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Abstract. Interest in characterizing the role of impaired insulin actions in Alzheimer’s disease (AD) and vascular dementia is
growing exponentially. This review details what is currently known about insulin, insulin-like growth factor type I (IGF-I) and
IGF-II proteins and their corresponding receptors in the brain, and delineates the major controversies pertaining to alterations in
the expression and function of these molecules in AD. The various experimental animal models generated by over-expression,
mutation, or depletion of genes that are critical to the insulin or IGF signaling cascades are summarized, noting the degrees to which
they reproduce the histopathological, biochemical, molecular, or behavioral abnormalities associated with AD. Although no single
model was determined to be truly representative of AD, depletion of the neuronal insulin receptor and intracerebroventricular
injection of Streptozotocin reproduce a number of important aspects of AD-type neurodegeneration, and therefore provide
supportive evidence that AD may be caused in part by neuronal insulin resistance, i.e. brain diabetes. The extant literature did
not resolve whether the CNS insulin resistance in AD represents a local disease process, or complication/extension of peripheral
insulin resistance, i.e. chronic hyperglycemia, hyperinsulinemia, and Type 2 diabetes mellitus. The available epidemiological
data are largely inconclusive with regard to the contribution of Type 2 diabetes mellitus to cognitive impairment and AD-type
neurodegeneration. A major conclusion drawn from this review is that there is a genuine need for thorough and comprehensive
study of the neuropathological changes associated with diabetes mellitus, in the presence or absence of superimposed AD or
vascular dementia. Strategies for intervention may depend entirely upon whether the CNS disease processes are mediated by
peripheral, central, or both types of insulin resistance.
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1. Insulin and insulin-like growth factor regulate
brain development and function

Insulin and insulin-like growth factor type 1 (IGF-
I) are important modulators of growth and metabolic
function in the central nervous system (CNS), and cor-
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respondingly, their receptors are abundantly expressed
in the brain. Insulin and IGF-I are neurotropic since
they can support neuronal growth, survival, and dif-
ferentiation in the absence of other growth factors,
and they promote neurite outgrowth, migration, pro-
tein synthesis, neuronal cytoskeletal protein expres-
sion, and nascent synapse formation [1–5]. In ad-
dition, IGF-I regulates oligodendrocyte survival, de-
velopment, and myelination [6], while insulin regu-
lates food intake, glucose homeostasis, growth, and
metabolic activity [7].
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Previous studies demonstrated insulin immunoreac-
tivity in CNS neurons distributed in the hippocampus,
thalamus, hypothalamus, and amygdale of experimen-
tal animal [7] and human [8] brains by immunohisto-
chemical staining, and insulin peptide in human brain
homogenates by radioimmunoassay [8]. Data regard-
ing the source of brain insulin is limited and some-
what inconclusive as to whether the immunoreactivity
reflects transport and uptake from the blood, endoge-
nous production, or both [7]. Although experimen-
tal evidence indicates that insulin can be transported
through the blood-brain barrier into cerebrospinal fluid
via receptor-mediated uptake [9], its subsequent local-
ization in CNS neurons and glial cells was not demon-
strated in those same studies. However, recent evidence
suggests that the brain may utilize insulin from both
locally produced and peripheral (pancreatic) sources
for different functional requirements including cogni-
tion [10]. IGF-I and IGF-II are expressed in various re-
gions of fetal [6,11] and adult brains [12]. IGF-I is de-
velopmentally regulated such that peak levels coincide
with neuronal proliferation and neurite outgrowth [6,
13,14], whereas IGF-II is mainly expressed in cells of
mesenchymal and neural crest origin [6].

Insulin and IGF-I receptors are expressed in neurons
throughout the CNS, but they are most abundantly dis-
tributed in the olfactory bulbs, cerebral cortex, cere-
bellar cortex, hippocampus, thalamus, hypothalamus,
brainstem nuclei, spinal cord, and retina [12,15,16].
IGF-I and IGF-II receptors are widely distributed in
both fetal [6,11] and adult [12] brains, and previous
studies showed that expression of these molecules is
not modulated during development [6,13]. The co-
expression of intracellular molecules that are critical for
transmitting insulin and IGF-I stimulated signals [12,
15] indicates that both immature and mature CNS neu-
rons are equipped to respond to insulin and IGF-I stim-
ulation [12].

2. Insulin receptor substrate molecules

Insulin and IGF-1 mediate their effects on cell
growth, survival, homeostasis, glucose transport, and
energy metabolism by signaling downstream through
insulin receptor substrate (IRS) molecules. IRS sub-
types 1–4 have similar organizational structures in that
each has a highly conserved N-terminus and a less
conserved C-terminus that contains multiple tyrosine
phosphorylation sites responsible for transmitting in-
sulin and IGF-1 stimulated signals downstream to me-

diate a diverse array of cellular functions. The N-
terminus contains three important functional domains
including, one pleckstrin homology (PH) region, and
two regions homologous to a phosphotyrosine bind-
ing (PTB) domain [17,18]. The PH domain mediates
IRS interactions with Janus tyrosine kinase Tyk-2, and
may also be important for linking IRS to signal trans-
duction pathways that involve interactions with G pro-
teins and phospholipids [18]. The PTB domain inter-
acts with theβ-subunit of the insulin and IGF-1 recep-
tors. The C-terminal regions of IRS molecules func-
tion by interacting with src homology 2 (SH2) domain-
containingproteins. The specificity of signals transmit-
ted through IRS molecules is mediated by differential
interactions between the PTB domain and the insulin
or IGF-1 receptor, and variability in the structure of the
C-terminal region which enables selective interactions
between IRS molecules and SH2 domain-containing
proteins that mediate particular cellular responses [18].
In addition, selective insulin and IGF-1 signaling re-
sponses are mediated by tissue-specific expression of
the different IRS subtypes.

3. Insulin and IGF-I signaling mechanisms

The stimulatory effects of insulin and IGF-I are me-
diated through complex intracellular signaling path-
ways, beginning with ligand binding to the correspond-
ing receptors and activation of the intrinsic receptor ty-
rosine kinases [19]. Insulin and IGF-I receptor tyrosine
kinases phosphorylate a number of cytosolic molecules,
including their major substrates, IRS proteins [20,21].
IRS signaling mechanisms are activated by tyrosine
phosphorylation of specific motifs located in the C-
terminal regions of the molecules. Tyrosine phospho-
rylated (TP) IRS proteins [17,18] transmit intracellular
signals that mediate growth, metabolic functions, and
viability by interacting with downstream molecules that
contain SH2 domains [17,18], including the growth-
factor receptor-bound protein 2 (Grb2), SHPTP-2 pro-
tein tyrosine phosphatase, and the p85 regulatory sub-
unit of phosphatidylinositol-3 kinase (PI3 kinase) [22].
The binding of TP-IRS to Grb2 results in sequential ac-
tivation of p21ras, mitogen-activated protein kinase ki-
nase (MAPKK), and Erk MAPK [18]. Erk MAPK acti-
vation directly contributes to insulin- and IGF-I stimu-
lated mitogenesis, neuritic sprouting, and gene expres-
sion [23–25].

Binding of TP-IRS to p85 stimulates glucose
transport [26] and inhibits apoptosis by activating
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Akt/Protein kinase B [27–31] and inhibiting glycogen
synthase kinase-3β (GSK-3β) [32]. Akt kinase in-
hibits apoptosis by phosphorylating GSK-3β [32,33]
and BAD [34], rendering them inactive. Low levels
of Akt kinase and high levels of GSK-3β activity or
activated BAD are associated with increased neuronal
death [31,35,36]. BAD inactivates anti-apoptotic Bcl-
family proteins, rendering the mitochondrial membrane
more susceptible to pro-apoptotic molecules that pro-
mote membrane permeability, cytochrome c release,
and caspase activation [37]. Perturbations in mitochon-
drial membrane permeability increase cellular free rad-
icals that cause mitochondrial DNA damage, impair
mitochondrial function, and activate pro-apoptosis cas-
cades [38,39]. Although insulin and IGF-I have vir-
tually identical signaling cascades, their functions are
overlapping but not entirely duplicative, and the corre-
sponding receptors are expressed in different cell pop-
ulations in the developing, mature, and aging CNS.

4. Experimental animal models of insulin receptor,
IGF-I receptor, and insulin receptor substrate
gene over-expression or depletion

The roles of insulin and IGF-I signaling in relation to
CNS growth, development, and function were divulged
in part by the analysis of transgenic and knockout
mouse models. Targeted gene mutation studies demon-
strated that IGF-I and IGF-II both stimulate prenatal
brain growth, whereas only IGF-I stimulates postnatal
brain growth [40]. During fetal development, insulin
stimulated signaling via its own receptor appears to
be uncoupled and instead, the insulin receptor is ac-
tivated by IGF-II [40]. Therefore, using the targeted
mutation approach, IGF-II was demonstrated to be a
bi-functional ligand capable of activating both insulin
and IGF-I signaling mechanisms in the immature brain,
although IGF-II is not as effective as insulin for mediat-
ing growth, energy metabolism, glucose homeostasis,
survival, and cognition [40].

Transgenic mice that over-express IGF-I have sig-
nificantly larger brains due to increased populations
of neurons and oligodendrocytes, as well as increased
myelin content [2,6,11,41]. In contrast, genetic deple-
tion of IGF-I or the IGF-I receptor, or over-expression
of IGF 1 binding proteins (IGFBPs) that inhibit the
actions of IGF-I, severely retards and impairs brain
growth and development. These abnormalities are as-
sociated with reduced populations of neurons, deficien-
cies in myelination [2,4,6,42,43], and increased neu-

ronal apoptosis [44] in the CNS. Homozygous knock-
out of the insulin receptor gene is lethal due to the
severe diabetic ketoacidosis that develops during the
early postnatal period; however, hemizygous knockout
of the insulin receptor produces diabetes in 10% of the
affected adults [45–48]. CNS depletion of the gene
that encodes the neuronal insulin receptor results in in-
creased food intake,obesity, and insulin resistance [45].
In that context, the CNS neuronal insulin resistance is
associated with reduced activation of Akt, increased
activation of GSK-3β, and hyper-phosphorylation of
tau [49], similar to findings in AD and other neurode-
generative diseases.

Genetic depletion of the IRS-1 gene results in re-
tarded somatic growth due to IGF-1 resistance. In ad-
dition, IRS-1 knockout mice exhibit substantial reduc-
tions in the masses of skeletal muscle, heart, and liver,
and relatively small reductions in brain weight [50].
The relative sparing of brain was attributed to intact
IGF-I stimulated brain growth [51], indicating that
other IRS molecules can transmit IGF-I signals in the
CNS. IRS-2, which mediates peripheral insulin actions
and beta cell function in the pancreatic islets, is essen-
tial for glucose homeostasis. Depletion of the IRS-2
gene causes diabetes due to reduced beta cell mass. In
addition, genetic depletion of IRS-2 impairs neuronal
proliferation during development, and promotes accu-
mulation of phosphorylatedtau containing neurofibril-
lary tangles in the hippocampi of affected old mice [52,
53]. Therefore, this model links insulin resistant dia-
betes mellitus to AD-type neurodegenerative lesions in
the brain. Genetic depletion of IRS-3 or IRS-4 does
not produce an obvious phenotype [45].

