlcNAcylation
[89]. Interestingly, O-GlcNAcylation processes depend on
glucose metabolism and a reduced O-GlcNAcylation seems
to be the link between low brain glucose metabolism and tau
pathology in AD [89]. Whether or not Aβ monomers can
increase the O-GlcNAcylation of tau protein, by supporting
neuronal glucose provision, remains to be established.

A possible model of interaction between the different Aβ
species and the IR/IGF-1R system could be the following:
accumulating Aβ oligomers impair insulin/IGF-1 signaling,
which exacerbates Aβ oligomerization and toxicity within a
feedfoward mechanism. Aβ monomers, by sustaining the
insulin/IGF-1 signaling, promote survival, impede oligo-
merization, and contribute to the homeostatic control of
the system (Fig. 1).

At present, it is unknown whether Aβ monomers bind
directly to IRs and/or IGF-1Rs, although evidence suggests

that monomers have specific recognition sites on the neuro-
nal surface [86]. The unheralded importance of the finding
that Aβ monomers are able to activate IRs/IGF-1Rs would
be the evidence that the peptide is produced and released to
sustain transient needs in synaptic modeling, neuronal ener-
gy provision, and protection in the absence of brain insulin/
IGF-l fluctuations.

Conclusion

The nontoxic form of Aβ, the monomer, appears to behave
as a brain protective factor able to regulate synaptic activity
and to activate insulin/IGF-1 receptor signaling. Depletion
of Aβ monomers in the preclinical phase of AD, resulting
from pathological Aβ aggregation, could be responsible for
early defects of insulin/IGF-1 receptor signaling (including
the deficit of glucose metabolism that anticipates cognitive
decline [11]), thus participating to the overall AD pathology.

Acknowledgments We acknowledge the source of funding that
helped to support the writing of this article. The source is as follows:
PRIN 2009 by the Italian Ministry of University and Research to A.C.
The authors thank Dr. Giuseppe Pappalardo (CNR-IBB, Catania) for
the helpful discussions on structural features and properties of β-
amyloid.

References

1. Burns A, Byrne EJ, Maurer K (2002) Alzheimer's disease. Lancet
360:163–165

2. Selkoe DJ (2011) Resolving controversies on the paths to Alz-
heimer's therapeutics. Nat Med 17:1060–1065

3. Karran E, Mercken M, De Strooper B (2011) The amyloid cascade
hypothesis for Alzheimer's disease: an appraisal for the develop-
ment of therapeutics. Nat Rev Drug Discov 10:698–712

4. Barron AM, Pike CJ (2012) Sex hormones, aging, and Alzheimer's
disease. Front Biosci (Elite Ed) 4:976–997

5. Piriz J, Muller A, Trejo JL, Torres-Aleman I (2011) IGF-I and the
aging mammalian brain. Exp Gerontol 46:96–99

6. Ledesma MD, Dotti CG (2012) Peripheral cholesterol, metabolic
disorders and Alzheimer's disease. Front Biosci (Elite Ed) 4:181–
194

7. de la Monte SM (2012) Contributions of brain insulin resistance
and deficiency in amyloid-related neurodegeneration in Alz-
heimer's disease. Drugs 72:49–66

8. Stranahan AM, Mattson MP (2011) Metabolic reserve as a deter-
minant of cognitive aging. J Alzheimers Dis 28:1–9

9. Ristow M (2004) Neurodegenerative disorders associated with
diabetes mellitus. J Mol Med (Berl) 82:510–529

10. de la Monte SM (2012) Therapeutic targets of brain insulin resis-
tance in sporadic Alzheimer's disease. Front Biosci (Elite Ed)
4:1582–1605

11. Caselli RJ, Chen K, Lee W, Alexander GE, Reiman EM (2008)
Correlating cerebral hypometabolism with future memory decline
in subsequent converters to amnestic pre-mild cognitive impair-
ment. Arch Neurol 65:1231–1236

610 Mol Neurobiol (2012) 46:605–613



12. Schulingkamp RJ, Pagano TC, Hung D, Raffa RB (2000) Insulin
receptors and insulin action in the brain: review and clinical
implications. Neurosci Biobehav Rev 24:855–872

