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Abstract

Although increased lifespan is associated with reduced insulin signaling, insulin signaling is essential for neuronal development and
survival. Insulin resistance is central to Type II diabetes and is also implicated in the pathogenesis of Alzheimer’s Disease (AD). This has
prompted ongoing clinical trials in AD patients to test the efficacy of improving insulin — like signaling with dietary w-3 fatty acids or
insulin — sensitizing drugs as well as exercise regimens. Here we review the role of insulin signaling in brain aging and AD, concluding
that the signaling pathways downstream to neurotrophic and insulin signaling are defective and coincident with aberrant phosphoryla-
tion and translocation of key components, notably AKT and GSK3p, but also rac> PAK signaling. These responses are likely to
contribute to defects in synaptic plasticity, learning and memory. Both oligomers of f-amyloid (which are elevated in the AD brain)
and pro-inflammatory cytokines (which are elevated in the aged or AD brain) can be used to mimic the trophic factor/insulin resistance
observed in AD, but details on other factors and mechanisms contributing to this resistance remain elusive. A better understanding of the
precise mechanisms underlying alterations in the insulin/neurotrophic factor signal transduction pathways should aid the search for

better AD therapeutic and prevention strategies.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Insulin signaling and longevity. Insulin signaling
through insulin and insulin-like growth factors (IGFs)
has evolved to represent the metabolic code which couples
size and growth rates to the nutrient environment or food
chain. Interspecies correlative data associate longevity with
slow growth rates, large size, low predation and delayed
reproduction, while shorter lifespans were associated with
tumor promotion and mitogenic signaling for rapid growth
for animals at the bottom of the food chain. Thus, in gen-
eral, heavily predated smaller species that have adapted by
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R-selection for rapid growth and maturation have higher
metabolic rates, fuel demands and shorter life spans than
larger species closer to the top of the food chain that have
evolved by K-selection for adaptation to the environmental
carrying capacity. Insulin signaling appears integral to
scale lifespan to the environmental niche. Thus, in recent
years the familiar role of insulin in glucose regulation
and diabetes has been extended beyond metabolism to
mechanisms controlling aging rates, including caloric
restriction. Consistent with the evolutionary perspective,
insulin/IGF1 receptor signaling has been implicated as an
important factor in invertebrate and vertebrate develop-
ment, nutrient sensing, growth and aging (Hafen, 2004;
Bartke, 2006). For example, scarce food and caloric restric-
tion in the nematode Caenorhabditis elegans results in
adaptive insulin signaling-dependent developmental arrest
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and long-lived dauer larvae. Genetic dissection of the dauer
phenotype has identified a series of genes with mammalian
homologues in the insulin signaling pathway (see below)
that regulate invertebrate longevity beyond the dauer phe-
notype (e.g. Daf-2) (insulin/IGF-1 receptor), Age-1 (PI3-
K), Daf-16 (FOXO), Daf-18 (PTEN), etc. Thus, partial
loss of function in Daf genes leads to as much as a 3-fold
increase in adult lifespan that is entirely dependent on
Daf-16 (FOXO), a regulator of the cellular stress response.
Insulin pathway mutations also influence aging in mice
where defects limiting signaling through IGF receptor 1
result in long-lived mice with increased resistance to oxida-
tive stress (Holzenberger et al., 2004). It is easy to imagine
that limited mitogenesis and slowed growth rates would
also reduce tumor promotion. Further, because aging can
be viewed as increased mortality from diminished resis-
tance to physiological and cellular stress, insulin-like sig-
naling, which plays an important role in the cellular
stress response, would be suitably positioned to play a cen-
tral role in governing aging rates.

While these and other data implicate increased insulin/
IGF-1 signaling as a key negative regulator of lifespan,
insulin/IGF-1 signaling also overlaps neurotrophin survival
signaling that plays a significant positive role in the brain.
This presents a small puzzle with seemingly opposing
impacts. Our objective here is to explore the relationship
of insulin-like signaling to pathology and diet that modu-
lates insulin or trophic factor resistance and how this rela-
tionship impacts brain aging and Alzheimer’s Disease risk.

2. Insulin signaling

The insulin receptor is a heterotetrameric tyrosine kinase
receptor which, upon binding of insulin, undergoes dimer-
ization and tyrosine autophosphorylation (see Fig. 1, read-
ers unfamiliar with this literature may wish to refer to the
GLOSSARY). Insulin binding activates the A subunit of
the insulin receptor inducing a conformational change that
leads to autophosphorylation of tyrosine residues in the B
subunit; this allows recognition and further tyrosine phos-
phorylation of phosphotyrosine-binding (PTB) domains
of adaptor proteins, for example, insulin receptor substrates
(IRS) including IRS-1 and shc (reviewed Lizcano and Alessi
(2002)). Different tyrosine phosphorylated IRS adaptor
proteins then bind their effectors and transduce the insulin
signal to multiple insulin response pathways. For example,
IRS-1, SHC and Grb2 couple the insulin receptor to acti-
vate ERK/MAPK and downstream transcription factors
(CREB and Elk-1) while, at least in insulin-sensitive periph-
eral tissues, IRS-2 and Cbl phosphorylation result in traf-
ficking of the insulin-dependent glucose transporter,
GLUT4, to the plasma membrane and increased glucose
uptake. Insulin-receptor activation also creates phosphoty-
rosine containing binding sites for the Src homology 2
(SH2) domains of the p85 regulatory subunit of PI 3-kinase
which results in catalytic p110 subunit phosphorylation of
phosphatidylinositol (4,5) bisphosphate (PtdIns(4,5)P,)

and formation of the AKT activator, Ptd(3,4,5)P; (PIP3).
AKT activation requires docking at the plasma membrane
of AKT where it can be activated by phosphorylation at
Thr 308 and ser 473 by kinases like protein kinase 3-phos-
phoinositide-dependent protein kinase-1 (PDK1). Plasma
membrane docking involves PH domain binding to the
PI3-K product PIP3 which is also accelerated by binding
to phosphatidylserine (PS) and other acidic phospholipids
on the inner leaflet of the plasma membrane. Fully active
AKT is then released from plasma membrane to the cyto-
plasm by PTEN dephosphorylation of PIP3 at the D3 posi-
tion of the inositol ring reverts the PI product back to PIP2.
(Thus, PTEN puts the brakes on insulin signaling and acts
as a tumor suppressor and PTEN mutations are second to
p53 mutations as a cause of tumors.)

As the cascade continues, AKT then phosphorylates and
inactivates both o and P cytosolic forms of glycogen
synthase kinase 3 (GSK3), pro-apoptotic regulators, for
example, BAD, and also modulates downstream TOR
(Target of rapamycin) regulation of translation, and
Nrf-2/ARE and FOXO/forkhead family member regula-
tion of transcription.

3. Insulin signaling in the brain

Insulin is the prototypic trophic factor since trophic fac-
tor signaling overlaps the insulin pathways and is essential
not only for neuronal development, but for continued sur-
vival in vitro and in vivo. In neurons, the ERK/MAPK and
PI3-K> AKT> GSK3p, BAD, FOXO and TOR pathways
are clearly critical for survival signaling, while regulation of
glucose uptake is more problematic because in neurons it
depends on GLUT3 rather than GLUT4. IGFs are potent
neurotrophic agents (Carson et al., 1993) with increased
expression after injury (Guthrie et al., 1995) that protect
and rescue hippocampal neurons from amyloid and other
toxins (Dore et al., 1997). IGF-1 can cross the blood brain
barrier and is neuroprotective in vivo (Liu et al., 1995). Fur-
ther, insulin-sensitizing agents such as troglitazones (thia-
zolidinediones, TZDs) can have potent neurotrophin-like
survival activity (Nishijima et al., 2001). All of this contrib-
utes to the hypothesis that increased insulin-like signaling
in the brain would promote neuronal survival and
longevity.