5. Diabetes mellitus nomenclature

Diabetes mellitus is a metabolic disorder associated
with chronic hyperglycemia. The various subtypes of
diabetes mellitus differ with respect to etiology, patho-
genesis, and insulin availability,but share the same con-
sequences of chronic hyperglycemia and impaired in-
sulin actions. Type 1 diabetes mellitus is caused by de-
struction (usually autoimmune) of pancreatic islet beta
cells and attendant insulin deficiency. Type 2 diabetes,
the most common form, is caused by insulin resistance
in peripheral tissues, and is most frequently associated
with aging, a family history of diabetes, obesity, and
failure to exercise. Individuals with Type 2 diabetes
have hyperglycemia and hyperinsulinemia. The patho-
genesis of insulin resistance in Type 2 diabetes is not
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completely understood. However, evidence suggests
that the insulin resistance is partly mediated by reduced
levels of insulin receptor expression (down regulation),
insulin receptor tyrosine kinase activity, IRS-1 expres-
sion, and/or PI3 kinase activation in skeletal muscle and
adipocytes [52]. Gestational diabetes develops during
pregnancy, and usually is associated with insulin de-
ficiency and hyperglycemia. Although gestational di-
abetes resolves postpartum, it places the affected in-
dividuals at risk for later developing Type 2 diabetes.
Other less common causes of diabetes mellitus include:
genetic defects in beta cell function or insulin action,
diseases of the exocrine pancreas, e.g. pancreatitis or
cystic fibrosis, endocrinopathies, drug or chemical tox-
icity, infection, and genetic syndromes, e.g. Down syn-
drome.

6. Possible relationship between diabetes mellitus
and clinically detectable AD

Diabetes mellitus, regardless of subtype or etiology,
is associated with a number of pathophysiological dis-
orders including vascular disease, renal disease, pe-
ripheral neuropathy, and retinopathy, in part due to in-
jury and functional impairment in the microvascula-
ture supplying the correspondingorgans and structures.
The consequences of diabetes mellitus with respect to
CNS function and disease have not yet been determined
due to the lack of systematic and detailed clinical-
pathological correlative study. Although in previous
literature reviews, some authors attempted to draw an
association between diabetes mellitus and dementia,
the supporting epidemiological data were weak, since
the studies that examined peripheral gluco-regulation in
AD produced largely inconsistent results. While small
percentages of patients with AD were found to have
modest or moderate impairments in insulin sensitivity,
the degrees of those abnormalities paled in comparison
with the defects typically observed in Type 2 diabetes
mellitus. In a retrospective study, a diagnosis of dia-
betes mellitus was recorded in 63 of 839 (7.5%) hos-
pital records in which a clinical diagnosis of dementia
had been rendered. Subsequent investigations demon-
strated reduced blood glucose levels and increased in-
sulin levels in patients with late onset AD relative to
aged controls or patients with vascular dementia. Al-
though the authors concluded that the findings did not
support an association between diabetes and AD [54,
55], the same data were re-interpreted as reflecting an
increased prevalence of insulin resistance in AD. The

latter conclusion contradicts the finding that glucose
administration could both increase plasma insulin lev-
els and improve cognition in AD. Working under the
assumption that increased insulin rather than glucose
was responsible for the improvements in memory, fur-
ther studies were used to demonstrate that the admin-
istration of either insulin or somatostatin significantly
improved memory performance in early AD. In con-
trast, increases in plasma glucose that were not accom-
panied by increases in insulin levels were ineffective
for improving memory/cognition [56,57].

The Rotterdam Study was one of the first epidemi-
ological surveys to provide convincing evidence for
a relationship between diabetes mellitus and demen-
tia by demonstrating a significantly higher prevalence
of dementia in patients with insulin-dependent (Type
1) diabetes mellitus relative to non-diabetic aged con-
trols. The cause of dementia in diabetics was said to be
mainly vascular in origin, but the prevalence of AD was
also significantly higher than in the control group [58].
Further analysis of the data showed that diabetes melli-
tus doubled the risk for AD, particularly in individuals
who required insulin [59]. One caveat regarding the in-
terpretation of these results is that the Rotterdam Study
was entirely based on clinical findings, and was partic-
ularly flawed because follow-up reports demonstrating
accuracy of diagnosis were not published. The impor-
tance of conducting a thorough longitudinal analysis of
the cases is underscored by the failure to detect a sig-
nificant correlation between AD and diabetes mellitus
in a recent retrospective postmortem study [60].

The possible association between diabetes melli-
tus/insulin resistance and degree of hippocampal and
amygdalar atrophy was investigatedin vivo by magnetic
resonance imaging. Vascular morbidity was taken into
account based on the presence and severity of carotid
atherosclerosis, white matter lesions, and cerebral in-
farcts. The study showed that: 1) individuals with dia-
betes mellitus had greater degrees of hippocampal and
amygdalar atrophy compared with subjects who did not
have diabetes mellitus; and 2) severity of insulin resis-
tance correlated with degree of amygdalar atrophy [61].
Unfortunately, the conclusion that diabetes mellitus is a
causal factor in AD could not be substantiated because
cognitive function was not assessed, and cerebral mi-
croangiopathy, the likely vascular lesion produced by
diabetes mellitus, was not detectable with the methods
employed. Moreover, the study did not exclude the
co-occurrence of vascular dementia.

The inability to convincingly and consistently
demonstrate a correlation between diabetes mellitus
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and AD, or find evidence that diabetes mellitus causes
AD pathology, led to the alternative hypothesis that
diabetes may serve as a co-factor in the pathogenesis
of dementia and possibly AD. In this regard, epidemi-
ological studies showed that hyperinsulinemia in pa-
tients with an ApoE4-negativegenotype was correlated
with AD-type dementia, whereas in the absence of di-
abetes, an ApoE4+ genotype was also correlated with
AD [62–64], suggesting that ApoE4 genotype and di-
abetes mellitus contribute independently to the patho-
genesis of AD. Quite different results were obtained in
another study in which a greater than two-fold higher
risk for developing AD was detected in subjects who
had diabetes mellitus and an ApoE4 allele compared
with individuals who had an ApoE4 allele but who
did not have diabetes. Correspondingly, postmortem
studies showed that individuals with diabetes mellitus
and an ApoE4 genotype had significantly more abun-
dant Abeta deposits and neurofibrillary tangles com-
pared with diabetics who did not have an ApoE4 al-
lele [65]. Together, these results suggest that diabetes
mellitus may represent a risk factor for AD by acting
synergistically with ApoE4.

Problems documenting the relationship between di-
abetes mellitus or insulin resistance and AD stemmed
in part from the poor reliability of clinically distin-
guishing AD from vascular dementia. Diabetes mellitus
causes microvascular disease resulting in sclerosis and
luminal narrowing of arterioles and capillaries. There-
fore, diabetes-associated microangiopathy could cause
chronic cerebral ischemia due to hypoperfusion, lead-
ing to permanent tissue injury and dementia [66]. Sim-
ilarly, multi-focal micro-ischemic injury and infarcts
caused by hypertensive cerebrovascular disease or vas-
cular occlusions could also contribute to the clinical
deterioration and the pathological changes in AD [67].
Another missing component of the equation is a thor-
ough characterization of the CNS pathology produced
by long-standing diabetes mellitus, in the presence or
absence of AD. Until such information becomes avail-
able, the correlations among diabetes mellitus, CNS
pathology, and dementia will remain confusing.

7. Evidence for impaired insulin responsiveness in
AD

Some of the earliest work on senile dementia, which
probably corresponded to AD, vascular dementia, or a
combination of both, documented the development of
altered brain metabolism soon after the onset of clini-

cal symptoms. The metabolic abnormalities consisted
of impaired glucose utilization and energy metabolism,
with features that resemble Type 2 diabetes melli-
tus [68]. In addition, several studies demonstrated that
cerebral metabolism declined prior to the deterioration
in cognitive function,suggesting that energy failure was
one of the earliest reversible hallmarks of AD. These
observations led to the hypothesis that AD-associated
abnormalities in energy metabolism were caused by in-
sulin resistance or reduced insulin action in the brain,
i.e. brain diabetes [69–72].

7.1. Glucose regulatory defect in AD

Glucose, transported from peripheral blood, is the
major fuel for oxidative metabolism and function in the
CNS. Although previous studies suggested a role for
astrocyte-derived lactate as a major energy source for
neurons [73], subsequent research casts doubt on the
relative importance of this concept [74,75]. Glycemic
index studies demonstrated that AD patients had sig-
nificantly higher levels of plasma glucose [76], and
that non-diabetics with either vascular dementia or late-
onset AD, had significantly elevated fasting plasma in-
sulin and glucose levels relative to controls [77]. Al-
though this profile of hyperglycemia plus hyperinsu-
linemia resembles Type 2 diabetes mellitus, investi-
gators reported that glucose administration improved
memory due to facilitation of acetylcholine synthesis
and release in the brain [78]. However, further studies
demonstrated that patients with very early AD, but not
those in the late stages of disease, exhibited significant
improvements in memory following a rapid therapeu-
tic increase in plasma glucose to 225 mg/dl, with an
accompanying increase in plasma insulin [79,80]. To-
gether, these observations suggest that in early AD, the
prominent gluco-regulatory abnormalities in the brain
may be responsive to peripheral glucose administration
at levels that drive insulin release into the plasma.

7.2. Evidence for insulin resistance in AD

Initial evidence that abnormalities in insulin action
or insulin receptor expression/functionwere features of
AD stemmed from the findings that individuals in the
early stages of AD had 45% lower levels of cerebral
glucose utilization, and 17–18% reductions in cere-
bral blood flow and cerebral metabolic rate of oxy-
gen relative to controls. However, in the late stages
of AD, the major metabolic/physiological abnormal-
ity was markedly reduced (55–65%) cerebral blood
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flow [81]. Subsequent research confirmed the finding
that brain glucose metabolism was reduced in AD, and
also showed that cerebrospinal fluid (CSF) amino acid
and ammonia levels were markedly increased in pa-
tients with early-onset AD [82]. The authors inter-
preted the increased CNS protein catabolism as reflect-
ing a compensatory response to the 44% reduction in
glucose metabolism [82].

7.3. Controversies and inconsistencies

Initial studies designed to examine CSF and plasma
levels of insulin in AD demonstrated increased CSF
insulin levels after an overnight fast, and increased
plasma insulin levels after oral glucose administra-
tion [83]. However, subsequent studies failed to find
a correlation between increased CSF insulin levels and
AD [84], or detect significant alterations in plasma in-
sulin levels in AD following intravenousadministration
of glucose [85]. Moreover, other investigators detected
lower CSF insulin, higher plasma insulin, and reduced
CSF-to-plasma insulin ratios in AD relative to normal
controls, with larger differences detected in the late
stages of AD [86]. In other studies, hyperinsulinemia
was detected in AD, but the abnormality was attributed
to their significantly larger mean body masses [87,88]
and significantly greater food intake [88], suggesting
that hyperinsulinemia in AD could be explained on the
same basis that it occurs in Type 2 diabetes mellitus.

8. Potential mediators of impaired insulin
responsiveness in AD

8.1. Growth factor deficiency as a mechanism of
neurodegeneration

Impaired insulin responsiveness or insulin resis-
tance in AD could be caused by reduced local CNS
levels of insulin. The possibility that AD-type neu-
rodegeneration represents a neuroendocrine disorder
with major abnormalities centered in the hippocam-
pus and hypothalamus was investigated nearly two
decades ago. In 1986, it was suggested that some
of the AD-associated clinical and pathological abnor-
malities were due to global defects in CNS and en-
docrine somatostatin, somatostatin-regulated growth
hormone, thyroid-stimulating-hormone, somatomedin
and insulin, with associated impairments in glucose
metabolism [89]. Immunohistochemical staining stud-
ies demonstrated increased IGF-I immunoreactivity in

astrocytes of AD brains [90], and higher intensities of
insulin and c-peptide immunoreactivity in pyramidal
neurons of AD relative to control brains, despite aging-
associated reductions in insulin and c-peptide concen-
trations. However, radioimmunoassay studies demon-
strated similar mean levels of somatostatin and IGF-I
in AD and control CSF samples, and biochemical stud-
ies detected similar levels of insulin and c-peptide in
AD and normal aged brains [91,92]. Additional evi-
dence favoring the concept that AD represents a neu-
roendocrine disorder was provided by the finding that
plasma IGF-I levels were significantly reduced in fa-
milial AD associated with the Swedish amyloid pre-
cursor protein mutation [93]. The lack of consistency
in results obtained from different studies made it diffi-
cult to champion the concept that AD may represent a
neuroendocrine disease.