13. Schechter R, Whitmire J, Holtzclaw L, George M, Harlow R,
Devaskar SU (1992) Developmental regulation of insulin in the
mammalian central nervous system. Brain Res 582:27–37

14. Belfiore A, Frasca F, Pandini G, Sciacca L, Vigneri R (2009)
Insulin receptor isoforms and insulin receptor/insulin-like growth
factor receptor hybrids in physiology and disease. Endocr Rev
30:586–623

15. Pandini G, Frasca F, Mineo R, Sciacca L, Vigneri R, Belfiore A
(2002) Insulin/insulin-like growth factor I hybrid receptors have
different biological characteristics depending on the insulin recep-
tor isoform involved. J Biol Chem 277:39684–39695

16. Craft S, Stennis Watson G (2004) Insulin and neurodegenerative
disease: shared and specific mechanisms. Lancet 3:169–178

17. Park CR, Seeley RJ, Craft S, Woods SC (2000) Intracerebroven-
tricular insulin enhances memory in a passive-avoidance task.
Physiol Behav 68:509–514

18. Werther GA, Hogg A, Oldfiedl BJ, McKinley MJ, Figdor R, Allen
AM, Mendelsohn FAO (1987) Localization and characterization of
insulin receptors in rat brain and pituitary gland using in vitro
autoradiography and computerized densitometry. Endocrinology
121:1562–1570

19. Abbott MA, Wells DG, Fallon JR (1999) The insulin receptor
tyrosine kinase substrate p58/53 and the insulin receptor are com-
ponents of CNS synapses. J Neurosci 19:7300–7308

20. Zhao W-T, Alkon DL (2001) Role of insulin and insulin receptor in
learning and memory. Mol Cell Endocrinol 177:125–134

21. Lucignani G, NambaH, Nehlig A, Porrino L, Kennedy C, Sokoloff L
(1987) Effects of insulin on local cerebral glucose utilization in the
rat. J Cereb Blood Flow Metab 7:309–314

22. Doyle P, Cusin I, Rohner-Jeanrenaud F, Jeanrenaud B (1995) Four-
day hyperinsulinemia in euglycemic conditions alters local cere-
bral glucose utilization in specific brain nuclei of freely moving
rats. Brain Res 684:47–55

23. Livingstone C, Lyall H, Gould G (1995) Hypothalamic GLUT4
expression: a glucose- and insulin-sensing mechanism? Mol Cell
Endocrinol 107:67–70

24. Apelt J, Mehlhorn G, Schliebs R (1999) Insulin-sensitive GLUT4
glucose transporters are colocalized with GLUT3-expressing cells
and demonstrate a chemically distinct neuron-specific localization
in rat brain. J Neurosci Res 57:693–705

25. McEwen BS, Reagan LP (2004) Glucose transporter expression in
the central nervous system: relationship to synaptic function. Eur J
Pharmacol 490:13–24

26. Summers SA, Kao AW, Kohn AD, Backus GS, Roth RA, Pessin
JE, Birnbaum MJ (1999) The role of glycogen synthase kinase
3beta in insulin-stimulated glucose metabolism. J Biol Chem
274:17934–17940

27. Taniguchi CM, Emanuelli B, Kahn CR (2006) Critical nodes in
signalling pathways: insights into insulin action. Nat Rev Mol Cell
Biol 7:85–96

28. Bondy CA, Cheng CM (2004) Signaling by insulin-like growth
factor 1 in brain. Eur J Pharmacol 490:25–31

29. Bailyes EM, Navé BT, Soos MA, Orr SR, Hayward AC, Siddle K
(1997) Insulin receptor/IGF-I receptor hybrids are widely distrib-
uted in mammalian tissues: quantification of individual receptor
species by selective immunoprecipitation and immunoblotting.
Biochem J 327:209–215

30. Soos MA, Field CE, Siddle K (1993) Purified hybrid insulin/
insulin-like growth factor-I receptors bind insulin-like growth
factor-I, but not insulin, with high affinity. Biochem J 290:419–
426