4. Alzheimer’s Disease (AD)

Alzheimer’s Disease (AD), a devastating neurodegener-
ative condition associated with impaired memory and cog-
nitive function, is affecting an estimated 4.5 million people
in the United States, the majority of whom are over 65
years old, posing a great economic burden with an estimat-
ed cost of $42,000 per year per person (Rice et al., 1993).
AD is characterized by two pathological hallmarks: senile
plaques that are composed mainly of aggregated fibrillar
insoluble B-amyloid (AB), and neurofibrillary tangles that
include hyperphosphorylated tau protein, a microtubule-
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Fig. 1. DHA modulation of insulin and trophic factor signaling through AKT. Insulin/IGF1 and other neurotrophic factors act on receptors like the
insulin receptor (ins-R) to induce cytoplasmic domain tyrosine phosphorylation (P) that permits coupling to adaptor proteins like shc which transduces the
signal to the ERK/MAPK pathway leading to CREB and ELK1 transcription factors and to IRS-1 and the p85 subunit of PI3-K that transduce signals to
AKT. PI3-K phosphorylates phosphatidylinositol (PI) to generate PIP-3 that along with phosphatidylserine (PS) permits docking of pleckstrin homology
(PH) domain containing enzymes including PDK1/2 and its target Akt. The ®-3 fatty acid, DHA increases PS to upregulate docking and activation of Akt
while PTEN induces neuroprotective PINK1 and dephosphorylates PIP3 to permit activated Akt to leave the membrane and activates important
cytoplasmic and nuclear targets. These include GSK3, Bad, caspase 9 and the forkhead (FKHR) transcription factors. This insulin-like signaling restricts
caspase activation which increases neuron survival, but also induces transthyretin and insulin degrading enzyme (IDE) that promote Ap clearance while
simultaneously inhibiting GSK3p, a major t kinase. These are the pathways that likely impact AD pathogenesis.

binding protein important for physiological functions such
as axonal transport and cellular communication (Ingelsson
et al., 2004). At the cellular level, AD pathology is also
associated with a state of neurite dystrophy characterized
by fragmented neurites, neurite retreat and degeneration,
postsynaptic protein loss and eventual neuronal death
(Grace et al., 2002). Finally, at the molecular level, the neu-
rodegenerative process involves activation of caspases
(Newman et al., 2005) and probably calpain (Lee et al.,
2000; Higuchi et al., 2005).

5. Insulin signaling and AD
5.1. Diabetes

Recent prospective and retrospective epidemiological
findings indicate that type II diabetes mellitus is a signifi-
cant risk factor for developing AD (Ott et al., 1996; Leib-
son et al., 1997; Ott et al., 1999). Type II diabetes mellitus,
a metabolic disorder affecting approximately 5% of Amer-
icans, is characterized by insulin resistance, increased insu-
lin secretion and overt hyperglycemia (Olson and Norris,
2004). The enhanced risk for developing AD in diabetic
patients remains strong even when vascular factors are con-
trolled, suggesting a non-vascular mechanism for AD path-
ogenesis (Peila et al., 2002). Several factors might
contribute to the increased AD risk in diabetes mellitus,

including defects in insulin signaling, accumulation of
pathological AB and/or hyperphosphorylated .

5.2. Insulin and trophic factor levels in AD

The relationship between diabetes mellitus and AD is
particularly intriguing given the finding that AD patients
have lower CSF insulin levels and reduced insulin-mediated
glucose disposal when compared to healthy control sub-
jects (Craft et al., 1998, 2003). In the brain, insulin serves
as a neuromodulatory and neuroendocrine molecule in
addition to its usual metabolic function, playing a signifi-
cant role in neuronal growth and survival (Gasparini and
Xu, 2003). While there is very little insulin mRNA in the
brain, recent ultra-sensitive PCR data show that insulin
message can be detected in postmortem human brain and
is reduced in the brains of Alzheimer Disease patients, lead-
ing the authors to suggest that Alzheimer’s could be a
“type IIl diabetes” due to loss of CNS insulin (Rivera
et al., 2005; Steen et al., 2005).

In support of this novel hypothesis, the authors show
that many insulin-sensitive endpoints are also reduced in
AD brains. However, it remains to be demonstrated that
the low level of insulin production in the brain is high
enough to be functionally significant to neurons. Finally,
knockout of the insulin receptor gene is not sufficient to
cause cognitive deficits or neurodegeneration even though
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some regions show enhanced GSK3p activity and t hyper-
phosphorylation (Schubert et al., 2004).

The activity of many trophic factors is actually increased
in AD brain (Uchida et al., 1988). One exception is BDNF
(another neurotrophic factor), which shows large deficits in
AD brain and plays a critical role in learning and memory
(Connor et al., 1997) (reviewed in Pezet and Malcangio
(2004)). Whether or not insulin itself is deficient in AD,
there is substantial evidence for reduced insulin-like
signaling that could be due to reductions in one or more
neurotrophins or resistance to insulin  and/or
neurotrophins.

5.3. IGF-1

IGF-1 blocks amyloid toxicity by increasing survival
signaling through ERK and PI3-K> AKT (Wei et al.,
2002). Accordingly, increased activation of the insulin-like
signaling pathway has been invoked to explain the limited
neurotoxicity observed in APP transgenic mice accumulat-
ing high levels of B-amyloid from overexpressing APP.
APP metabolites appear to induce IGF-2 increasing acti-
vated ERK and AKT and downstream phospho-Bad as
well as transthyretin, an AP chaperone protein involved
in A clearance (Stein and Johnson, 2002). A subsequent
study showed that selective immunoneutralization of trans-
thyretin inhibits AP clearance and increases amyloid (Stein
et al., 2004).

Insulin and insulin-like growth factor signal transduc-
tion sufficiently overlaps with neurotrophic factor signaling
to effectively substitute for it in vitro (Aizenman and De
Vellis, 1987). In vivo, insulin and insulin-like growth factor
(IGF) signaling is strongly neuroprotective in a variety of
models. For example, chronic subcutaneous infusion of
IGF-1 has been reported to reduce CNS AP levels in aging
rats and amyloid in the APPsw (Tg2576) transgenic mouse
Alzheimer model (Carro et al., 2002). In that study, IGF-1
increased CNS transthyretin and albumin which were
hypothesized to increase A clearance. Further, additional
experiments have shown that systemic IGF-1 can effective-
ly treat older APPsw X PS1 mutant bigenic mice (Carro
et al., 2005). And insulin signaling may have other ways
to increase A clearance.

5.4. Regulation of insulin degrading enzyme (IDE) and Af
clearance

IDE not only plays a major role in insulin catabolism,
but also mediates AP degradation (Farris et al., 2003).
We have recently shown that insulin-mediated AKT activa-
tion is required for insulin-induced upregulation of IDE, a
metalloprotease enzyme responsible for insulin degrada-
tion, presumably as a negative feedback control mecha-
nism (Zhao et al.,, 2004). IDE has been observed in
human CSF, and its activity, levels and mRNA are
decreased in AD brain tissue (Cook et al., 2003). PI3-K>
AKT mediated IDE upregulation as well as transthyretin

induction raises the possibility of employing the insulin,
BDNPF or other neurotrophic signaling pathways as a strat-
egy to increase transthyretin and IDE levels and Ap clear-
ance rates. Consistent with this hypothesis, a recent report
by Ho et al., showed that insulin-resistance caused by high
fat diet is associated with reduced IDE level, decreased PI3
kinase and AKT activation and increased amyloidosis in
an APP transgenic AD animal model (Ho et al., 2004).
There may also be an impact on AP production. AKT also
inhibits GSK3« and an alternative explanation for the
increased amyloid with insulin resistance (Ho et al., 2004)
arises from data showing GSK3a stimulates generation of
AP by y-secretase (Phiel et al., 2003). The hypothesis that
controlling insulin resistance is disease modifying has
recently received some support from a study in the
Tg2576 APPsw transgenic mouse model (Pedersen et al.,
2006). The mice had high fasting glucose and glucocorti-
coids, and both metyrapone (inhibits corticosteroid synthe-
sis) and rosiglitazone treatment reduced cognitive deficits
and soluble AP, without reducing total amyloid
accumulation.

However, insulin itself would be a poor treatment for
many reasons. One is that insulin shares the same degrad-
ing enzyme with AP and thus competes with A for IDE
potentially reducing AP degradation (Vekrellis et al.,
2000). In fact, acute insulin infusion causes an increased
CSF AP42 level in subjects over 70 years of age (Watson
et al., 2003) and plasma insulin levels are correlated with
AB42 in minimally cognitively impaired subjects (Odetti
et al., 2005).