8.2. Altered receptor binding in AD

Another potential cause of impaired insulin or IGF-1
responsiveness is reduced binding of the ligand to its
receptor due to lowered affinity, insufficient availability
of ligand (see above), or decreased receptor expression.
Initial studies utilized radioimmunoassays to assess the
role of impaired growth factor receptor expression and
function in relation to AD. 125I-IGF-I binding studies
using postmortem brain tissue demonstrated increased
IGF-I binding in the cerebral cortex of AD relative to
control subjects, suggesting that IGF-I receptors were
up-regulated due to reduced local levels of IGF-I [94,
95]. However, in subsequent studies, similar IGF-I
binding kinetics and receptor abundances were mea-
sured in AD and control brains [96,97], although in-
creased IGF-I binding was observed in neuritic plaques
which were more abundant in AD [96]. Commercial
availability of insulin and IGF-I receptor antibodies en-
abled receptor expression to be characterized in histo-
logical sections. In one study, a selective reduction in
insulin receptor expression was detected in the substan-
tia nigra of Parkinson’s disease cases relative to other
diseases and normal aging [98]. Immunohistochemi-
cal staining studies demonstrated aging-associated re-
ductions in insulin receptor expression in the brain,
but in AD, insulin receptor expression was increased
while IGF-I receptors were unchanged relative to con-
trol brains [8,99]. Despite the increased insulin recep-
tor expression, tyrosine kinase activity was reduced in
AD [8,99]. One mechanism proposed for the increased
insulin receptor expression and reduced tyrosine ki-
nase activity was Abeta-induced insulin resistance with
compensatory up-regulation of the receptor [100].
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8.3. Impaired signaling through insulin stimulated
pathways in AD brains

Much of the discussion concerning the role of im-
paired insulin signaling in AD has been focused on in-
sulin resistance, meaning that CNS cells respond poorly
or not at all to physiological levels of insulin. With
the lack of consistent results regarding possible alter-
ations in growth factor and growth factor receptor ex-
pression in AD, attention was refocused on detecting
abnormalities in the functional activation of insulin and
IGF-I signaling mechanisms. Studies in experimen-
tal animals demonstrated aging-associated reductions
in insulin stimulated tyrosine phosphorylation of both
the insulin receptor and Shc, and reduced associations
of Shc with Grb2 in the forebrain cortex and cerebel-
lum. In addition, progressive aging was found to be
associated with reduced expression of SHP protein ty-
rosine phosphatase-2 (SHP2), which negatively regu-
lates insulin signaling [101]. Presumably, this obser-
vation reflects a compensatory/homeostatic response to
the aging associated reduction in tyrosine kinase ac-
tivity. Studies of human postmortem brains demon-
strated reduced levels of tyrosine kinase activity in late
onset AD relative to aged controls [8,99]. Potential
consequences of impaired insulin signaling in AD in-
clude, reduced glucose utilization, increased GSK-3β
activation, deficits in energy production, increased ox-
idative stress, reduced neuronal survival, and advanced
glycation of proteins [102].

9. Insulin and IGF-I signaling and mal-signaling
in the brain: Contributions to AD-pathology

9.1. Role in tau phosphorylation and
hyper-phosphorylation

Insulin and IGF-1 promote neuronal survival, stim-
ulate energy metabolism, provide neuroprotection, and
support neuronal cytoskeletal function via phosphory-
lation of its subunit proteins. Phosphorylation oftau is
a normal physiological process required for cytoskele-
ton assembly and stabilization.In vitro experiments
demonstrated thattau phosphorylation is normally reg-
ulated by insulin and IGF-I [103]. The major kinases
responsible for physiological phosphorylation oftau
include: Erk MAPK and cyclin dependent kinase 5
(Cdk-5), both of which are activated by insulin and
IGF-1 [104–106]. However, impaired insulin or IGF-
1 signaling can result in the hyper-phosphorylation of

tau due to reduced activation of PI3 kinase and Akt
and attendant increased levels of GSK-3β activity [49,
53]. In addition, GSK-3β can be activated through
inhibition of insulin/IGF-1 signaling through the Wnt
pathway [107], which is not dependent on PI3 kinase
or Akt phosphorylation. Impairments in Wnt signal-
ing mechanisms have been linked to several of the key
molecular abnormalities in AD [108–112].

GSK-3β is a multifunctional serine/threonine kinase
that regulates many intracellular signaling pathways,
including receptor tyrosine kinases, G-protein-coupled
receptors, and responses to Wnt. GSK-3β is func-
tionally important for regulating glycogen metabolism,
cell cycle kinetics, proliferation, survival, and cell mi-
gration. These effects are mediated by growth fac-
tor stimulated phosphorylation and attendant inhibi-
tion of GSK-3β activity [107]. Intact insulin signaling
is important for promoting neuronal survival and en-
ergy metabolism, whereas impaired insulin signaling
in CNS neurons results in increased GSK-3β activity,
which leads totau hyper-phosphorylation. In addi-
tion, GSK-3β can be activated by hypoxic, ischemic,
or metabolic injury, irrespective of growth factor stim-
ulation [113,114]. Hyper-phosphorylatedtau fails to
be transported into axons and instead accumulates and
aggregates in neuronal perikarya, and thereby promotes
further oxidative stress [115] which can cause cell death
mediated by apoptosis, mitochondrial dysfunction, or
necrosis. The neuronal cytoskeletal lesions that corre-
late with dementia in AD contain hyper-phosphorylated
tau.

Although the mechanisms of increased GSK-3β ac-
tivation in AD can be readily explained on the ba-
sis of impaired insulin/IGF-1 signaling, the increased
levels of Erk MAPK [116], Akt [117,118], and Cdk-
5 [119] detected in AD brains cannot be attributed to
these abnormalities. However, as noted above, GSK-
3β can also be activated by oxidative stress. Review
of the literature revealed that in addition to growth
factor stimulation, Erk MAPK [120–122], Akt [121,
123,124], and Cdk-5 [113,114] activities also can be
increased in response to oxidative stress. Therefore,
the apparently paradoxical increases in the activities of
these kinases in AD, most likely reflect either chronic
or perimortem oxidative injury. In essence, impaired
insulin/IGF-1 signaling mechanisms could lead to neu-
ronal oxidative stress with attendant activation of the
kinases that principally contribute to pathogenictau
hyper-phosphorylation.
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9.2. Role in amyloid precursor protein and amyloid
beta processing and pathology

Insulin affects the metabolism of amyloid beta
(Abeta) peptide, the main constituent of the amy-
loid deposits that accumulate in brains with aging or
AD, by accelerating betaAPP/Abeta trafficking to the
plasma membrane from the trans-Golgi network, where
it is generated. In addition, insulin increases extra-
cellular levels of Abeta by promoting its secretion
and inhibiting its degradation by insulin-degrading en-
zyme. These effects of insulin on betaAPP metabolism
are mediated by downstream signaling through Erk
MAPK [125,126]. Therefore, impaired insulin signal-
ing can disrupt the normal physiological processing
of betaAPP. At the same time, Abeta can adversely
affect insulin signaling by competing with and in-
hibiting insulin binding or reducing the affinity of in-
sulin binding to its own receptor [100,127]. This sug-
gests that Abeta accumulations can promotetau hyper-
phosphorylation and the formation of the AD demen-
tia associated paired helical filament-containing neu-
ronal cytoskeletal lesions (neurofibrillary tangles, neu-
ritic plaques, and neuropil threads) through functional
impairment of the insulin signaling cascade, leading to
increased levels of GSK-3β activity.

In vitro experiments demonstrated that Abeta can be
neurotoxic [128], and that Abeta-induced toxic death
of cultured hippocampal neurons can be prevented by
pre-treatment with IGF-1>> IGF-II [129,130]. In
this context, the neuro-protective actions of IGF-I are
produced by increased signaling through PI3 kinase-
Akt and suppression of GSK-3β activity [131]. How-
ever, the neuroprotective actions of IGF-1 are not spe-
cific to Abeta-induced neuronal injury and death, since
similar effects occur with ethanol-induced neurotox-
icity, which impairs insulin signaling and mitochon-
drial function [132,133]. Neuronal rescue from these
adverse effects of ethanol is also mediated by IGF-1
activation of PI3 kinase-Akt and inhibition of GSK-
3β [134]. Thus, the neuroprotective actions and po-
tential therapeutic benefits of IGF-I in relation to both
Abeta-induced neurotoxicity and impaired insulin sig-
naling have been well documented.

9.3. Potential role of insulin degrading enzyme in the
amyloid precursor protein/amyloid beta (Abeta)
peptide processing

The study of amyloid-beta (Abeta) peptides and their
potential role in neurodegeneration has overwhelm-

ingly dominated research on the pathogenesis of AD.
This tidal wave of investigation was unleashed by the
characterization and cloning of amyoid precursor pro-
tein (APP) in 1984 by Glenner and Wong [135]. How-
ever, since the vast majority of AD cases do not ex-
hibit strong genetic inheritance patterns and are not
associated with mutations in the APP gene, research
efforts have been re-directed toward understand the
mechanisms of aberrant cleavage and processing of
APP that could result in the accumulation of neuro-
toxic forms of Abeta. In addition, experimental mod-
els have been extensively utilized to identify poten-
tial mechanisms by which Abeta exerts its neurotoxic
effects [129,136]. One popular theory is that prote-
olytic enzymes known as secretases malfunction or
exhibit altered expression patterns, resulting in aber-
rant APP cleavage and local accumulations of neuro-
toxic Abeta peptides [128]. More recently, investiga-
tors demonstrated that Abeta(1-40) and Abeta(1-42),
the main physiological C-terminal cleavage products
of APP, reduced insulin binding and insulin receptor
auto-phosphorylation due to reduced affinity of insulin
binding to its own receptor [100]. Although corre-
sponding human brain data are lacking, these findings
have been used to support the argument that Abeta ac-
cumulation impairs insulin signaling in AD. The mech-
anism requires validation, and additional information
is needed to determine if Abeta has agonist or antag-
onist properties in relation to the insulin receptor and
insulin-degrading enzyme.

Insulin degrading enzyme (IDE) catalyzes insulin
degradation and thereby negatively regulates insulin
signaling. Recent studies demonstrated that IDE can
also degrade soluble Abeta [137], and therefore may be
important for regulating extracellular levels of soluble
Abeta [138–141]. In this regard, in situ tissue based
studies demonstrated increased IDE immunoreactivity
around senile plaques [142], and reduced IDE expres-
sion in AD hippocampi [143]. Moreover, transgenic
mice that over-express mutant IDE have hyperinsuline-
mia, glucose intolerance, and increased levels of Abeta
in the brain. These observations provided additional
evidence supporting a role for impaired insulin signal-
ing in the pathogenesis of Abeta accumulations in the
brain. Objectively speaking, if accumulated Abeta in-
terfered with IDE function, one would predict the out-
come to be increased rather than decreased insulin ac-
tions in the CNS. On the other hand, if Abeta accu-
mulation reduced the affinity of insulin for its receptor,
that phenomenon could contribute to insulin resistance
in AD brains.
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In a rat model of Type 2 diabetes mellitus, a small
chromosomal region containing a mutant IDE allele
was shown to be associated with hyperinsulinemia and
glucose intolerance. In addition, the partial loss of IDE
function was associated with increased neuronal Abeta
secretion, although Abeta did not accumulate in the
CNS. The authors concluded that the otherwise nor-
mal brain can compensate for defects in Abeta secre-
tion [144]. However, in mice that had homozygous
deletions of the IDE gene, Abeta degradation in both
the brain and cultured cortical neurons was reduced by
at least 50%, endogenous Abeta levels were increased
in the brain, and the animals exhibited hyperinsuline-
mia and glucose intolerance. In addition, the mice had
elevated levels of the intracellular signaling domain of
APP, which is ordinarily degraded by IDE [145]. In
contrast, overexpression of IDE and APP together in
CNS neurons, resulted in significantly reduced levels
of Abeta, reduced formation of Abeta-positive plaques,
and rescue of premature lethality in the APP transgenic
mice [146].