31. Kasuya J, Paz IB, Maddux BA, Goldfine ID, Hefta SA, Fujita-
Yamaguchi Y (1993) Characterization of human placental insulin-

like growth factor-I/insulin hybrid receptors by protein microse-
quencing and purification. Biochemistry 32:13531–13536

32. Bondy C, Werner H, Roberts CT Jr, LeRoith D (1992) Cellular
pattern of type-I insulin-like growth factor receptor gene expres-
sion during maturation of the rat brain: comparison with insulin-
like growth factors I and II. Neuroscience 46:909–923

33. Torres-Aleman I (2010) Towards a comprehensive neurobiology of
IGF-1. Dev Neurobiol 70:384–396

34. Cheng CM, Reinhardt RR, Lee WH, Joncas G, Patel SC, Bondy
CA (2000) Insulin-like growth factor 1 regulates developing brain
glucose metabolism. Proc Natl Acad Sci USA 97:10236–10241

35. Aberg MA, Aberg ND, Hedbäcker H, Oscarsson J, Eriksson PS
(2000) Peripheral infusion of IGF-I selectively induces neurogen-
esis in the adult rat hippocampus. J Neurosci 20:2896–2903

36. Nunez A, Carro E, Torres-Aleman I (2003) Insulin-like growth
factor I modifies electrophysiological properties of rat brain stem
neurons. J Neurophysiol 89:3008–3017

37. Trejo JL, Carro E, Nunez A, Torres-Aleman I (2002) Sedentary life
impairs self-reparative processes in the brain: the role of serum
insulin-like growth factor-I. Rev Neurosci 13:365–374

38. Trejo JL, Carro E, Garcia-Galloway E, Torres-Aleman I (2004)
Role of insulin-like growth factor I signaling in neurodegenerative
diseases. J Mol Med 82:156–162

39. Nishijima T, Piriz J, Duflot S, Fernandez AM, Gaitan G, Gomez-
Pinedo U, Verdugo JM, Leroy F, Soya H, Nuñez A, Torres-Aleman
I (2010) Neuronal activity drives localized blood-brain-barrier
transport of serum insulin-like growth factor-I into the CNS. Neu-
ron 67:834–846

40. Fernandez AM, Kim JK, Yakar S, Dupont J, Hernandez- Sanchez
C, Castle AL, Filmore J, Shulman GI, Le Roith D (2001) Func-
tional inactivation of the IGF-I and insulin receptors in skeletal
muscle causes type 2 diabetes. Genes Dev 15:1926–1934

41. Denley A, Carroll JM, Brierley GV, Cosgrove L, Wallace J, Forbes
B, Roberts CT Jr (2007) Differential activation of insulin receptor
substrates 1 and 2 by insulin-like growth factor-activated insulin
receptors. Mol Cell Biol 27:3569–3577

42. Russo VC, Gluckman PD, Feldman EL, Werther GA (2005) The
insulin-like growth factor system and its pleiotropic functions in
brain. Endocr Rev 26:916–943

43. Frolich L, Blum-Degen D, Bernstein HG, Engelsberger S, Humrich
J, Laufer S, Muschner D, Thalheimer A, Turk A, Hoyer S, Zochling
R, Boissl KW, Jellinger K, Riederer P (1998) Brain insulin and
insulin receptors in aging and sporadic Alzheimer's disease. J Neural
Transm 105:423–438

44. Steen E, Terry BM, Rivera EJ, Cannon JL, Neely TR, Tavares R,
Xu XJ, Wands JR, de la Monte SM (2005) Impaired insulin and
insulin-like growth factor expression and signaling mechanisms in
Alzheimer's disease—is this type 3 diabetes? J Alzheimers Dis
7:63–80

45. Hoyer S (2002) The brain insulin signal transduction system and
sporadic (type II) Alzheimer disease: an update. J Neural Transm
109:341–360

46. Moloney AM, Griffin RJ, Timmons S, O'Connor R, Ravid R,
O'Neill C (2010) Defects in IGF-1 receptor, insulin receptor and
IRS-1/2 in Alzheimer's disease indicate possible resistance to IGF-
1 and insulin signalling. Neurobiol Aging 31:224–243