While insulin is an unlikely therapeutic for AD, enhanc-
ing insulin-like signaling is another matter. In addition to
inhibiting GSK 3« and perhaps AP production and increas-
ing AP clearance by increasing transthyretin and IDE, acti-
vated AKT may suppress the second AD pathological
hallmark, hyperphosphorylated t. AKT has been shown
to be an upstream inhibitory kinase for GSK3p (ser9), a
major 1 kinase; thus GSK3 phosphorylation by AKT lim-
its its ability to phosphorylate t (Rickle et al., 2004). There-
fore, stimulation of the neuroprotective BDNF or insulin
signaling cascades, should protect against neuron loss
and both amyloid and t pathology, three significant hall-
mark AD lesions visible under the light microscope. But
the clinical symptoms of AD are better correlated with syn-
apse loss than these lesions.

5.5. AP oligomer-induced dendritic spine protein loss and
PAK kinases

Ultimately, AD is a disorder of synaptic and cognitive
deficits. Our laboratory and others have demonstrated that
a number of postsynaptic markers enriched in excitatory
neurons known to be involved in learning and memory
are selectively lost in AD brain and AD animal models.
One of the most vulnerable of these markers is an actin-
binding protein, drebrin that is enriched in dendritic spines
which protrude from dendrites as the postsynaptic sites for
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pre-synaptic contact; structurally spines are entirely depen-
dent on actin assembly (Calon et al., 2004, 2005). Consis-
tent with spine loss seen on remaining pyramidal neurons
using Golgi stains, remarkably large losses of drebrin, far
exceeding estimates of neuron loss have been reported in
AD hippocampus (Harigaya et al., 1996). Drebrin was first
isolated from embryonic chicken brain as “developmental-
ly regulated embryonic brain protein” (drebrin) (Shirao
and Obata, 1985). It was later found to have actin-binding
and regulatory activity, affecting the formation and stabil-
ity of neuronal processes by modulating the formation of
actin filaments and maintaining actin in a filamentous poly-
merized state (F-actin) (Hayashi et al., 1996). Anti-sense
knockout of drebrin causes a defect in neurite outgrowth
(Toda et al., 1999). As discussed below, insulin-like signal-
ing can regulate drebrin and stabilize its association with
actin via activation of AKT and regulation of peri-synaptic
p2l-activated kinases (PAKs) involved in actin assembly/
disassembly in dendrites and spines. PAKSs are serine/thre-
onine protein kinases that serve as critical regulators of
actin dynamics, primarily by inhibitory phosphorylation
of LIMK1 which suppresses the actin-severing activity of
downstream cofilin (Bokoch, 2003). PAKs play central
roles in spine and synapse formation, stability, synaptic
plasticity and learning and memory (Boda et al., 2004;
Meng et al., 2005).

PAK involvement in AD arises because small soluble
AP aggregates (oligomers) can suppress soluble PAK lev-
els. In cultured neurons, AP oligomers induce fyn and
focal adhesion kinases along with aberrant racl-GTP acti-
vation within minutes of application (Chromy et al.,
2003). This is coupled to activation and translocation of
racl’s main downstream target, PAK, which translocates
to membrane or particulate compartments, accompanied
by a loss of active PAK in cytosol (Ma, Cole et al. sub-
mitted for publication). In the same study, chronic
steady-state cytosolic PAK loss and translocation to
membrane compartments were also found in AD and
APPsw transgenic mice that produce high levels of AP.
AP oligomers were implicated in drebrin and spine loss
because direct application of oligomers to neurons in vitro
caused a loss of inhibitory phosphorylation of cofilin
resulting in its activation and a loss of drebrin’s associa-
tion with actin and reduced drebrin levels; further, in vivo
anti-Ap antibody infusion corrected cytosolic PAK and
drebrin loss in APPsw transgenic mice (Zhao et al.,
2006). A causal role for these PAK changes was inferred
because transfection with kinase-active, wild type, but not
kinase-dead mutant PAK protected primary neurons from
oligomer-induced drebrin loss. One interpretation of these
results was that aberrant oligomer-induced ectopic PAK
signaling and cytosolic PAK deficits limit PAK availabil-
ity and recruitment to appropriate signal transduction
scaffolds for synaptogenic signaling, contributing to den-
dritic spine loss and cognitive decline. The large PAK
defects found in AD may have an important cognitive
impact because direct inhibition of PAKs using CNS infu-

sion of a specific PAK inhibitor results in cognitive defi-
cits in middle-aged animals (Zhao et al., 2006).

5.6. PAK and drebrin protection by insulin signaling

Consistent with PAK regulation by insulin-like signal-
ing, PAKs have been found in a brain protein complex
with PI3 kinase (Papakonstanti and Stournaras, 2002).
This complex interacts physically with activated racl-
GTP (Kitamura et al., 1997). In support of the hypothesis
that insulin-like signaling will modulate oligomer-induced
defects in postsynaptic actin dynamics relevant to AD,
insulin can protect from A oligomer-induced drebrin loss
in vitro (Zhao et al, unpublished). Several known mecha-
nisms exist for insulin > AKT modulation of racl-
GTP > PAK signaling. AKT directly phosphorylates and
limits activation of PAK’s upstream activator racl at
ser7l by suppressing racl-GTP binding (Kwon et al.,
2000). PAK translocation to focal adhesions (such as syn-
apses) requires PAK binding in the region around PAK
ser 21 with the adaptor protein, Nck. However, AKT
phosphorylates PAK at serine 21 which disrupts Nck-
PAK binding to adhesion sites permitting active PAK
to recycle to cytosol (Zhou et al., 2003). Thus, AKT acti-
vation is theoretically able to mitigate aberrant A oligo-
mer-induced rac-GTP and downstream aberrant PAK
translocation. In fact, AKT can also couple to PAK
through ArgBP2y and activate anti-apoptotic PAK sur-
vival signaling (Yuan et al., 2005). Downstream from
PAK, LIMKI phosphorylation of cofilin is an identified
anti-apoptotic PAK signaling path (Yang et al., 2004,
Chua et al., 2003). Thus, in addition to the classic
ERK > CREB pathway, insulin or trophic factor signal-
ing through AKT is a potentially important modulator
of PAK dynamics that govern synaptogenesis, synaptic
stability and plasticity.

5.7. Oxidative damage and inflammation

Aberrant AP aggregate induced rac activation is not
only involved in aberrant PAK signaling, but likely plays
an important role in inducing NADPH oxidase and related
flavinoid proteins responsible for increased reactive oxygen
species (ROS). For example, rac activation is implicated in
NADPH oxidase production in reactive microglia (Hsu
and Wen, 2002) and COX-2 induction (Wang et al.,
2004). NADPH oxidase activity is aberrantly elevated in
AD brain (Shimohama et al., 2000). Ap induced rac activa-
tion is also likely involved in the rapid induction of an
NADPH oxidase family enzyme in neurons that increases
neuronal ROS production contributing to AP toxicity
(Behl et al., 1994). Thus, insulin-like signaling and AKT’s
inhibitory phosphorylation of rac has potential to reduce
ROS production and oxidative damage. Whatever the
mechanism, insulin-sensitizing PPARYy agonists can limit
amyloid-induced microglia activation and neurotoxicity
(Combs et al., 2000).