The finding that Abeta degradation was mediated
by IDE prompted human genetic studies to determine
if familial AD was linked to mutations or polymor-
phisms in the IDE gene, which is located on Chro-
mosome 10. Initial studies using parametric and non-
parametric analyses demonstrated a significant linkage
between familial late-onset AD and markers that map
near the IDE gene (D10S1671, D10S583, D10S1710,
and D10S566) [147]. In addition, the authors claimed
to have found evidence for an allele-specific associ-
ation between the putative disease locus and marker
D10S583, which maps within 195 kB of the IDE
gene [147]. However, those findings could not be con-
firmed by an independent gene linkage analysis [148],
and in another study, although a linkage of late onset
AD with D10S583 was demonstrated, the linkage was
not related to the IDE gene [149]. Finally, single nu-
cleotide polymorphisms and mutations in the IDE gene
were not found to be linked to late onset AD [150].

10. Chemical depletion of insulin-responsive cells
in the CNS: Relevance to AD

Reflection on some of the earlier findings in AD,
including the impaired glucose utilization, mitochon-
drial dysfunction, reduced ATP production, and en-
ergy shortage, prompted consideration of the hypothe-
sis that these abnormalities were mediated by desensiti-
zation of the neuronal insulin receptor [151–154]. The

stated metabolic abnormalities, as well as several of
the classical histopathological lesions of AD, could be
attributed in part to reduced insulin levels and reduced
insulin receptor function in AD. Hoyer was among the
first to suggest that reduced levels of brain insulin may
precipitate a cascade resulting in disturbances in cellu-
lar glucose, acetylcholine, cholesterol, and ATP levels,
impaired membrane function, accumulation of amy-
loidogenic derivatives, and hyper-phosphorylation of
tau, i.e. that AD may represent a brain form of Type 2
diabetes mellitus [155,156].

Streptozotocin (2-Deoxy-2 [methyl-nitrosoamino)
carbonyl] amino D-glucopyranose), is a glucose analog
that is metabolized to a cytotoxic compound. Strep-
tozotocin (STZ) is particularly cytotoxic to beta cells
in the pancreatic islets, and consequently it is used to
generate experimental models of diabetes mellitus. In-
tracerebroventricular injection of STZ chronically re-
duces glucose and glycogen metabolism by 10–30%
in the cerebral cortex and hippocampus [157]. These
effects are associated with significantly reduced brain
glucose utilization and oxidative metabolism [158], in-
hibition of insulin receptor function despite increased
binding [159], and impaired learning [160]. The STZ
injected rats exhibit long-term and progressive deficits
in learning, memory, cognitive behavior, cerebral en-
ergy balance [161]. Therefore, this model provides
a close match with the biochemical and physiological
abnormalities observed in AD.

11. Potential therapeutic role for insulin
sensitizers in the treatment of AD

A major risk factor for developing Type 2 diabetes
in obese subjects is the accumulation of lipids in non-
adipose tissues, including skeletal muscle. Peroxisome
proliferator-activated receptors (PPARs) are nuclear
transcription factors that regulate lipid metabolism.
Ligand activation of PPARs can enhance insulin signal-
ing and reduce tissue accumulations of lipids. PPAR-
α is a member of the steroid hormone superfamily
of ligand-inducible transcription factors, involved in
glucose and lipid metabolism. Thiazolidinediones are
PPAR ligands that improve insulin sensitivity, reduce
lipid content in skeletal muscle and other non-adipose
tissues, and reduce peripheral glucose levels in patients
with Type 2 diabetes mellitus [162]. In a rat model
of Type 2 diabetes, PPAR ligand treatment resulted in
reduced body weight and intracellular lipid content,
and increased insulin sensitivity [163]. One potential
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Fig. 1. Proposed Mechanisms Linking Impaired Insulin Signaling and Insulin Resistance in the CNS to the Pathogenesis of AD. Our proposed
model puts insulin resistance and impaired insulin (and probably IGF-1) signaling in the CNS at the core of the disease process leading to
neurodegeneration. A major consequence of impaired insulin signaling is increased GSK-3β activity which results in both increased oxidative
stress andtau hyper-phosphorylation. Oxidative stress can result in increased Cdk-5 and MAPK activities, which also contribute totau
hyper-phosphorylation. Severe or sustained oxidative injury leads to mitochondrial DNA damage, mitochondrial dysfunction, and apoptosis, and
the attendant cell loss and impaired neuronal function lead to dementia. Abeta accumulation and toxicity can be linked to cellular metabolic
disturbances caused bytau hyper-phosphorylation or impaired insulin signaling which disrupts processing and secretion of Abeta. Abeta
accumulation can inhibit insulin actions and binding, and can also be neurotoxic. CNS microvascular disease caused by impaired insulin signaling
or insulin resistance (either related to peripheral diabetes mellitus or intrinsic CNS disease), Abeta deposition, or systemic hypertension, could
contribute to AD dementia due to chronic cerebral hypoperfusion and micro-ischemic injury. Finally, since insulin actions contribute to synapse
formation and synaptic function, impaired insulin signaling could result in loss of synapses and thereby contribute to dementia. Hereditary gene
mutations and polymorphisms can serve as primary transducers at various points within this cascade, but these factors account for a relatively
small percentage of the cases. In sporadic disease which accounts for the vast majority of cases, aberrant expression of genes that impair insulin
signaling in the CNS, aging, environmental exposures, and systemic disease, e.g. Type 2 diabetes or hypertension, are likely to have contributory
or combined causal roles in the pathogenesis of AD. This model predicts that the most effective therapeutic intervention would be produced by
alleviating the CNS insulin/IGF resistance and impaired insulin/IGF signaling rather than at the level of any single or particular downstream
abnormality.

mechanism of impaired energy metabolism and glu-
cose utilization in AD is insulin resistance secondary to
altered PPAR expression. In this regard, genetic analy-
sis identified two polymorphisms located in Exon 5 and
Intron 7 of the PPAR-α gene. These polymorphisms
have already been investigated for their possible asso-
ciation with AD and for their effect in carriers of an
insulin gene polymorphism (INS-1). The PPAR-α C
→ G polymorphism in Exon 5 (L162V) was associated
with AD, in that the V-allele was more frequent in AD
patients than in healthy subjects. Further analysis re-

vealed an increased risk for AD among carriers of the
PPAR-α L162V V-allele or INS-1 allele [143].

12. Hypothesis (Fig. 1)

Epidemiological and clinicopathological studies de-
signed to demonstrate a role for Type 2 diabetes in
AD or vascular dementia have generated data that are
largely conflicting and inconclusive. On the other hand,
the finding that peripheral administration of glucose or
insulin can improve memory and cognition argues com-
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pellingly in favor of insulin resistance having a causal
role in AD/vascular dementia. Certainly the abundant
expression of insulin, IGF-1, and IGF-II receptors, to-
gether with the molecular machinery required to trans-
mit the corresponding growth factor signals in the CNS
correlate with the experimental evidence that neuronal,
glial, and vascular cells are responsive to insulin, IGF-1,
and IGF-II stimulation. Although it is widely accepted
that IGF-1 and IGF-II are expressed in the brain,contro-
versy remains over the source of insulin. To settle this
issue, we performed real time RT-PCR studies of brain
tissue and cultured neuronal cells and clearly demon-
strated that mRNA transcripts corresponding to all 3
growth factors and their receptors are in fact expressed
in the brain (See Steen, et al. 2005). Local CNS syn-
thesis of insulin is actually not as surprising as it may
seem since all other pancreatic and gut neuroendocrine
polypeptides are also expressed in the brain. Until now,
the only exception was insulin. Although insulin and
IGF-1 can be transported across the blood brain bar-
rier, whether these molecules are actually taken up by
CNS cells has not been established. Nonetheless, the
extra-CNS sources of trophic factors could exert their
effects by modifying the function of cerebral vessels
and the choroid plexus. Correspondingly, withdrawal
of insulin, hyperinsulinemia, or hyperglycemia could
adversely affect the function of cerebral vessels and
the choroid plexus. In this regard, empirical observa-
tions of postmortem human brains suggest that the ma-
jor CNS abnormalities associated with Type 2 diabetes
mellitus consist of cerebral microangiopathy and scle-
rosis of the choroid plexus, whereas AD-type neurode-
generation is not a frequent accompaniment of Type 2
diabetes mellitus. On the other hand, the strong evi-
dence favoring a role for cerebrovascular disease and
hypoxic/ischemic injury in the progression and patho-
genesis of AD, suggests that cerebral micro-angiopathy
caused by Type 2 diabetes and probably also systemic
arterial hypertension contribute to the AD neurodegen-
eration cascade by causing chronic hypoperfusion and
micro-infarcts. At the same time, it is important to real-
ize that AD can and often does occur in the absence of
significant cerebrovascular disease, and many patients
with cerebrovascular disease have no evidence of AD.

Taking all of the information into account, includ-
ing the potential sources of insulin, IGF-I, and IGF-II
and the distributions of their receptors in the brain, we
propose that AD-type neurodegeneration and attendant
cognitive impairment are fundamentally mediated by
CNS insulin/IGF depletion and secondary loss of cells
that are responsive to and dependent upon these growth

factors. As a separate and independent component,
insulin resistance that occurs in Type 2 diabetes im-
pairs cerebral microvascular and choroid plexus func-
tions, leading to chronic hypoperfusion and compro-
mise of the blood-brain and blood-CSF barriers. Both
processes could simultaneously and differentially con-
tribute to the AD neurodegenerationcascade, including
all of the classical histopathological lesions.

The relationship between impaired insulin signaling
and the typical AD-associated neuropathology could
be explained as follows. Impaired insulin signaling in
the brain caused by reduced ligand binding to its recep-
tor, reduced local levels of insulin polypeptide, and/or
reduced auto-phosphorylation and activation of insulin
receptor tyrosine kinase could lead to increased levels
of GSK-3β activity and oxidative stress. Increased ac-
tivation of GSK-3β, as well as other kinases, including
Cdk-5 and MAPKs that respond to oxidative stress and
phosphorylatetau, promote hyper-phosphorylationand
intracellular accumulation oftau in the form of paired
helical filaments. Ubiquitination of these highly insol-
uble protease resistant fibrils results in further oxidative
stress and eventual activation of cell death cascades.
Since insulin is neurotropic and supports both neuronal
viability and nascent synapse formation, impaired in-
sulin signaling with inhibition of the PI3 Kinase-Akt
survival and growth pathways would lead to reduced
viability of neurons and retraction of neurites, i.e. loss
of synapses.

Insulin or IGF-1 activation of Erk MAPK pro-
motes physiological processing and trafficking of be-
taAPP/Abeta to the plasma membrane. Oxidative stress
caused by increased GSK-3β activity and intracellular
accumulation of hyper-phosphorylatedtau, can disrupt
physiological processing and intracellular trafficking
of betaAPP/Abeta, resulting in local accumulations of
Abeta. Impaired function of the CNS microvasculature
can contribute to the defects in Abeta disposal and exac-
erbate its steady accumulation in the brain. High levels
of Abeta cause neurotoxic cell death, and also interfere
with insulin signaling mechanisms by impairing insulin
binding and insulin receptor auto-phosphorylation.