47. Kappeler L, De Magalhaes Filho CM, Dupont J, Leneuve P,
Cervera P, Perin L, Loudes C, Blaise A, Klein R, Epelbaum J,
Le BY, Holzenberger M (2008) Brain IGF-1 receptors control
mammalian growth and lifespan through a neuroendocrine mech-
anism. PLoS Biol 6:e254

48. Schubert M, Gautam D, Surjo D, Ueki K, Baudler S, Schubert D,
Kondo T, Alber J, Galldiks N, Küstermann E, Arndt S, Jacobs AH,
Krone W, Kahn CR, Brüning JC (2004) Role for neuronal insulin
resistance in neurodegenerative diseases. Proc Natl Acad Sci USA
101:3100–3105

Mol Neurobiol (2012) 46:605–613 611



49. Park SA (2011) A common pathogenic mechanism linking type-2
diabetes and Alzheimer's disease: evidence from animal models. J
Clin Neurol 7:10–18

50. Lannfelt L, Folkesson R, Mohammed AH, Winblad B, Hellgren D,
Duff K, Hardy J (1993) Alzheimer's disease: molecular genetics
and transgenic animal models. Behav Brain Res 57:207–213

51. Ott A, Stolk RP, van Harskamp F, Pols HA, Hofman A, Breteler
MM (1999) Diabetes mellitus and the risk of dementia: the rotter-
dam study. Neurology 53:1937–1942

52. Salkovic-Petrisic M, Tribl F, Schmidt M, Hoyer S, Riederer P (2006)
Alzheimer-like changes in protein kinase B and glycogen synthase
kinase-3 in rat frontal cortex and hippocampus after damage to the
insulin signalling pathway. J Neurochem 96:1005–1015

53. Grünblatt E, Hoyer S, Riederer P (2004) Gene expression profile in
streptozotocin rat model for sporadic Alzheimer's disease. J Neural
Transm 111:367–386

54. Grünblatt E, Salkovic-Petrisic M, Osmanovic J, Riederer P, Hoyer
S (2007) Brain insulin system dysfunction in streptozotocin intra-
cerebroventricularly treated rats generates hyperphosphorylated
tau protein. J Neurochem 101:757–770

55. Plaschke K, Kopitz J, Siegelin M, Schliebs R, Salkovic-Petrisic M,
Riederer P, Hoyer S (2010) Insulin-resistant brain state after intra-
cerebroventricular streptozotocin injection exacerbates Alzheimer-
like changes in Tg2576 abetaPP-overexpressing mice. J Alz-
heimers Dis 19:691–704

56. Cirrito JR, May PC, O'Dell MA, Taylor JW, Parsadanian M,
Cramer JW, Audia JE, Nissen JS, Bales KR, Paul SM, Demattos
RB, Holtzman DM. In vivo assessment of brain interstitial fluid
with microdialysis reveals plaque-associated changes in amyloid-
beta metabolism and half-life. J Neurosci. 23: 8844-8853

57. Mackic JB, Stins M, McComb JG, Calero M, Ghiso J, Kim KS,
Yan SD, Stern D, Schmidt AM, Frangione B, Zlokovic BV (1998)
Human blood–brain barrier receptors for Alzheimer's amyloid-beta
1-40. Asymmetrical binding, endocytosis, and transcytosis at the
apical side of brain microvascular endothelial cell monolayer. J
Clin Invest 102:734–743

58. Eckman EA, Eckman CB (2005) Abeta-degrading enzymes: mod-
ulators of Alzheimer's disease pathogenesis and targets for thera-
peutic intervention. Biochem Soc Trans 33:1101–1105

59. Qiu WQ, Folstein MF (2006) Insulin, insulin-degrading enzyme
and amyloid-beta peptide in Alzheimer's disease: review and hy-
pothesis. Neurobiol Aging 27:190–198

60. Nag S, Sarkar B, Bandyopadhyay A, Sahoo B, Sreenivasan VK,
Kombrabail M, Muralidharan C, Maiti S (2011) Nature of the
amyloid-beta monomer and the monomer-oligomer equilibrium. J
Biol Chem 286:13827–13833