G.M. Cole, S.A. Frautschy | Experimental Gerontology 42 (2007) 10-21 15

5.8. Aberrant downstream insulin signaling in AD

PI3-Kinase activity is reduced in soluble, but not partic-
ulate compartments in AD brain suggesting a possible
translocation (Jolles et al., 1992; Bothmer et al., 1994;
Zubenko et al., 1999). Consistent with an aberrant activa-
tion and translocation event, phospho-serd73AKT was
found to be increased in membrane/particulate fractions,
but reduced in cytosolic fractions from AD brain (Griffin
et al., 2005). While it is difficult to reliably evaluate phos-
phorylation patterns in postmortem AD and control brain,
these alterations were confirmed by ICC and correlated
with the progression of tangle pathology. Further, the
redistribution of pAKT was accompanied by increased
phosphorylation of AKT targets at relevant sites
(pser9GSK3p, pser2l4t, pser2448mTOR) in particulate
fractions and a loss of nuclear staining. The authors
observed a partial explanation for these changes in a loss
and redistribution of PTEN (phosphatase and tensin
homolog deleted on chromosome 10), the lipid phospha-
tase that dephosphorylates PIP3 thus releasing AKT from
the membrane and permitting its migration to cytosol and
nucleus. However, the status of PTEN remains unclear
because in one subsequent report, no loss of PTEN in par-
ticulate, nuclear or total homogenates from AD temporal
cortex was found (Rickle et al., 2006).

At first sight, the results showing AKT activation with
inhibitory phosphorylation of GSK3p in AD seem incon-
sistent with the prevailing view that active GSK3 is
increased in the cytosol of pre-tangle neurons and AD
involves GSK3p activation leading to t pathology resulting
in large-scale efforts to develop specific GSK3 inhibitors to
treat AD (reviewed in Bhat et al. (2004)). These apparently
inconsistent results may be resolved by observations that
increased active AKT and inactive GSK have been found
in particulate fractions while reduced active AKT and
active GSK have been found in cytosol. Specific increases
in active dAKT in particulate fractions at the expense of
other locations can be pathological, for example, in Dro-
sophila lacking dPTEN, active particulate AKT has been
shown to be the cause of embryonic lethal effects (Stocker
et al., 2002). One explanation is that there are important
cytosolic and nuclear substrates for the PI3-K > AKT
pathway that include not only GSK3 and t, but also the
caspase regulator, Bad, the transcription factor FOXO
and the antioxidant defense system regulator, Nrf-2 (Lee
and Johnson, 2004). In particular, PI3-K > AKT induction
of Nrf-2 > ARE signaling mediates upregulation of the gli-
al and neuronal expression of Phase II enzymes and antiox-
idant defenses including FOXO3a (Li et al., 2004).
Conversely, Nrf2 null mice showed reduced FOXO3a
expression (Hu et al., 2006). Thus, while AKT phosphory-
lation of FOXO is expected to reduce access to the nucleus
and antioxidant defense enzyme production, AKT phos-
phorylation of Nrf-2 in the cytosol has an opposing pro-
survival effect by increasing ARE-mediated transcription
of defense enzymes and levels of FOXO3a. The literature

shows an overall protective effect of insulin and neurotro-
phic signaling in neurons.

5.9. Insulin resistance and AD

An emerging body of evidence supports the hypothesis
that Alzheimer’s Disease involves not so much a loss of
insulin and other trophic factors, but a resistance to them
(Watson and Craft, 2003).

6. Possible causes of insulin resistance relevant to AD
6.1. Amyloid peptides

AP aggregates can activate T kinase 1 (GSK3p) (Taka-
shima et al., 1993), an activity shared by AP oligomers
which activate GSK3B in vitro and in vivo (Ma et al.,
2006). GSK3p has many substrates, including IRS-1 which
results in impaired insulin signaling (Eldar-Finkelman and
Krebs, 1997). More recently, several groups have shown
that pre-exposure of cultured neurons to soluble AP aggre-
gates (oligomers) impairs the ERK response to NGF (Chr-
omy et al., 2003) and the response to BDNF (Tong et al.,
2004). In the latter study, sublethal doses of soluble AP
aggregates (including oligomers) suppressed BDNF
induced ERK > CREB/EIk-1 and PI3-K > AKT signaling
downstream of TrkB, apparently at the level of IRS-1
and Shc tyrosine phosphorylation. These data in primary
neuron cultures support a direct AP induction of trophic
factor resistance beyond the specific receptor level. However,
there may also be indirect mechanisms.

6.2. Inflammation

AD and aging are both associated with low level
chronic inflammation associated with increased pro-in-
flammatory cytokines including IL-1B and TNFo that
are known to signal through AP-1 and NFKB (Akiyama
et al., 2000). TNFa, for example is well-known to induce
insulin-resistance in peripheral tissues, apparently at the
level of reducing IRS-1 tyrosine phosphorylation, an effect
that can be blocking by insulin sensitizing thiazolidinedi-
ones (TZDs) typically used to treat type II diabetes (Per-
aldi et al., 1997). In support of this mechanism, serum
TNFuo levels are increased and correlate negatively with
free IGF-I in Alzheimer Disease (Alvarez et al., 2006).
CNS TNFa increases with brain aging and antagonizes
IGF-1 induced increases in AP clearance (Carro et al.,
2002). Consistent with inflammatory cytokine-mediated
insulin resistance in the brain, increases in pro-inflamma-
tory cytokines like IL-1B in aging rat cortex have been
associated with reduced insulin-like signaling (MAPK
and PI3-K > AKT pathways) in the absence of deficits
in NGF or BDNF (Maher et al., 2004). These changes
could be mitigated by another insulin-sensitizing
approach, the dietary ®-3 fatty acid, eicosopentaenoic
acid (EPA).
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6.3. Obesity, Type II diabetes and brain aging

High saturated fat diets (Morris et al., 2003), obesity
and type II diabetes (Ott et al., 1996, 1999) have been asso-
ciated with increased risk for dementia, including AD. In
general obesity is associated with a “metabolic syndrome”,
pro-inflammatory cytokine elevation and insulin resistance.
Consistent with insulin resistance, Craft and colleagues
found that AD patients have higher plasma fasting insulin
than controls but lower CSF insulin and CSF/plasma insu-
lin ratios. Surprisingly, patients who were homozygous for
apolipoprotein E4 (apoE4), a major genetic risk factor for
AD, tended to have normal insulin levels (Craft et al.,
1998).

One modifiable influence that may promote cognitive
deficits is the typical Western diet which is high in saturat-
ed and trans fats and low in ®-3 fatty acids. -3 fatty acid
deficiency is prevalent in the US and a recent RAND meta-
analysis of available data suggests data is already strong
enough to warrant clinical trials (Maclean et al., 2005a).
High fat diets are known to reduce insulin signaling and,
in animal studies to reduce hippocampal levels of BDNF,
a potent neurotrophic factor involved in learning and
memory that also stimulates PI3-K>AKT signaling (Pezet
and Malcangio, 2004; Tong et al., 2004). Insulin resistance
from a high fat diabetogenic diet, increases amyloid pro-
duction and deposition in APP transgenic mice (Ho
et al., 2004). Conversely, high ®-3 fatty acid diets which
are known to mitigate insulin resistance (Delarue et al.,
2004), also reduce amyloid production and deposition in
APP transgenics (Lim et al., 2005). As discussed above,
insulin/IGF-1 signaling may inhibit AB production and
also induce both the AP degrading enzyme IDE and trans-
thyretin, an AP chaperone that promotes clearance. In
fact, ®-3 rich fish oil has been shown to induce hippocam-
pal transthyretin in aging rat brain (Puskas et al., 2003).
The fish oil enriched ®-3 fatty acid DHA has also been
shown to reduce AP production and to be strongly neuro-
protective in primary human neuron cultures (Lukiw et al.,
2005). These effects appear to be due a recently discovered
lipoxygenase-derived DHA metabolite named neuropro-
tectin D1 (NPD1). Whatever the mechanism, our group
and others have repeated observations of DHA or fish
oil mediated amyloid reductions in transgenic mouse
models.

7. Clinical approaches
7.1. Insulin

Acute treatment with a bolus of glucose known to stim-
ulate insulin release (Craft et al., 1992) or insulin at
85 microU/ml can increase memory in AD patients. Craft
and colleagues performed a dose-response trial with acute
insulin treatment (with glucose clamped) on memory in
AD patients and normal volunteers (Craft et al., 2003).
Results again showed improved memory in non-ApoE4

AD patients at higher insulin doses (35 and 85 microU/
ml), but improvements in ApoE4 patients only at lower
doses (25 microU/ml). The authors concluded that the
non-ApoE4 patients were comparatively insulin-resistant,
consistent with earlier data showing they had higher insulin
levels. Conversely, the same group has found that ApoE4
patients have reduced insulin-degrading enzyme (Cook
et al., 2003).