The underlying basis for AD-associated disruptions
in insulin signaling mechanisms is not known. How-
ever, from the above discussion, one might predict that
the taupathies, presenilin gene mutations, and excess
brain accumulations of Abeta that occur in different fa-
milial forms of AD could precipitate or propagate neu-
rodegeneration cascades by promoting oxidative stress
and/or inhibiting insulin actions within the CNS. Sim-
ilarly, other abnormalities in gene expression that re-
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sult in impaired insulin stimulated signaling in neurons,
such as those reported with respect to the Alzheimer-
associated neuronal thread protein [164], in addition
to various environmental exposures, may have impor-
tant roles in precipitating the cascade of neurodegener-
ation in sporadic AD, which accounts for the vast ma-
jority of cases. It is not known why, in these circum-
stances, the AD phenotype is not clearly manifested
until 50–70 years after birth. One potential explana-
tion for this phenomenon is that in young brains, neu-
roprotective signaling mechanisms are ample and re-
dundant, whereas with aging, the scaffolding deterio-
rates due to progressive mitochondrial DNA damage
and attendant mitochondrial dysfunction. With regard
to sporadic AD, which accounts for the vast majority of
cases, the identification and characterization of under-
lying abnormalities that render the brains more sensi-
tive to impairments in insulin signaling require further
study.

This critical review of the literature helps to delin-
eate the existence of two fundamental aging associated
problems related to impaired insulin signaling in AD:
one problem is centered on the cerebral microvascu-
lature, while the other primarily pertains to CNS neu-
ronal function. The importance of this concept is that
the treatment of Type 2 diabetes will not likely prevent
AD, although it may help to slow its progression via
therapeutic actions on the CNS microvasculature. In-
stead, the use of insulin and IGF-1 sensitizers (prefer-
ably ones that are CNS-specific) would probably pro-
vide the best form of therapeutic rescue in the early
and intermediate stages of disease. While treatment
with GSK-3β inhibitors may seem attractive for pre-
ventingtau hyper-phosphorylation [107,165], this ap-
proach may impair the function of vital physiological
targets of GSK-3β, and it also ignores many of the other
critical components of the neurodegeneration cascade
that would be unaffected by this type of therapy. Alter-
natively, the use of stem cells as vehicles for delivering
insulin, IGF-I, and possibly other neurotropic factors
may prove to be beneficial for enhancing neuronal sur-
vival and reducing oxidative stress in the CNS targets of
neurodegeneration, although safety and efficacy issues
must first be resolved.

Acknowledgements

Supported by Grants AA12458, AA02666, and
AA11931 from the National Institute of Alcoholism
and Alcohol Abuse, and COBRE Award P20RR15578
from the National Institutes of Health.

References

[1] P. Ye, Y. Xing, Z. Dai and A.J. D’Ercole, In vivo actions of
insulin-like growth factor-I (IGF-I) on cerebellum develop-
ment in transgenic mice: evidence that IGF-I increases pro-
liferation of granule cell progenitors,Brain Res Dev Brain
Res 95 (1996), 44–54.

[2] A.J. D’Ercole, P. Ye and J.R. O’Kusky, Mutant mouse models
of insulin-like growth factor actions in the central nervous
system,Neuropeptides 36 (2002), 209–220.

[3] G.J. Popken, R.D. Hodge, P. Ye, J. Zhang, W. Ng, J.R.
O’Kusky and A.J. D’Ercole, In vivo effects of insulin-like
growth factor-I (IGF-I) on prenatal and early postnatal de-
velopment of the central nervous system,Eur J Neurosci 19
(2004), 2056–2068.

[4] A.J. D’Ercole, P. Ye, A.S. Calikoglu and G. Gutierrez-
Ospina, The role of the insulin-like growth factors in the
central nervous system,Mol Neurobiol 13 (1996), 227–255.

[5] J.R. O’Kusky, P. Ye and A.J. D’Ercole, Insulin-like growth
factor-I promotes neurogenesis and synaptogenesis in the
hippocampal dentate gyrus during postnatal development,J
Neurosci 20 (2000), 8435–8442.

[6] A.J. D’Ercole, P. Ye and G. Gutierrez-Ospina, Use of trans-
genic mice for understanding the physiology of insulin-like
growth factors,Horm Res 45(Suppl 1) (1996), 5–7.

[7] M. Wozniak, B. Rydzewski, S.P. Baker and M.K. Raizada,
The cellular and physiological actions of insulin in the central
nervous system,Neurochem Int 22 (1993), 1–10.

[8] L. Frolich, D. Blum-Degen, H.G. Bernstein, S. Engelsberger,
J. Humrich, S. Laufer, D. Muschner, A. Thalheimer, A.
Turk, S. Hoyer, R. Zochling, K.W. Boissl, K. Jellinger and
P. Riederer, Brain insulin and insulin receptors in aging and
sporadic Alzheimer’s disease,J Neural Transm 105 (1998),
423–438.

[9] J.F. Poduslo, G.L. Curran, T.M. Wengenack, B. Malester and
K. Duff, Permeability of proteins at the blood-brain barrier in
the normal adult mouse and double transgenic mouse model
of Alzheimer’s disease,Neurobiol Dis 8 (2001), 555–567.

[10] K. Gerozissis and G. Kyriaki, Brain insulin: regulation,
mechanisms of action and functions,Cell Mol Neurobiol 23
(2003), 1–25.

[11] A.J. D’Ercole, Expression of insulin-like growth factor-I in
transgenic mice,Ann N Y Acad Sci 692 (1993), 149–160.

[12] F. Folli, S. Ghidella, L. Bonfanti, C.R. Kahn and A.
Merighi, The early intracellular signaling pathway for the
insulin/insulin-like growth factor receptor family in the mam-
malian central nervous system,Mol Neurobiol 13 (1996),
155–183.

[13] P. Ye, Y. Umayahara, D. Ritter, T. Bunting, H. Auman, P.
Rotwein and A.J. D’Ercole, Regulation of insulin-like growth
factor I (IGF-I) gene expression in brain of transgenic mice
expressing an IGF-I-luciferase fusion gene,Endocrinology
138 (1997), 5466–5475.

[14] K.D. Dentremont, P. Ye, A.J. D’Ercole and J.R. O’Kusky, In-
creased insulin-like growth factor-I (IGF-I) expression dur-
ing early postnatal development differentially increases neu-
ron number and growth in medullary nuclei of the mouse,
Brain Res Dev Brain Res 114 (1999), 135–141.

[15] J.W. Unger, J.N. Livingston and A.M. Moss, Insulin receptors
in the central nervous system: localization, signalling mech-
anisms and functional aspects,Prog Neurobiol 36 (1991),
343–362.

[16] J.W. Unger, A.M. Moss and J.N. Livingston, Immunohisto-
chemical localization of insulin receptors and phosphotyro-



S.M. de la Monte and J.R. Wands / Brain insulin resistance in AD 57

sine in the brainstem of the adult rat,Neuroscience 42 (1991),
853–861.

[17] A.R. Saltiel and J.E. Pessin, Insulin signaling pathways in
time and space,Trends Cell Biol 12 (2002), 65–71.

[18] B. Giovannone, M.L. Scaldaferri, M. Federici, O. Porzio, D.
Lauro, A. Fusco, P. Sbraccia, P. Borboni, R. Lauro and G.
Sesti, Insulin receptor substrate (IRS) transduction system:
distinct and overlapping signaling potential,Diabetes Metab
Res Rev 16 (2000), 434–441.

[19] A. Ullrich, J.R. Bell, E.Y. Chen, R. Herrera, L.M. Petruzzelli,
T.J. Dull, A. Gray, L. Coussens, Y.C. Liao and M. Tsub-
okawa, Human insulin receptor and its relationship to the ty-
rosine kinase family of oncogenes,Nature 313 (1985), 756–
761.

[20] A.O. Shpakov and M.N. Pertseva, Structural and functional
characterization of insulin receptor substrate proteins and
the molecular mechanisms of their interaction with insulin
superfamily tyrosine kinase receptors and effector proteins,
Membr Cell Biol 13 (2000), 455–484.

[21] M.G. Myers, X.J. Sun and M.F. White, The IRS-1 signaling
system,Trends Biochem Sci 19 (1994), 289–293.

[22] X.J. Sun, D.L. Crimmins, M.J. Myers, M. Miralpeix and M.F.
White, Pleiotropic insulin signals are engaged by multisite
phosphorylation of IRS-1,Mol Cell Biol 13 (1993), 7418–
7428.

[23] D.G. Puro and E. Agardh, Insulin-mediated regulation of
neuronal maturation,Science 225 (1984), 1170–1172.

[24] J.F. Mill, M.V. Chao and D.N. Ishii, Insulin, insulin-like
growth factor II, and nerve growth factor effects on tubulin
mRNA levels and neurite formation,Proc Natl Acad Sci USA
82 (1985), 7126–7130.

[25] K.A. Heidenreich and S.P. Toledo, Insulin receptors mediate
growth effects in cultured fetal neurons. I. Rapid stimulation
of protein synthesis,Endocrinology 125 (1989), 1451–1457.

[26] K. Lam, C.L. Carpenter, N.B. Ruderman, J.C. Friel and K.L.
Kelly, The phosphatidylinositol 3-kinase serine kinase phos-
phorylates IRS-1. Stimulation by insulin and inhibition by
Wortmannin,J Biol Chem 269 (1994), 20648–20652.

[27] G. Kulik, A. Klippel and M.J. Weber, Antiapoptotic sig-
nalling by the insulin-like growth factor I receptor, phos-
phatidylinositol 3-kinase, and Akt,Mol Cell Biol 17 (1997),
1595–1606.

[28] A.R. Alessi and C.P. Downes, The role of PI 3-kinase in
insulin action,Biochim Biophys Acta 1436 (1998), 151–164.

[29] M. Delcommenne, C. Tan, V. Gray, L. Rue, J. Woodgett and
S. Dedhar, Phosphoinositide-3-OH kinase-dependent regula-
tion of glycogen synthase kinase 3 and protein kinase B/AKT
by the integrin-linked kinase,Proc Natl Acad Sci USA 95
(1998), 11211–11216.

[30] B.M. Burgering and P.J. Coffer, Protein kinase B (c-Akt) in
phosphatidylinositol-3-OH kinase signal transduction,Na-
ture 376 (1995), 599–602.

[31] H. Dudek, S.R. Datta, T.F. Franke, M.J. Birnbaum, R. Yao,
G.M. Cooper, R.A. Segal, D.R. Kaplan and M.E. Greenberg,
Regulation of neuronal survival by the serine-threonine pro-
tein kinase Akt,Science 275 (1997), 661–665.

[32] M. Pap and G.M. Cooper, Role of glycogen synthase kinase-
3 in the phosphatidylinositol 3-Kinase/Akt cell survival path-
way,J Biol Chem 273 (1998), 19929–19932.

[33] P.C. van Weeren, K.M. de Bruyn, A.M. de Vries-Smits, J.
van Lint and B.M. Burgering, Essential role for protein ki-
nase B (PKB) in insulin-induced glycogen synthase kinase 3
inactivation. Characterization of dominant-negative mutant
of PKB, J Biol Chem 273 (1998), 13150–13156.

[34] S.R. Datta, H. Dudek, X. Tao, S. Masters, H. Fu, Y. Gotoh
and M.E. Greenberg, Akt phosphorylation of BAD couples
survival signals to the cell-intrinsic death machinery,Cell 91
(1997), 231–241.

[35] M. Hetman, J.E. Cavanaugh, D. Kimelman and Z. Xia, Role
of glycogen synthase kinase-3beta in neuronal apoptosis in-
duced by trophic withdrawal,J Neurosci 20 (2000), 2567–
2574.

[36] E.M. Eves, W. Xiong, A. Bellacosa, S.G. Kennedy, P.N.
Tsichlis, M.R. Rosner and N. Hay, Akt, a target of phos-
phatidylinositol 3-kinase, inhibits apoptosis in a differentiat-
ing neuronal cell line,Mol Cell Biol 18 (1998), 2143–2152.

[37] F. Condorelli, P. Salomoni, S. Cotteret, V. Cesi, S.M. Srini-
vasula, E.S. Alnemri and B. Calabretta, Caspase cleavage
enhances the apoptosis-inducing effects of BAD,Mol Cell
Biol 21 (2001), 3025–3036.