61. DeMeyer G, Shapiro F, Vanderstichele H, Vanmechelen E, Engelborghs
S, DeDeyn PP, Coart E, Hansson O,Minthon L, Zetterberg H, Blennow
K, Shaw L, Trojanowski JQ (2010) Alzheimer's disease neuroimaging
initiative. Arch Neurol 67:949–956

62. Teplow DB (1998) Structural and kinetic features of amyloid beta-
protein fibrillogenesis. Amyloid 5:121–142

63. Lue LF, Kuo YM, Roher AE, Brachova L, Shen Y, Sue L, Beach T,
Kurth JH, Rydel RE, Rogers J (1999) Soluble amyloid beta peptide
concentration as a predictor of synaptic change in Alzheimer's
disease. Am J Pathol 155:853–862

64. Townsend M, Shankar GM, Mehta T, Walsh DM, Selkoe DJ
(2006) Effects of secreted oligomers of amyloid beta-protein on
hippocampal synaptic plasticity: a potent role for trimers. J Physiol
572:477–492

65. Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R, Wolfe
MS, Rowan MJ, Selkoe DJ (2002) Naturally secreted oligomers of
amyloid beta protein potently inhibit hippocampal long-term po-
tentiation in vivo. Nature 416:535–539

66. Klyubin I, Walsh DM, Lemere CA, Cullen WK, Shankar GM,
Betts V, Spooner ET, Jiang L, Anwyl R, Selkoe DJ, Rowan MJ

(2005) Amyloid beta protein immunotherapy neutralizes Abeta
oligomers that disrupt synaptic plasticity in vivo. Nat Med
11:556–561

67. Lesne S, Koh MT, Kotilinek L, Kayed R, Glabe CG, Yang A,
Gallagher M, Ashe KH (2006) A specific amyloid-beta protein
assembly in the brain impairs memory. Nature 440:352–357

68. Copani A, Guccione S, Giurato L, Caraci F, Calafiore M, Sortino
MA, Nicoletti F (2008) The cell cycle molecules behind neuro-
degeneration in Alzheimer's disease: perspectives for drug devel-
opment. Curr Med Chem 15:2420–2432

69. Fändrich M (2012) Oligomeric intermediates in amyloid forma-
tion: structure determination and mechanisms of toxicity. J Mol
Biol. doi:10.1016/j.jmb.2012.01.006

70. Plant LD, Boyle JP, Smith IF, Peers C, Pearson HA (2003) The
production of amyloid beta peptide is a critical requirement for the
viability of central neurons. J Neurosci 23:5531–5535

71. Soucek T, Cumming R, Dargusch R, Maher P, Schubert D (2003)
The regulation of glucose metabolism by HIF-1 mediates a neuro-
protective response to amyloid beta peptide. Neuron 39:43–56

72. Whitson JS, Selkoe DJ, Cotman CW (1989) Amyloid beta protein
enhances the survival of hippocampal neurons in vitro. Science
243:1488–1490

73. Harrison SM, Harper AJ, Hawkins J, Duddy G, Grau E, Pugh PL,
Winter PH, Shilliam CS, Hughes ZA, Dawson LA, Gonzalez MI,
Upton N, Pangalos MN, Dingwall C (2203) BACE1 (beta-secre-
tase) transgenic and knockout mice: identification of neurochem-
ical deficits and behavioral changes. Mol Cell Neurosci 24:646–
655

74. Ohno M, Sametsky EA, Younkin LH, Oakley H, Younkin SG,
Citron M, Vassar R, Disterhoft JF (2004) BACE1 deficiency
rescues memory deficits and cholinergic dysfunction in a mouse
model of Alzheimer's disease. Neuron 41:27–33

75. Wang H, Song L, Laird F, Wong PC, Lee HK (2008) BACE1
knock-outs display deficits in activity-dependent potentiation of
synaptic transmission at mossy fiber to CA3 synapses in the
hippocampus. J Neurosci 28:8677–8681