7.2. Insulin-sensitizers — TZDs

TZDs are peroxisome proliferating activating receptor vy
(PPAR-vy) agonists that are used clinically to sensitize insu-
lin receptors and also possess anti-inflammatory activity.
They can prevent insulin resistance induced by pro-inflam-
matory cytokines (Peraldi et al., 1997) which makes them
reasonable candidates for treating deficits in AD. In neuro-
nal cultures, TZDs can suppress amyloid induced pro-in-
flammatory cytokine production and neurotoxicity
(Combs et al., 2000) and under inflammatory conditions,
they can limit BACE]1 expression (Sastre et al., 2003) and
to a limited extent amyloid accumulation in APP transgen-
ics (Yan et al., 2003). Given the animal data and the evi-
dence that Type II or insulin-resistant diabetes increased
AD risk and that treatment with insulin could improve
cognitive function in AD patients, Craft and colleagues
performed a preliminary 6 month clinical trial with 20
AD patients receiving an insulin-sensitizing TZD, rosiglit-
azone and 10 patients on placebo and found evidence for
slowed cognitive decline (Watson et al., 2005). This has
now been followed by a larger rosiglitazone trial with treat-
ment-related slowing of disease progression in non-ApoE4
patients (Risner et al., 2006).

7.3. Exercise

Like diet, exercise is one of the classical tools to fight
obesity, metabolic syndrome and associated insulin resis-
tance. Exercise induces functionally neuroprotective
increases in brain derived neurotrophic factor (BDNF)
(Neeper et al., 1995). Unlike NGF, another major CNS
trophic factor, BDNF, actually does show deficits in AD
(Connor et al., 1997; Pezet and Malcangio, 2004) and has
target neurons that are vulnerable in AD hippocampus
where neurons actually die back or are lost. Increased exer-
cise has been associated with reduced AD risk (Larson
et al., 2000). In addition, exercise increases systemic IGF-
1 (Schwartz et al., 1996) which, as cited above, crosses
the blood brain barrier and promotes amyloid clearance.
Exercise in the context of “environmental enrichment”
has recently been shown to promote amyloid clearance in
a transgenic model (Lazarov et al., 2005). In general, the
exercise and lifestyle changes devised to control cardiovas-
cular disease (CVD) risk show promise in preventing AD
since AD and CVD share many of the same risk factors.
Finally, exercise may even prove useful in treating AD (Ste-
vens and Killeen, 2006).
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7.4. w-3 (n— 3) fatty acids

-3 fatty acids are well-known insulin-sensitizing agents
in peripheral tissues (Taouis et al., 2002) and increased ®-3
consumption is associated with not only reduced cardio-
vascular disease, but reduced AD risk (reviewed in
(Maclean et al., 2005b)). The ®-3 fatty acid, docosahexae-
noic acid (DHA) has at least 2 neuroprotective mecha-
nisms. It facilitates AKT activation and survival signaling
by increasing membrane phosphatidylserine which partici-
pates in pleckstrin homology domain docking with PIP3 at
the plasma membrane (Akbar et al., 2005). DHA is also the
precursor of a neuroprotective lipid signaling molecule call
neuroprotectin D1 (NPD1) that is markedly reduced in AD
hippocampus and a potent modulator of apoptotic regula-
tory proteins, including BAD, Bcl2, BAX, etc (Lukiw et al.,
2005). Both pathways may protect against synaptic marker
loss in AD. DHA administration reduced caspase activa-
tion and the loss of molecules involved in postsynaptic
plasticity (PSD-95 and drebrin) and memory loss in a
AD transgenic model mice on a DHA-depleting high saf-
flower oil diet (Calon et al., 2004). Finally, DHA protects
against AP oligomer neurotoxicity in vitro (Florent et al.,
2006).

7.5. Small molecule insulin and trophic factor mimetics

Insulin possesses potential tumor promoting mitogenic
activity and shares the same degrading enzyme with AP
and thus competes with AP for IDE potentially reducing
AP degradation (Vekrellis et al., 2000). This latter concern
is justified by a recent study which revealed that insulin
infusion causes an increased CSF AP42 level in subjects
over 70 years of age (Watson et al., 2003). Therefore, a
small molecule insulin mimetic, demethylasterriquinone
Bl (DAQ B1), that does not competitively inhibit IDE, is
an alternative approach. DAQ BI1, synthesized by Merck
Research Laboratory in 2001, was found to be an orally
active insulin receptor modulator lacking mitogen-related
adverse side-effects (Salituro et al., 2001). It induces PI3
kinase and AKT activation as well as insulin, and is func-
tional in that it reduces glucose levels in diabetic patients
and induces a subset of the gene expression changes pro-
duced by insulin, but not those involved in proliferation
(Webster et al., 2003). Another advantage of DAQ B1 over
insulin is its hydrophobicity, which would allow it to pass
blood brain barrier, a prerequisite for a successful CNS
drug. DAQ BI, therefore, is a candidate molecule to be
used as an intervention for AD acting like insulin at the lev-
els of T and AP pathology as well as synaptic drebrin-actin
dysfunction. Our lab is currently exploring the efficacy of
DAQBI in models for Alzheimer pathogenesis.

7.6. Conclusion

While reduced insulin-like signaling can promote lon-
gevity, the same pathways are critical for neuronal survival

and plasticity that underlies memory and learning. Data
collected from cell culture, animal models and limited
human tissue suggest that age-related inflammation or
increased production of amyloid peptides in AD may cause
insulin and neurotophic factor resistance that can contrib-
ute to increases in amyloid peptides via a positive feedback
loop. These data also suggest that the brains of AD
patients have dysregulated insulin-like signaling. While
additional research is needed to understand the mecha-
nisms involved in the dysregulated insulin and trophic fac-
tor signaling and to develop better treatments, clinical
trials have already begun using insulin-sensitizing drugs,
exercise regimens and dietary inclusion of ®-3 fatty acids.

Acknowledgement
RO1 AG13741, AT003008-01.

References

Aizenman, Y., De Vellis, J., 1987. Brain neurons develop in a serum and
glial free environment: effects of transferrin, insulin, insulin-like
growth factor I and thyroid hormone on neuronal survival, growth
and differentiation. Brain Res. 406, 32-42.

Akbar, M., Calderon, F., Wen, Z., Kim, H.Y., 2005. Docosahexaenoic
acid: a positive modulator of Akt signaling in neuronal survival. Proc.
Natl. Acad. Sci. USA 102, 10858-10863.

Akiyama, H., Barger, S., Barnum, S., Bradt, B., Bauer, J., Cole, G.M.,
Cooper, N.E., Eikelenboom, P., Emmerling, M., Fiebich, B.L., Finch,
C.E., Frautschy, S., Griffin, W.S., Hampel, H., Hull, M., Landreth, G.,
Lue, L., Mrak, R., Mackenzie, I.LR., McGeer, P.L., O’'Banion, M.K.,
Pachter, J., Pasinetti, G., Plata-Salaman, C., Rogers, J., Rydel, R.,
Shen, Y., Streit, W., Strohmeyer, R., Tooyoma, 1., Van Muiswinkel,
F.L., Veerhuis, R., Walker, D., Webster, S., Wegrzyniak, B., Wenk,
G., Wyss-Coray, T., 2000. Inflammation and Alzheimer’s disease.
Neurobiol. Aging 21, 383-421.

Alvarez, A., Cacabelos, R., Sanpedro, C., Garcia-Fantini, M., Aleixandre,
M., 2006. Serum TNFa levels are increased and correlate negatively
with free IGF-I in Alzheimer disease. Neurobiol. Aging, [Epub ahead
of print].

Bartke, A., 2006. Long-lived Klotho mice: new insights into the roles of
IGF-1 and insulin in aging. Trends Endocrinol. Metab. 17, 33-35.
Behl, C., Davis, J.B., Lesley, R., Schubert, D., 1994. Hydrogen peroxide

mediates amyloid B-protein toxicity. Cell 77, 817-827.

Bhat, R.V., Budd Haeberlein, S.L., Avila, J., 2004. Glycogen synthase
kinase 3: a drug target for CNS therapies. J. Neurochem. 89, 1313-
1317.