[38] A.P. Halestrap, E. Doran, J.P. Gillespie and A. O’Toole, Mi-
tochondria and cell death,Biochem Soc Trans 28 (2000),
170–177.

[39] T. Hirsch, S.A. Susin, I. Marzo, P. Marchetti, N. Zamzami
and G. Kroemer, Mitochondrial permeability transition in
apoptosis and necrosis,Cell Biol Toxicol 14 (1998), 141–145.

[40] J. Nakae, Y. Kido and D. Accili, Distinct and overlapping
functions of insulin and IGF-I receptors,Endocr Rev 22
(2001), 818–835.

[41] M.J. Carson, R.R. Behringer, R.L. Brinster and F.A. Mc-
Morris, Insulin-like growth factor I increases brain growth
and central nervous system myelination in transgenic mice,
Neuron 10 (1993), 729–740.

[42] W. Ni, K. Rajkumar, J.I. Nagy and L.J. Murphy, Impaired
brain development and reduced astrocyte response to injury
in transgenic mice expressing IGF binding protein-1,Brain
Res 769 (1997), 97–107.

[43] S. Doublier, C. Duyckaerts, D. Seurin and M. Binoux,
Impaired brain development and hydrocephalus in a line
of transgenic mice with liver-specific expression of human
insulin-like growth factor binding protein-1,Growth Horm
IGF Res 10 (2000), 267–274.

[44] J. Zhong, J. Deng, B. Ghetti and W.H. Lee, Inhibition of
insulin-like growth factor I activity contributes to the prema-
ture apoptosis of cerebellar granule neuron in weaver mutant
mice: in vitro analysis,J Neurosci Res 70 (2002), 36–45.

[45] F. Mauvais-Jarvis, R.N. Kulkarni and C.R. Kahn, Knock-
out models are useful tools to dissect the pathophysiology
and genetics of insulin resistance,Clin Endocrinol (Oxf) 57
(2002), 1–9.

[46] F. Mauvais-Jarvis and C.R. Kahn, Understanding the patho-
genesis and treatment of insulin resistance and type 2 diabetes
mellitus: what can we learn from transgenic and knockout
mice?Diabetes Metab 26 (2000), 433–448.

[47] R.N. Kulkarni and T. Okada, Tissue-specific targeting of the
insulin receptor gene,Endocrine 19 (2002), 257–266.

[48] P. Vollenweider, Insulin resistant states and insulin signaling,
Clin Chem Lab Med 41 (2003), 1107–1119.

[49] M. Schubert, D. Gautam, D. Surjo, K. Ueki, S. Baudler, D.
Schubert, T. Kondo, J. Alber, N. Galldiks, E. Kustermann,
S. Arndt, A.H. Jacobs, W. Krone, C.R. Kahn and J.C. Brun-
ing, Role for neuronal insulin resistance in neurodegenerative
diseases,Proc Natl Acad Sci USA 101 (2004), 3100–3105.

[50] G. Pete, C.R. Fuller, J.M. Oldham, D.R. Smith, A.J. D’Er-
cole, C.R. Kahn and P.K. Lund, Postnatal growth responses
to insulin-like growth factor I in insulin receptor substrate-1-
deficient mice,Endocrinology 140 (1999), 5478–5487.



58 S.M. de la Monte and J.R. Wands / Brain insulin resistance in AD

[51] P. Ye, L. Li, P.K. Lund and A.J. D’Ercole, Deficient ex-
pression of insulin receptor substrate-1 (IRS-1) fails to block
insulin-like growth factor-I (IGF-I) stimulation of brain
growth and myelination,Brain Res Dev Brain Res 136
(2002), 111–121.

[52] A. Virkamaki, K. Ueki and C.R. Kahn, Protein-protein inter-
action in insulin signaling and the molecular mechanisms of
insulin resistance,J Clin Invest 103 (1999), 931–943.

[53] M. Schubert, D.P. Brazil, D.J. Burks, J.A. Kushner, J. Ye,
C.L. Flint, J. Farhang-Fallah, P. Dikkes, X.M. Warot, C. Rio,
G. Corfas and M.F. White, Insulin receptor substrate-2 defi-
ciency impairs brain growth and promotes tau phosphoryla-
tion, J Neurosci 23 (2003), 7084–7092.

[54] G. Bucht, R. Adolfsson, F. Lithner and B. Winblad, Changes
in blood glucose and insulin secretion in patients with senile
dementia of Alzheimer type,Acta Med Scand 213 (1983),
387–392.

[55] M. Fisman, B. Gordon, V. Feleki, E. Helmes, T. McDonald
and J. Dupre, Metabolic changes in Alzheimer’s disease,J
Am Geriatr Soc 36 (1988), 298–300.

[56] S. Craft, S. Asthana, J.W. Newcomer, C.W. Wilkinson, I.T.
Matos, L.D. Baker, M. Cherrier, C. Lofgreen, S. Latendresse,
A. Petrova, S. Plymate, M. Raskind, K. Grimwood and R.C.
Veith, Enhancement of memory in Alzheimer disease with
insulin and somatostatin, but not glucose,Arch Gen Psychi-
atry 56 (1999), 1135–1140.

[57] S. Craft, S. Asthana, D.G. Cook, L.D. Baker, M. Cherrier,
K. Purganan, C. Wait, A. Petrova, S. Latendresse, G.S. Wat-
son, J.W. Newcomer, G.D. Schellenberg and A.J. Krohn, In-
sulin dose-response effects on memory and plasma amyloid
precursor protein in Alzheimer’s disease: interactions with
apolipoprotein E genotype,Psychoneuroendocrinology 28
(2003), 809–822.

[58] A. Ott, R.P. Stolk, A. Hofman, F. van Harskamp, D.E.
Grobbee and M.M. Breteler, Association of diabetes mellitus
and dementia: the Rotterdam Study,Diabetologia 39 (1996),
1392–1397.

[59] A. Ott, R.P. Stolk, F. van Harskamp, H.A. Pols, A. Hofman
and M.M. Breteler, Diabetes mellitus and the risk of demen-
tia: The Rotterdam Study,Neurology 53 (1999), 1937–1942.

[60] J. Heitner and D. Dickson, Diabetics do not have increased
Alzheimer-type pathology compared with age-matched con-
trol subjects. A retrospective postmortem immunocytochem-
ical and histofluorescent study,Neurology 49 (1997), 1306–
1311.

[61] T. den Heijer, S.E. Vermeer, E.J. van Dijk, N.D. Prins, P.J.
Koudstaal, A. Hofman and M.M. Breteler, Type 2 diabetes
and atrophy of medial temporal lobe structures on brain MRI,
Diabetologia 46 (2003), 1604–1610.

[62] J. Kuusisto, K. Koivisto, L. Mykkanen, E.L. Helkala, M.
Vanhanen, T. Hanninen, K. Kervinen, Y.A. Kesaniemi, P.J.
Riekkinen and M. Laakso, Association between features of
the insulin resistance syndrome and Alzheimer’s disease in-
dependently of apolipoprotein E4 phenotype: cross sectional
population based study,Bmj 315 (1997), 1045–1049.

[63] S. Craft, S. Asthana, G. Schellenberg, M. Cherrier, L.D.
Baker, J. Newcomer, S. Plymate, S. Latendresse, A. Petrova,
M. Raskind, E. Peskind, C. Lofgreen and K. Grimwood, In-
sulin metabolism in Alzheimer’s disease differs according to
apolipoprotein E genotype and gender,Neuroendocrinology
70 (1999), 146–152.

[64] S. Craft, S. Asthana, G. Schellenberg, L. Baker, M. Cherrier,
A.A. Boyt, R.N. Martins, M. Raskind, E. Peskind and S.
Plymate, Insulin effects on glucose metabolism, memory,

and plasma amyloid precursor protein in Alzheimer’s disease
differ according to apolipoprotein-E genotype,Ann N Y Acad
Sci 903 (2000), 222–228.

[65] C. Messier, Diabetes, Alzheimer’s disease and apolipoprotein
genotype,Exp Gerontol 38 (2003), 941–946.

[66] J.C. de la Torre, Critically attained threshold of cerebral hy-
poperfusion: the CATCH hypothesis of Alzheimer’s patho-
genesis,Neurobiol Aging 21 (2000), 331–342.

[67] D. Etiene, J. Kraft, N. Ganju, T. Gomez-Isla, B. Gemelli, B.T.
Hyman, E.T. Hedley-Whyte, J.R. Wands and S.M. De La
Monte, Cerebrovascular Pathology Contributes to the Hetero-
geneity of Alzheimer’s Disease,J Alzheimers Dis 1 (1998),
119–134.

[68] S. Hoyer, Brain glucose and energy metabolism abnormali-
ties in sporadic Alzheimer disease. Causes and consequences:
an update,Exp Gerontol 35 (2000), 1363–1372.

[69] J.P. Blass, G.E. Gibson and S. Hoyer, The role of the
metabolic lesion in Alzheimer’s disease,J Alzheimers Dis 4
(2002), 225–232.

[70] S. Hoyer, Causes and consequences of disturbances of cere-
bral glucose metabolism in sporadic Alzheimer disease: ther-
apeutic implications,Adv Exp Med Biol 541 (2004), 135–
152.

[71] S. Hoyer, Glucose metabolism and insulin receptor signal
transduction in Alzheimer disease,Eur J Pharmacol 490
(2004), 115–125.

[72] D. Blum-Degen, L. Frolich, S. Hoyer and P. Riederer, Altered
regulation of brain glucose metabolism as a cause of neu-
rodegenerative disorders?J Neural Transm Suppl 46 (1995),
139–147.

[73] G.A. Dienel and L. Hertz, Glucose and lactate metabolism
during brain activation,J Neurosci Res 66 (2001), 824–838.

[74] A.M. Brown, S. Baltan Tekkok and B.R. Ransom, Energy
transfer from astrocytes to axons: the role of CNS glycogen,
Neurochem Int 45 (2004), 529–536.

[75] C.P. Chih and E.L. Roberts, Jr., Energy substrates for neurons
during neural activity: a critical review of the astrocyte-
neuron lactate shuttle hypothesis,J Cereb Blood Flow Metab
23 (2003), 1263–1281.

[76] G.S. Meneilly and A. Hill, Alterations in glucose metabolism
in patients with Alzheimer’s disease,J Am Geriatr Soc 41
(1993), 710–714.

[77] M. Carantoni, G. Zuliani, M.R. Munari, K. D’Elia, E.
Palmieri and R. Fellin, Alzheimer disease and vascular de-
mentia: relationships with fasting glucose and insulin levels,
Dement Geriatr Cogn Disord 11 (2000), 176–180.

[78] C. Messier and M. Gagnon, Glucose regulation and cogni-
tive functions: relation to Alzheimer’s disease and diabetes,
Behav Brain Res 75 (1996), 1–11.

[79] S. Craft, S.E. Dagogo-Jack, B.V. Wiethop, C. Murphy, R.T.
Nevins, S. Fleischman, V. Rice, J.W. Newcomer and P.E.
Cryer, Effects of hyperglycemia on memory and hormone
levels in dementia of the Alzheimer type: a longitudinal
study,Behav Neurosci 107 (1993), 926–940.

[80] S. Craft, J. Newcomer, S. Kanne, S. Dagogo-Jack, P. Cryer,
Y. Sheline, J. Luby, A. Dagogo-Jack and A. Alderson, Mem-
ory improvement following induced hyperinsulinemia in
Alzheimer’s disease,Neurobiol Aging 17 (1996), 123–130.

[81] S. Hoyer, R. Nitsch and K. Oesterreich, Predominant abnor-
mality in cerebral glucose utilization in late-onset dementia
of the Alzheimer type: a cross-sectional comparison against
advanced late-onset and incipient early-onset cases,J Neural
Transm Park Dis Dement Sect 3 (1991), 1–14.