76. Puzzo D, Privitera L, Leznik E, Fa M, Staniszewski A, Palmeri A,
Arancio O (2008) Picomolar amyloid-beta positively modulates
synaptic plasticity and memory in hippocampus. J Neurosci
28:14537–14545

77. Kamenetz F, Tomita T, Hsieh H, Seabrook G, Borchelt D,
Iwatsubo T, Sisodia S, Malinow R (2003) APP processing and
synaptic function. Neuron 37:925–937

78. Abramov E, Dolev I, Fogel H, Ciccotosto GD, Ruff E, Slutsky I
(2009) Amyloid-beta as a positive endogenous regulator of release
probability at hippocampal synapses. Nat Neurosci 12:1567–1576

79. Gasparini L, Gouras GK, Wang R, Gross RS, Beal MF, Greengard
P, Xu H (2001) Stimulation of beta-amyloid precursor protein
trafficking by insulin reduces intraneuronal beta-amyloid and
requires mitogen-activated protein kinase signaling. J Neurosci
21:2561–2570

80. Sudoh S, Frosch MP, Wolf BA (2002) Differential effects of
proteases involved in intracellular degradation of amyloid beta-
protein between detergent-soluble and -insoluble pools in CHO-
695 cells. Biochemistry 41:1091–1099

81. Zhao L, Teter B, Morihara T, Lim GP, Ambegaokar SS, Ubeda OJ,
Frautschy SA, Cole GM (2004) Insulin-degrading enzyme as a
downstream target of insulin receptor signaling cascade: implications
for Alzheimer's disease intervention. J Neurosci 24:11120–11126

82. Carro E, Trejo JL, Gomez-Isla T, LeRoith D, Torres-Aleman I
(2002) Serum insulin-like growth factor I regulates brain
amyloid-beta levels. Nat Med 8:1390–1397

83. Craft S, Peskind E, Schwartz MW, Schellenberg GD, Raskind M,
Porte D Jr (1998) Cerebrospinal fluid and plasma insulin levels in
Alzheimer's disease: relationship to severity of dementia and apo-
lipoprotein e genotype. Neurology 50:164–168

612 Mol Neurobiol (2012) 46:605–613

http://dx.doi.org/10.1016/j.jmb.2012.01.006


84. Zhao WQ, De Felice FG, Fernandez S, Chen H, Lambert MP,
Quon MJ, Krafft GA, Klein WL (2008) Amyloid beta oligomers
induce impairment of neuronal insulin receptors. FASEB J
22:246–260

85. Zhao WQ, Lacor PN, Chen H, Lambert MP, Quon MJ, Krafft
GA, Klein WL (2009) Insulin receptor dysfunction impairs
cellular clearance of neurotoxic oligomeric a{beta}. J Biol
Chem 284:18742–18753

86. Giuffrida ML, Caraci F, Pignataro B, Cataldo S, De Bona P, Bruno
V, Molinaro G, Pappalardo G, Messina A, Palmigiano A, Garozzo

D, Nicoletti F, Rizzarelli E, Copani A (2009) Beta-amyloid mono-
mers are neuroprotective. J Neurosci 29:10582–10587

87. Willert K, Nusse R (1998) Beta-catenin: a key mediator of Wnt
signaling. Curr Opin Genet Dev 8:95–102

88. Rankin CA, Sun Q, Gamblin TC (2007) Tau phosphorylation by
GSK-3beta promotes tangle-like filament morphology. Mol Neu-
rodegener 2:12

89. Liu F, Shi J, Tanimukai H, Gu J, Gu J, Grundke-Iqbal I, Iqbal K, Gong
CX (2009) Reduced O-GlcNAcylation links lower brain glucose metab-
olism and tau pathology in Alzheimer's disease. Brain 132:1820–1832

Mol Neurobiol (2012) 46:605–613 613


	Beta-Amyloid Monomer and Insulin/IGF-1 Signaling in Alzheimer&newapos;s Disease
	Abstract
	Introduction
	Insulin and the Adult Brain
	IGF-1 and the Adult Brain
	Insulin, IGF-1, and the AD Brain
	The Nature of Aβ
	Aβ and the Insulin/IGF-1 System in AD
	Conclusion
	References