Boda, B., Alberi, S., Nikonenko, I., Node-Langlois, R., Jourdain, P.,
Moosmayer, M., Parisi-Jourdain, L., Muller, D., 2004. The mental
retardation protein PAK3 contributes to synapse formation and
plasticity in hippocampus. J. Neurosci. 24, 10816-10825.

Bokoch, G.M., 2003. Biology of the p2l-activated kinases. Annu. Rev.
Biochem. 72, 743-781.

Bothmer, J., Markerink, M., Jolles, J., 1994. Phosphoinositide kinase
activities in synaptosomes prepared from brains of patients with
Alzheimer’s disease and controls. Neurosci. Lett. 176, 169-172.

Calon, F., Lim, G.P., Yang, F., Morihara, T., Teter, B., Ubeda, O.,
Rostaing, P., Triller, A., Salem Jr., N., Ashe, K.H., Frautschy, S.A.,
Cole, G.M., 2004. Docosahexaenoic acid protects from dendritic
pathology in an Alzheimer’s disease mouse model. Neuron 43, 633—
645.

Calon, F., Lim, G.P., Morihara, T., Yang, F., Ubeda, O., Salem, N.J.,
Frautschy, S.A., G.M, C., 2005. Dietary n-3 polyunsaturated fatty acid
depletion activates caspases and decreases NMDA receptors in the



18 G.M. Cole, S.A. Frautschy | Experimental Gerontology 42 (2007) 10-21

brain of a transgenic mouse model of Alzheimer’s disease. Eur. J.
Neurosci. 22, 617-626.

Carro, E., Trejo, J.L., Gomez-Isla, T., LeRoith, D., Torres-Aleman, 1.,
2002. Serum insulin-like growth factor I regulates brain amyloid-beta
levels. Nat. Med. 8, 1390-1397.

Carro, E., Trejo, J.L., Spuch, C., Bohl, D., Heard, J.M., Torres-Aleman,
1., 2005. Blockade of the insulin-like growth factor I receptor in the
choroid plexus originates Alzheimer’s-like neuropathology in rodents:
new cues into the human disease? Neurobiol. Aging. 27 (11), 1618—
1631, Epub 2005 Nov 7.

Carson, M.J., Behringer, R.R., Brinster, R.L., McMorris, F.A., 1993.
Insulin-like growth factor I increases brain growth and central nervous
system myelination in transgenic mice. Neuron 10, 729-740.

Chromy, B.A., Nowak, R.J., Lambert, M.P., Viola, K.L., Chang, L.,
Velasco, P.T., Jones, B.W., Fernandez, S.J., Lacor, P.N., Horowitz, P.,
Finch, C.E., Krafft, G.A., Klein, W.L., 2003. Self-assembly of
Abeta(1-42) into globular neurotoxins. Biochemistry 42, 12749-12760.

Chua, B.T., Volbracht, C., Tan, K.O., Li, R., Yu, V.C., Li, P., 2003.
Mitochondrial translocation of cofilin is an early step in apoptosis
induction. Nat. Cell Biol. 5, 1083-1089, Epub 2003 Nov 1023.

Combs, C.K., Johnson, D.E., Karlo, J.C., Cannady, S.B., Landreth, G.E.,
2000. Inflammatory mechanisms in Alzheimer’s disease: inhibition of
b-amyloid-stimulated proinflammatory responses and neurotoxicity by
PPARg agonists. J. Neurosci. 20, 558-567.

Connor, B., Young, D., Yan, Q., Faull, R.L., Synek, B., Dragunow, M.,
1997. Brain-derived neurotrophic factor is reduced in Alzheimer’s
disease. Mol. Brain Res. 49, 71-81.

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

Craft, S., Zallen, G., Baker, L.D., 1992. Glucose and memory in mild
senile dementia of the Alzheimer type. J. Clin. Exp. Neuropsychol. 14,
253-267.

Craft, S., Peskind, E., Schwartz, M.W., Schellenberg, G.D., Raskind, M.,
Porte Jr., D., 1998. Cerebrospinal fluid and plasma insulin levels in
Alzheimer’s disease: relationship to severity of dementia and apolipo-
protein E genotype. Neurology 50, 164—168.

Craft, S., Asthana, S., Cook, D.G., Baker, L.D., Cherrier, M., Purganan,
K., Wait, C., Petrova, A., Latendresse, S., Watson, G.S., Newcomer,
J.W., Schellenberg, G.D., Krohn, A.J., 2003. Insulin dose-response
effects on memory and plasma amyloid precursor protein in Alzhei-
mer’s disease: interactions with apolipoprotein E genotype. Psycho-
neuroendocrinology 28, 809-822.

Delarue, J., LeFoll, C., Corporeau, C., Lucas, D., 2004. N-3 long chain
polyunsaturated fatty acids: a nutritional tool to prevent insulin
resistance associated to type 2 diabetes and obesity? Reprod. Nutr.
Dev. 44, 289-299.

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

Eldar-Finkelman, H., Krebs, E.G., 1997. Phosphorylation of insulin
receptor substrate 1 by glycogen synthase kinase 3 impairs insulin
action. Proc. Natl. Acad. Sci. USA 94, 9660-9664.

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

Florent, S., Malaplate-Armand, C., Youssef, I., Kriem, B., Koziel, V.,
Escanye, M.C., Fifre, A., Sponne, 1., Leininger-Muller, B., Olivier,
J.L., Pillot, T., Oster, T., 2006. Docosahexaenoic acid prevents
neuronal apoptosis induced by soluble amyloid-beta oligomers. J.
Neurochem. 96, 385-395.

Gasparini, L., Xu, H., 2003. Potential roles of insulin and IGF-1 in
Alzheimer’s disease. Trends Neurosci. 26, 404-406.

Grace, E.A., Rabiner, C.A., Busciglio, J., 2002. Characterization of
neuronal dystrophy induced by fibrillar amyloid beta: implications for
Alzheimer’s disease. Neuroscience 114, 265-273.

Griffin, R.J., Moloney, A., Kelliher, M., Johnston, J.A., Ravid, R.,
Dockery, P., O’Connor, R., O’Neill, C., 2005. Activation of Akt/PKB,
increased phosphorylation of Akt substrates and loss and altered
distribution of Akt and PTEN are features of Alzheimer’s disease
pathology. J. Neurochem. 93, 105-117.

Guthrie, K.M., Nguyen, T., Gall, C.M., 1995. Insulin-like growth factor-1
mRNA is increased in deafferented hippocampus: spatiotemporal
correspondence of a trophic event with axon sprouting. J. Comp.
Neurol. 352, 147-160.

Hafen, E., 2004. Cancer, type 2 diabetes, and ageing: news from flies and
worms. Swiss Med. Wkly. 134, 711-719.

Harigaya, Y., Shoji, M., Shirao, T., Hirai, S., 1996. Disappearance of
actin-binding protein, drebrin, from hippocampal synapses in Alzhei-
mer’s disease. J. Neurosci. Res. 43, 87-92.

Hayashi, K., Ishikawa, R., Ye, L.H., He, X.L., Takata, K., Kohama, K.,
Shirao, T., 1996. Modulatory role of drebrin on the cytoskeleton
within dendritic spines in the rat cerebral cortex. J. Neurosci. 16, 7161-
7170.

Higuchi, M., Tomioka, M., Takano, J., Shirotani, K., Iwata, N.,
Masumoto, H., Maki, M., Itohara, S., Saido, T.C., 2005. Distinct
mechanistic roles of calpain and caspase activation in neurodegener-
ation as revealed in mice overexpressing their specific inhibitors. J.
Biol. Chem. 280, 15229-15237.

Ho, L., Qin, W., Pompl, P.N., Xiang, Z., Wang, J., Zhao, Z., Peng, Y.,
Cambareri, G., Rocher, A., Mobbs, C.V., Hof, P.R., Pasinetti, G.M.,
2004. Diet-induced insulin resistance promotes amyloidosis in a
transgenic mouse model of Alzheimer’s disease. FASEB J. 18, 902-904.