S.M. de la Monte and J.R. Wands / Brain insulin resistance in AD 59

[82] S. Hoyer and R. Nitsch, Cerebral excess release of neuro-
transmitter amino acids subsequent to reduced cerebral glu-
cose metabolism in early-onset dementia of Alzheimer type,
J Neural Transm 75 (1989), 227–232.

[83] Y. Fujisawa, K. Sasaki and K. Akiyama, Increased insulin
levels after OGTT load in peripheral blood and cerebrospinal
fluid of patients with dementia of Alzheimer type,Biol Psy-
chiatry 30 (1991), 1219–1228.

[84] J.A. Molina, F.J. Jimenez-Jimenez, C. Vargas, P. Gomez,
F. de Bustos, C. Gomez-Escalonilla, M. Zurdo, A. Tallon,
A. Martinez-Salio, J. Porta-Etessam, C. Villanueva and J.
Arenas, Cerebrospinal fluid levels of insulin in patients with
Alzheimer’s disease,Acta Neurol Scand 106 (2002), 347–
350.

[85] L. Kilander, M. Boberg and H. Lithell, Peripheral glucose
metabolism and insulin sensitivity in Alzheimer’s disease,
Acta Neurol Scand 87 (1993), 294–298.

[86] S. Craft, E. Peskind, M.W. Schwartz, G.D. Schellenberg, M.
Raskind and D. Porte, Jr., Cerebrospinal fluid and plasma
insulin levels in Alzheimer’s disease: relationship to severity
of dementia and apolipoprotein E genotype,Neurology 50
(1998), 164–168.

[87] G. Razay and G.K. Wilcock, Hyperinsulinaemia and
Alzheimer’s disease,Age Ageing 23 (1994), 396–399.

[88] A.A. Spindler, M.J. Renvall, J.F. Nichols and J.W. Ramsdell,
Nutritional status of patients with Alzheimer’s disease: a
1-year study,J Am Diet Assoc 96 (1996), 1013–1018.

[89] J.C. Reubi and J. Palacios, Somatostatin and Alzheimer’s
disease: a hypothesis,J Neurol 233 (1986), 370–372.

[90] B. Connor, E.J. Beilharz, C. Williams, B. Synek, P.D. Gluck-
man, R.L. Faull and M. Dragunow, Insulin-like growth factor-
I (IGF-I) immunoreactivity in the Alzheimer’s disease tem-
poral cortex and hippocampus,Brain Res Mol Brain Res 49
(1997), 283–290.

[91] A. Tham, K. Sparring, D. Bowen, L. Wetterberg and V.R.
Sara, Insulin-like growth factors and somatomedin B in
the cerebrospinal fluid of patients with dementia of the
Alzheimer type,Acta Psychiatr Scand 77 (1988), 719–723.

[92] A. Tham, A. Nordberg, F.E. Grissom, C. Carlsson-Skwirut,
M. Viitanen and V.R. Sara, Insulin-like growth factors and
insulin-like growth factor binding proteins in cerebrospinal
fluid and serum of patients with dementia of the Alzheimer
type,J Neural Transm Park Dis Dement Sect 5 (1993), 165–
176.

[93] A. Mustafa, L. Lannfelt, L. Lilius, A. Islam, B. Winblad and
A. Adem, Decreased plasma insulin-like growth factor-I level
in familial Alzheimer’s disease patients carrying the Swedish
APP 670/671 mutation,Dement Geriatr Cogn Disord 10
(1999), 446–451.

[94] F.T. Crews, R. McElhaney, G. Freund, W.E. Ballinger, D.W.
Walker, B.E. Hunter and M.K. Raizada, Binding of [125I]-
insulin-like growth factor-1 (IGF-1) in brains of Alzheimer’s
and alcoholic patients,Adv Exp Med Biol 293 (1991), 483–
492.

[95] F.T. Crews, R. McElhaney, G. Freund, W.E. Ballinger, Jr. and
M.K. Raizada, Insulin-like growth factor I receptor binding
in brains of Alzheimer’s and alcoholic patients,J Neurochem
58 (1992), 1205–1210.

[96] S. Jafferali, Y. Dumont, F. Sotty, Y. Robitaille, R. Quirion
and S. Kar, Insulin-like growth factor-I and its receptor in
the frontal cortex, hippocampus, and cerebellum of normal
human and alzheimer disease brains,Synapse 38 (2000),
450–459.

[97] J. De Keyser, N. Wilczak and A. Goossens, Insulin-like
growth factor-I receptor densities in human frontal cortex
and white matter during aging, in Alzheimer’s disease, and
in Huntington’s disease,Neurosci Lett 172 (1994), 93–96.

[98] I. Moroo, T. Yamada, H. Makino, I. Tooyama, P.L. McGeer,
E.G. McGeer and K. Hirayama, Loss of insulin receptor
immunoreactivity from the substantia nigra pars compacta
neurons in Parkinson’s disease,Acta Neuropathol (Berl) 87
(1994), 343–348.

[99] L. Frolich, D. Blum-Degen, P. Riederer and S. Hoyer, A
disturbance in the neuronal insulin receptor signal transduc-
tion in sporadic Alzheimer’s disease,Ann N Y Acad Sci 893
(1999), 290–293.

[100] L. Xie, E. Helmerhorst, K. Taddei, B. Plewright, W. Van
Bronswijk and R. Martins, Alzheimer’s beta-amyloid pep-
tides compete for insulin binding to the insulin receptor,J
Neurosci 22 (2002), RC221.

[101] M.L. Fernandes, M.J. Saad and L.A. Velloso, Effects of age
on elements of insulin-signaling pathway in central nervous
system of rats,Endocrine 16 (2001), 227–234.

[102] S. Hoyer, Is sporadic Alzheimer disease the brain type of
non-insulin dependent diabetes mellitus? A challenging hy-
pothesis,J Neural Transm 105 (1998), 415–422.

[103] M. Hong and V.M. Lee, Insulin and insulin-like growth
factor-1 regulate tau phosphorylation in cultured human neu-
rons,J Biol Chem 272 (1997), 19547–19553.

[104] S. Lovestone, C.H. Reynolds, D. Latimer, D.R. Davis, B.H.
Anderton, J.M. Gallo, D. Hanger, S. Mulot, B. Marquardt,
S. Stabel et al., Alzheimer’s disease-like phosphorylation of
the microtubule-associated protein tau by glycogen synthase
kinase-3 in transfected mammalian cells,Curr Biol 4 (1994),
1077–1086.

[105] J.J. Pei, I. Grundke-Iqbal, K. Iqbal, N. Bogdanovic, B. Win-
blad and R.F. Cowburn, Accumulation of cyclin-dependent
kinase 5 (cdk5) in neurons with early stages of Alzheimer’s
disease neurofibrillary degeneration,Brain Res 797 (1998),
267–277.

[106] T.D. Garver, G.A. Oyler, K.A. Harris, R. Polavarapu, Z.
Damuni, R.A. Lehman and M.L. Billingsley, Tau phospho-
rylation in brain slices: pharmacological evidence for con-
vergent effects of protein phosphatases on tau and mitogen-
activated protein kinase,Mol Pharmacol 47 (1995), 745–
756.

[107] B.W. Doble and J.R. Woodgett, GSK-3: tricks of the trade
for a multi-tasking kinase,J Cell Sci 116 (2003), 1175–1186.

[108] M. Nishimura, G. Yu, G. Levesque, D.M. Zhang, L. Ruel,
F. Chen, P. Milman, E. Holmes, Y. Liang, T. Kawarai, E.
Jo, A. Supala, E. Rogaeva, D.M. Xu, C. Janus, L. Levesque,
Q. Bi, M. Duthie, R. Rozmahel, K. Mattila, L. Lannfelt,
D. Westaway, H.T. Mount, J. Woodgett and P. St George-
Hyslop, Presenilin mutations associated with Alzheimer dis-
ease cause defective intracellular trafficking of beta-catenin,
a component of the presenilin protein complex,Nat Med 5
(1999), 164–169.

[109] G.V. De Ferrari and N.C. Inestrosa, Wnt signaling function
in Alzheimer’s disease,Brain Res Brain Res Rev 33 (2000),
1–12

[110] A. Mudher, S. Chapman, J. Richardson, A. Asuni, G. Gibb,
C. Pollard, R. Killick, T. Iqbal, L. Raymond, I. Varndell, P.
Sheppard, A. Makoff, E. Gower, P.E. Soden, P. Lewis, M.
Murphy, T.E. Golde, H.T. Rupniak, B.H. Anderton and S.
Lovestone, Dishevelled regulates the metabolism of amyloid
precursor protein via protein kinase C/mitogen-activated pro-



60 S.M. de la Monte and J.R. Wands / Brain insulin resistance in AD

tein kinase and c-Jun terminal kinase,J Neurosci 21 (2001),
4987–4995.

[111] P.E. Fraser, G. Yu, L. Levesque, M. Nishimura, D.S. Yang,
H.T. Mount, D. Westaway and P.H. St George-Hyslop, Prese-
nilin function: connections to Alzheimer’s disease and signal
transduction,Biochem Soc Symp (2001), 89–100.

[112] M. Grilli, G.F. Toninelli, D. Uberti, P. Spano and M. Memo,
Alzheimer’s disease linking neurodegeneration with neu-
rodevelopment,Funct Neurol 18 (2003), 145–148.

[113] G.J. Chen, J. Xu, S.A. Lahousse, N.L. Caggiano and S.M. de
la Monte, Transient hypoxia causes Alzheimer-type molecu-
lar and biochemical abnormalities in cortical neurons: poten-
tial strategies for neuroprotection,J Alzheimers Dis 5 (2003),
209–228.

[114] J.T. Egana, C. Zambrano, M.T. Nunez, C. Gonzalez-Billault
and R.B. Maccioni, Iron-induced oxidative stress modify
tau phosphorylation patterns in hippocampal cell cultures,
Biometals 16 (2003), 215–223.

[115] E.M. Mandelkow, K. Stamer, R. Vogel, E. Thies and E. Man-
delkow, Clogging of axons by tau, inhibition of axonal traf-
fic and starvation of synapses,Neurobiol Aging 24 (2003),
1079–1085.

[116] X. Zhu, H.G. Lee, A.K. Raina, G. Perry and M.A. Smith,
The role of mitogen-activated protein kinase pathways in
Alzheimer’s disease,Neurosignals 11 (2002), 270–281.

[117] J.J. Pei, S. Khatoon, W.L. An, M. Nordlinder, T. Tanaka,
H. Braak, I. Tsujio, M. Takeda, I. Alafuzoff, B. Winblad,
R.F. Cowburn, I. Grundke-Iqbal and K. Iqbal, Role of pro-
tein kinase B in Alzheimer’s neurofibrillary pathology,Acta
Neuropathol (Berl) 105 (2003), 381–392.

[118] A. Rickle, N. Bogdanovic, I. Volkman, B. Winblad, R. Ravid
and R.F. Cowburn, Akt activity in Alzheimer’s disease and
other neurodegenerative disorders,Neuroreport 15 (2004),
955–959.

[119] G.N. Patrick, L. Zukerberg, M. Nikolic, S. de la Monte, P.
Dikkes and L.H. Tsai, Conversion of p35 to p25 deregulates
Cdk5 activity and promotes neurodegeneration,Nature 402
(1999), 615–622.

[120] P. Kelicen, I. Cantuti-Castelvetri, C. Pekiner and K.E. Paul-
son, The spin trapping agent PBN stimulates H2 O2-induced
Erk and Src kinase activity in human neuroblastoma cells,
Neuroreport 13 (2002), 1057–1061.

[121] A.J. Crossthwaite, S. Hasan and R.J. Williams, Hydrogen
peroxide-mediated phosphorylation of ERK1/2, Akt/PKB
and JNK in cortical neurones: dependence on Ca(2+) and
PI3-kinase,J Neurochem 80 (2002), 24–35.

[122] F. Kuperstein and E. Yavin, ERK activation and nuclear
translocation in amyloid-beta peptide- and iron-stressed neu-
ronal cell cultures,Eur J Neurosci 16 (2002), 44–54.

[123] F. Kuperstein and E. Yavin, Pro-apoptotic signaling in neu-
ronal cells following iron and amyloid beta peptide neuro-
toxicity, J Neurochem 86 (2003), 114–125.

[124] H.J. Lin, X. Wang, K.M. Shaffer, C.Y. Sasaki and W. Ma,
Characterization of H2O2-induced acute apoptosis in cul-
tured neural stem/progenitor cells,FEBS Lett 570 (2004),
102–106.

[125] L. Gasparini, G.K. Gouras, R. Wang, R.S. Gross, M.F. Beal,
P. Greengard and H. Xu, Stimulation of beta-amyloid pre-
cursor protein trafficking by insulin reduces intraneuronal
beta-amyloid and requires mitogen-activated protein kinase
signaling,J Neurosci 21 (2001), 2561–2570.

[126] L. Gasparini, W.J. Netzer, P. Greengard and H. Xu, Does in-
sulin dysfunction play a role in Alzheimer’s disease?Trends
Pharmacol Sci 23 (2002), 288–293.

[127] X. Ling, R.N. Martins, M. Racchi, S. Craft and E. Helmer-
horst, Amyloid beta antagonizes insulin promoted secretion
of the amyloid beta protein precursor,J Alzheimers Dis 4
(2002), 369–374.

[128] G. Evin and A. Weidemann, Biogenesis and metabolism of
Alzheimer’s disease Abeta amyloid peptides,Peptides 23
(2002), 1285–1297.

[129] S. Dore, S. Kar and R. Quirion, Insulin-like growth factor
I protects and rescues hippocampal neurons against beta-
amyloid- and human amylin-induced toxicity,Proc Natl
Acad Sci USA 94 (1997), 4772–4777.

[130] S. Dore, S. Bastianetto, S. Kar and R. Quirion, Protective
and rescuing abilities of IGF-I and some putative free radical
scavengers against beta-amyloid-inducing toxicity in neu-
rons,Ann N Y Acad Sci 890 (1999), 356–364.

[131] W.H. Zheng, S. Kar, S. Dore and R. Quirion, Insulin-like
growth factor-1 (IGF-1): a neuroprotective trophic factor
acting via the Akt kinase pathway,J Neural Transm Suppl
(2000), 261–272.

[132] S.M. de la Monte, T.R. Neely, J. Cannon and J.R. Wands,
Ethanol impairs insulin-stimulated mitochondrial function
in cerebellar granule neurons,Cell Mol Life Sci 58 (2001),
1950–1960.

[133] S.M. de la Monte and J.R. Wands, Chronic gestational expo-
sure to ethanol impairs insulin-stimulated survival and mi-
tochondrial function in cerebellar neurons,CMLS, Cell Mol
Life Sci 59 (2002), 882–893.

[134] S.M. de la Monte, N. Ganju, K. Banerjee, N.V. Brown,
T. Luong and J.R. Wands, Partial rescue of ethanol-
induced neuronal apoptosis by growth factor activation of
phosphoinositol-3-kinase,Alcohol Clin Exp Res 24 (2000),
716–726.

[135] G.G. Glenner and C.W. Wong, Alzheimer’s disease: initial
report of the purification and characterization of a novel cere-
brovascular amyloid protein,Biochem Biophys Res Commun
120 (1984), 885–890.

[136] E. Tsukamoto, Y. Hashimoto, K. Kanekura, T. Niikura, S.
Aiso and I. Nishimoto, Characterization of the toxic mecha-
nism triggered by Alzheimer’s amyloid-beta peptides via p75
neurotrophin receptor in neuronal hybrid cells,J Neurosci
Res 73 (2003), 627–636.

[137] J.R. McDermott and A.M. Gibson, Degradation of
Alzheimer’s beta-amyloid protein by human and rat brain
peptidases: involvement of insulin-degrading enzyme,Neu-
rochem Res 22 (1997), 49–56.

[138] W.Q. Qiu, D.M. Walsh, Z. Ye, K. Vekrellis, J. Zhang,
M.B. Podlisny, M.R. Rosner, A. Safavi, L.B. Hersh and
D.J. Selkoe, Insulin-degrading enzyme regulates extracel-
lular levels of amyloid beta-protein by degradation,J Biol
Chem 273 (1998), 32730–32738.

[139] A. Perez, L. Morelli, J.C. Cresto and E.M. Castano, Degra-
dation of soluble amyloid beta-peptides 1-40, 1-42, and
the Dutch variant 1-40Q by insulin degrading enzyme from
Alzheimer disease and control brains,Neurochem Res 25
(2000), 247–255.

[140] K. Vekrellis, Z. Ye, W.Q. Qiu, D. Walsh, D. Hartley, V.
Chesneau, M.R. Rosner and D.J. Selkoe, Neurons regulate
extracellular levels of amyloid beta-protein via proteolysis
by insulin-degrading enzyme,J Neurosci 20 (2000), 1657–
1665.

[141] A.S. Balasubramanian, Amyloid beta peptide processing,
insulin degrading enzyme, and butyrylcholinesterase,Neu-
rochem Res 26 (2001), 453–456.



S.M. de la Monte and J.R. Wands / Brain insulin resistance in AD 61

[142] H.G. Bernstein, S. Ansorge, P. Riederer, M. Reiser, L. Frolich
and B. Bogerts, Insulin-degrading enzyme in the Alzheimer’s
disease brain: prominent localization in neurons and senile
plaques,Neurosci Lett 263 (1999), 161–164.

[143] D.G. Cook, J.B. Leverenz, P.J. McMillan, J.J. Kulstad, S.
Ericksen, R.A. Roth, G.D. Schellenberg, L.W. Jin, K.S. Ko-
vacina and S. Craft, Reduced hippocampal insulin-degrading
enzyme in late-onset Alzheimer’s disease is associated with
the apolipoprotein E-epsilon4 allele,Am J Pathol 162 (2003),
313–319.

[144] W. Farris, S. Mansourian, M.A. Leissring, E.A. Eckman, L.
Bertram, C.B. Eckman, R.E. Tanzi and D.J. Selkoe, Partial
loss-of-function mutations in insulin-degrading enzyme that
induce diabetes also impair degradation of amyloid beta-
protein,Am J Pathol 164 (2004), 1425–1434.

[145] W. Farris, S. Mansourian, Y. Chang, L. Lindsley, E.A. Eck-
man, M.P. Frosch, C.B. Eckman, R.E. Tanzi, D.J. Selkoe and
S. Guenette, Insulin-degrading enzyme regulates the levels
of insulin, amyloid beta-protein, and the beta-amyloid pre-
cursor protein intracellular domain in vivo,Proc Natl Acad
Sci USA 100 (2003), 4162–4167.

[146] M.A. Leissring, W. Farris, A.Y. Chang, D.M. Walsh, X. Wu,
X. Sun, M.P. Frosch and D.J. Selkoe, Enhanced proteolysis
of beta-amyloid in APP transgenic mice prevents plaque for-
mation, secondary pathology, and premature death,Neuron
40 (2003), 1087–1093.

[147] L. Bertram, D. Blacker, K. Mullin, D. Keeney, J. Jones, S.
Basu, S. Yhu, M.G. McInnis, R.C. Go, K. Vekrellis, D.J.
Selkoe, A.J. Saunders and R.E. Tanzi, Evidence for genetic
linkage of Alzheimer’s disease to chromosome 10q,Science
290 (2000), 2302–2303.

[148] R. Abraham, A. Myers, F. Wavrant-DeVrieze, M.L.
Hamshere, H.V. Thomas, H. Marshall, D. Compton, G. Spur-
lock, D. Turic, B. Hoogendoorn, J.M. Kwon, R.C. Petersen,
E. Tangalos, J. Norton, J.C. Morris, R. Bullock, D. Liolitsa, S.
Lovestone, J. Hardy, A. Goate, M. O’Donovan, J. Williams,
M.J. Owen and L. Jones, Substantial linkage disequilibrium
across the insulin-degrading enzyme locus but no association
with late-onset Alzheimer’s disease,Hum Genet 109 (2001),
646–652.

[149] G. Ait-Ghezala, L. Abdullah, R. Crescentini, F. Crawford, T.
Town, S. Singh, D. Richards, R. Duara and M. Mullan, Con-
firmation of association between D10S583 and Alzheimer’s
disease in a case – control sample,Neurosci Lett 325 (2002),
87–90,

[150] M. Boussaha, D. Hannequin, P. Verpillat, A. Brice, T. Fre-
bourg and D. Campion, Polymorphisms of insulin degrading
enzyme gene are not associated with Alzheimer’s disease,
Neurosci Lett 329 (2002), 121–123.

[151] S. Hoyer, Age as risk factor for sporadic dementia of the

Alzheimer type?Ann N Y Acad Sci 719 (1994), 248–256.
[152] S. Hoyer, D. Muller and K. Plaschke, Desensitization of

brain insulin receptor. Effect on glucose/energy and related
metabolism,J Neural Transm Suppl 44 (1994), 259–268.

[153] S. Hoyer, Neurodegeneration, Alzheimer’s disease, and beta-
amyloid toxicity,Life Sci 55 (1994), 1977–1983.

[154] S. Hoyer, Oxidative metabolism deficiencies in brains of
patients with Alzheimer’s disease,Acta Neurol Scand Suppl
165 (1996), 18–24.

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

[156] S. Hoyer, The aging brain. Changes in the neuronal in-
sulin/insulin receptor signal transduction cascade trigger late-
onset sporadic Alzheimer disease (SAD). A mini-review,J
Neural Transm 109 (2002), 991–1002.

[157] K. Plaschke and S. Hoyer, Action of the diabetogenic drug
streptozotocin on glycolytic and glycogenolytic metabolism
in adult rat brain cortex and hippocampus,Int J Dev Neurosci
11 (1993), 477–483.

[158] R. Duelli, H. Schrock, W. Kuschinsky and S. Hoyer, Intrac-
erebroventricular injection of streptozotocin induces discrete
local changes in cerebral glucose utilization in rats,Int J Dev
Neurosci 12 (1994), 737–743.

[159] S. Hoyer, S.K. Lee, T. Loffler and R. Schliebs, Inhibition of
the neuronal insulin receptor. An in vivo model for sporadic
Alzheimer disease?Ann N Y Acad Sci 920 (2000), 256–258.

[160] S. Hoyer and H. Lannert, Inhibition of the neuronal in-
sulin receptor causes Alzheimer-like disturbances in oxida-
tive/energy brain metabolism and in behavior in adult rats,
Ann N Y Acad Sci 893 (1999), 301–303.

[161] H. Lannert and S. Hoyer, Intracerebroventricular administra-
tion of streptozotocin causes long-term diminutions in learn-
ing and memory abilities and in cerebral energy metabolism
in adult rats,Behav Neurosci 112 (1998), 1199–1208.

[162] Y. Miyazaki, H. He, L.J. Mandarino and R.A. DeFronzo,
Rosiglitazone improves downstream insulin receptor signal-
ing in type 2 diabetic patients,Diabetes 52 (2003), 1943–
1950.

[163] E.H. Koh, M.S. Kim, J.Y. Park, H.S. Kim, J.Y. Youn, H.S.
Park, J.H. Youn and K.U. Lee, Peroxisome proliferator-
activated receptor (PPAR)-alpha activation prevents diabetes
in OLETF rats: comparison with PPAR-gamma activation,
Diabetes 52 (2003), 2331–2337.

[164] S.M. de la Monte and J.R. Wands, Alzheimer-associated neu-
ronal thread protein mediated cell death is linked to impaired
insulin signaling,J Alzheimers Dis 6 (2004), 231–242.

[165] R.V. Bhat, S.L. Budd Haeberlein and J. Avila, Glycogen syn-
thase kinase 3: a drug target for CNS therapies,J Neurochem
89 (2004), 1313–1317.