Holzenberger, M., Kappeler, L., De Magalhaes Filho, C., 2004. IGF-1
signaling and aging. Exp. Gerontol. 39, 1761-1764.

Hsu, H.Y., Wen, M.H., 2002. Lipopolysaccharide-mediated reactive
oxygen species and signal transduction in the regulation of interleu-
kin-1 gene expression. J. Biol. Chem. 277, 22131-22139.

Hu, X., Roberts, J.R., Apopa, P.L., Kan, Y.W., Ma, Q., 2006. Accelerated
ovarian failure induced by 4-vinyl cyclohexene diepoxide in Nrf2 null
mice. Mol. Cell. Biol. 26, 940-954.

Ingelsson, M., Fukumoto, H., Newell, K.L., Growdon, J.H., Hedley-
Whyte, E.T., Frosch, M.P., Albert, M.S., Hyman, B.T., Irizarry, M.C.,
2004. Early Abeta accumulation and progressive synaptic loss, gliosis,
and tangle formation in AD brain. Neurology 62, 925-931.

Jolles, J., Bothmer, J., Markerink, M., Ravid, R., 1992. Phosphatidylin-
ositol kinase is reduced in Alzheimer’s disease. J. Neurochem. 58,
2326-2329.

Kitamura, Y., Kitamura, T., Sakaue, H., Maeda, T., Ueno, H., Nishio, S.,
Ohno, S., Osada, S., Sakaue, M., Ogawa, W., Kasuga, M., 1997.
Interaction of Nck-associated protein 1 with activated GTP-binding
protein Rac. Biochem. J. 322 (Pt 3), 873-878.

Kwon, T., Kwon, D.Y., Chun, J., Kim, J.H., Kang, S.S., 2000. Akt
protein kinase inhibits Racl-GTP binding through phosphorylation at
serine 71 of Racl. J. Biol. Chem. 275, 423-428.

Larson, E.B., Wang, L., Bowen, J.D., McCormick, W.C., Teri, L., Crane,
P., Kukull, W., 2006. Exercise is associated with reduced risk for
incident dementia among persons 65 years of age and older. Ann.
Intern. Med. 144, 73-81.

Lazarov, O., Robinson, J., Tang, Y.P., Hairston, L.S., Korade-Mirnics, Z.,
Lee, V.M., Hersh, L.B., Sapolsky, R.M., Mirnics, K., Sisodia, S.S.,
2005. Environmental enrichment reduces Abeta levels and amyloid
deposition in transgenic mice. Cell 120, 701-713.

Lee, J.M., Johnson, J.A., 2004. An important role of Nrf2-ARE
pathway in the cellular defense mechanism. J. Biochem. Mol. Biol.
37, 139-143.

Lee, M.S., Kwon, Y.T., Li, M., Peng, J., Friedlander, R.M., Tsai, L.H.,
2000. Neurotoxicity induces cleavage of p35 to p25 by calpain. Nature
405, 360-364.

Leibson, C.L., Rocca, W.A., Hanson, V.A., Cha, R., Kokmen, E.,
O’Brien, P.C., Palumbo, P.J., 1997. The risk of dementia among



G.M. Cole, S.A. Frautschy | Experimental Gerontology 42 (2007) 10-21 19

persons with diabetes mellitus: a population-based cohort study. Ann.
N.Y. Acad. Sci. 826, 422-427.

Li, J., Lee, JJM., Johnson, D.A., Johnson, J.A., 2004. Antioxidant
responsive element activation by quinones: antioxidant responsive
element target genes, role of PI3 kinase in activation. Meth. Enzymol.
378, 238-258.

Lim, G.P., Calon, F., Morihara, T., Yang, F., Teter, B., Ubeda, O., Salem
Jr., N., Frautschy, S.A., Cole, G.M., 2005. A diet enriched with the
omega-3 fatty acid docosahexaenoic acid reduces amyloid burden in an
aged Alzheimer mouse model. J. Neurosci. 25, 3032-3040.

Liu, X., Yao, D.L., Webster, H., 1995. Insulin-like growth factor I
treatment reduces clinical deficits and lesion severity in acute demy-
elinating experimental autoimmune encephalomyelitis. Multiple Scle-
rosis 1, 2-9.

Lizcano, J.M., Alessi, D.R., 2002. The insulin signalling pathway. Curr.
Biol. 12, R236-R238.

Lukiw, W.J., Cui, J.G., Marcheselli, V.L., Bodker, M., Botkjaer, A.,
Gotlinger, K., Serhan, C.N., Bazan, N.G., 2005. A role for docosa-
hexaenoic acid-derived neuroprotectin D1 in neural cell survival and
Alzheimer disease. J. Clin. Invest. 115, 2774-2783.

Ma, Q.-L., Lim, G.P., Harris-White, M.E., Yang, F., Ambegaokar, S.S.,
Ubeda, O., Beech, W., Zhao, L., Hu, S., Teter, B., Kayed, R., Glabe,
C.G., Frautschy, S.A., Cole, G.M., 2006. Antibodies against f3-
amyloid rapidly neutralize A B oligomers and inhibit GSK-3
activation and tau phosphorylation in vivo and in vitro. J. Neurosci.
Res. 83, 374-384.

Maclean, C.H., Issa, A.M., Newberry, S.J., Mojica, W.A., Morton, S.C.,
Garland, R.H., Hilton, L.G., Traina, S.B., Shekelle, P.G., 2005a.
Effects of omega-3 fatty acids on cognitive function with aging,
dementia, and neurological diseases. Evid. Rep. Technol. Assess.
(Summ), 1-3.

Maclean, C.H., Newberry, S.J., Mojica, W.A., Issa, A., Khanna, P., Lim,
Y.W., Morton, S.C., Suttorp, M., Tu, W., Hilton, L.G., Garland,
R.H., Traina, S.B., Shekelle, P.G., 2005b. Effects of omega-3 fatty
acids on cancer. Evid. Rep. Technol. Assess (Summ), 1-4.

Mabher, F.O., Martin, D.S., Lynch, M.A., 2004. Increased IL-1beta in
cortex of aged rats is accompanied by downregulation of ERK and PI-
3 kinase. Neurobiol. Aging 25, 795-806.

Meng, J., Meng, Y., Hanna, A., Janus, C., Jia, Z., 2005. Abnormal long-
lasting synaptic plasticity and cognition in mice lacking the mental
retardation gene Pak3. J. Neurosci. 25, 6641-6650.

Morris, M.C., Evans, D.A., Bienias, J.L., Tangney, C.C., Bennett,
D.A., Aggarwal, N., Schneider, J., Wilson, R.S., 2003. Dietary fats
and the risk of incident Alzheimer disease. Arch. Neurol. 60, 194—
200.

Neeper, S.A., Gémez-Pinilla, F., Choi, J., Cotman, C.W., 1995. Exercise
and brain neurotrophins. Nature 373, 109.

Newman, J., Rissman, R.A., Sarsoza, F., Kim, R.C., Dick, M.,
Bennett, D.A., Cotman, C.W., Rohn, T.T., Head, E., 2005.
Caspase-cleaved tau accumulation in neurodegenerative diseases
associated with tau and alpha-synuclein pathology. Acta Neuropa-
thol. (Berl) 110, 135-144.

Nishijima, C., Kimoto, K., Arakawa, Y., 2001. Survival activity of
troglitazone in rat motoneurones. J. Neurochem. 76, 383-390.

Odetti, P., Piccini, A., Giliberto, L., Borghi, R., Natale, A., Monacelli, F.,
Marchese, M., Assini, A., Colucci, M., Cammarata, S., Tabaton, M.,
2005. Plasma levels of insulin and amyloid beta 42 are correlated in
patients with amnestic Mild Cognitive Impairment. J. Alzheimers. Dis.
8, 243-245.

Olson, D.E., Norris, S.L., 2004. Diabetes in older adults. Overview of
AGS guidelines for the treatment of diabetes mellitus in geriatric
populations. Geriatrics 59, 18-24, quiz 25.

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

Ott, A., Stolk, R.P., van Harskamp, F., Pols, H.A., Hofman, A., Breteler,
M.M., 1999. Diabetes mellitus and the risk of dementia: The
Rotterdam Study. Neurology 53, 1937-1942.

Papakonstanti, E.A., Stournaras, C., 2002. Association of PI-3 kinase
with PAK1 leads to actin phosphorylation and cytoskeletal reorgani-
zation. Mol. Biol. Cell 13, 2946-2962.

Pedersen, W.A., McMillan, P.J., Kulstad, J.J., Leverenz, J.B., Craft, S.,
Haynatzki, G.R., 2006. Rosiglitazone attenuates learning and memory
deficits in Tg2576 Alzheimer mice. Exp. Neurol. 199, 265-273.

Peila, R., Rodriguez, B.L., Launer, L.J., 2002. Type 2 diabetes, APOE
gene, and the risk for dementia and related pathologies: The Honolulu-
Asia Aging Study. Diabetes 51, 1256-1262.

Peraldi, P., Xu, M., Spiegelman, B.M., 1997. Thiazolidinediones block
tumor necrosis factor-alpha-induced inhibition of insulin signaling. J.
Clin. Invest. 100, 1863-1869.

Pezet, S., Malcangio, M., 2004. Brain-derived neurotrophic factor as a
drug target for CNS disorders. Expert Opin. Ther. Targets 8, 391-399.

Phiel, C.J., Wilson, C.A., Lee, V.M., Klein, P.S., 2003. GSK-3alpha
regulates production of Alzheimer’s disease amyloid-beta peptides.
Nature 423, 435-439.

Puskas, L.G., Kitajka, K., Nyakas, C., Barcelo-Coblijn, G., Farkas, T.,
2003. Short-term administration of omega 3 fatty acids from fish oil
results in increased transthyretin transcription in old rat hippocampus.
Proc. Natl. Acad. Sci. USA 100 (4), 1580-1585, E pub 2003 Feb 3.

Rice, D.P., Fox, P.J., Max, W., Webber, P.A., Lindeman, D.A., Hauck,
W.W., Segura, E., 1993. The economic burden of Alzheimer’s disease
care. Health Aff. (Millwood) 12, 164-176.

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

Rickle, A., Bogdanovic, N., Volkmann, 1., Zhou, X., Pei, J.J., Winblad,
B., Cowburn, R.F., 2006. PTEN levels in Alzheimer’s disease medial
temporal cortex. Neurochem. Int. 48, 114-123.

Risner, M.E., Saunders, A.M., Altman, J.F., Ormandy, G.C., Craft, S.,
Foley, .M., Zvartau-Hind, M.E., Hosford, D.A., Roses, A.D., 2006.
Efficacy of rosiglitazone in a genetically defined population with mild-
to-moderate Alzheimer’s disease. Pharmacogenomics J.

Rivera, E.J., Goldin, A., Fulmer, N., Tavares, R., Wands, J.R., de la
Monte, S.M., 2005. Insulin and insulin-like growth factor expression
and function deteriorate with progression of Alzheimer’s disease: link
to brain reductions in acetylcholine. J. Alzheimer’s Dis. 8, 247-268.

Salituro, G.M., Pelaez, F., Zhang, B.B., 2001. Discovery of a small
molecule insulin receptor activator. Recent Prog. Horm. Res. 56, 107
126.

Sastre, M., Dewachter, 1., Landreth, G.E., Willson, T.M., Klockgether,
T., van Leuven, F., Heneka, M.T., 2003. Nonsteroidal anti-inflamma-
tory drugs and peroxisome proliferator-activated receptor-gamma
agonists modulate immunostimulated processing of amyloid precursor
protein through regulation of beta-secretase. J. Neurosci. 23, 9796
9804.

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

Schwartz, A.J., Brasel, J.A., Hintz, R.L., Mohan, S., Cooper, D.M., 1996.
Acute effect of brief low- and high-intensity exercise on circulating
insuling like growth factor (IGF) 1, II, and IGF-binding protein-3 and
its proteolysis in young healthy men. J. Clin. Endocrinol. Metab. 81,
3492-3497.

Shimohama, S., Tanino, H., Kawakami, N., Okamura, N., Kodama, H.,
Yamaguchi, T., Hayakawa, T., Nunomura, A., Chiba, S., Perry, G.,
Smith, M., Fujimoto, S., 2000. Activation of NADPH oxidase in
Alzheimer’s disease brains. Biochem. Biophys. Res. Commun. 273, 5-9.

Shirao, T., Obata, K., 1985. Two acidic proteins associated with brain
development in chick embryo. J. Neurochem. 44, 1210-1216.

Steen, E., Terry, B.M., Rivera, E.J., Cannon, J.L., Neely, T.R., Tavares,
R., Xu, X.J., Wands, J.R., de la Monte, S.M., 2005. Impaired insulin
and insulin-like growth factor expression and signaling mechanisms in
Alzheimer’s disease-is this type 3 diabetes? J. Alzheimer’s Dis. 7, 63—
80.



20 G.M. Cole, S.A. Frautschy | Experimental Gerontology 42 (2007) 10-21

Stein, T.D., Johnson, J.A., 2002. Lack of neurodegeneration in transgenic
mice overexpressing mutant amyloid precursor protein is associated
with increased levels of transthyretin and the activation of cell survival
pathways. J. Neurosci. 22, 7380-7388.

Stein, T.D., Anders, N.J., DeCarli, C., Chan, S.L., Mattson, M.P.,
Johnson, J.A., 2004. Neutralization of transthyretin reverses the
neuroprotective effects of secreted amyloid precursor protein (APP) in
APPSW mice resulting in © phosphorylation and loss of hippocampal
neurons: support for the amyloid hypothesis. J. Neurosci. 24, 7707—
7717.

Stevens, J., Killeen, M., 2006. A randomised controlled trial testing the
impact of exercise on cognitive symptoms and disability of residents
with dementia. Contemp. Nurse 21, 32-40.

Stocker, H., Andjelkovic, M., Oldham, S., Laffargue, M., Wymann, M.P.,
Hemmings, B.A., Hafen, E., 2002. Living with lethal PIP3 levels:
viability of flies lacking PTEN restored by a PH domain mutation in
Akt/PKB. Science 295, 2088-2091.

Takashima, A., Noguchi, K., Sato, K., Hoshino, T., Imahori, K., 1993.
tau protein kinase I is essential for amyloid B-protein-induced
neurotoxicity. Proc. Natl. Acad. Sci. USA 90, 7789-7793.

Taouis, M., Dagou, C., Ster, C., Durand, G., Pinault, M., Delarue, J.,
2002. N-3 polyunsaturated fatty acids prevent the defect of insulin
receptor signaling in muscle. Am. J. Physiol. Endocrinol. Metab. 282,
E664-E671.

Toda, M., Shirao, T., Uyemura, K., 1999. Suppression of an actin-binding
protein, drebrin, by antisense transfection attenuates neurite out-
growth in neuroblastoma B104 cells. Brain Res. Dev. Brain Res. 114,
193-200.

Tong, L., Balazs, R., Thornton, P.L., Cotman, C.W., 2004. Beta-amyloid
peptide at sublethal concentrations downregulates brain-derived neu-
rotrophic factor functions in cultured cortical neurons. J. Neurosci. 24,
6799-6809.

Uchida, Y., Ihara, Y., Tomonaga, M., 1988. Alzheimer’s disease brain
extract stimulates the survival of cerebral cortical neurons from
neonatal rats. Biochem. Biophys. Res. Commun. 150, 1263-1267.

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

Wang, T., Qin, L., Liu, B., Liu, Y., Wilson, B., Eling, T.E., Langenbach,
R., Taniura, S., Hong, J.S., 2004. Role of reactive oxygen species in
LPS-induced production of prostaglandin E2 in microglia. J. Neuro-
chem. 88, 939-947.

Watson, G.S., Craft, S., 2003. The role of insulin resistance in the
pathogenesis of Alzheimer’s disease: implications for treatment. CNS
Drugs 17, 27-45.

Watson, G.S., Peskind, E.R., Asthana, S., Purganan, K., Wait, C.,
Chapman, D., Schwartz, M.W., Plymate, S., Craft, S., 2003. Insulin
increases CSF Abetad2 levels in normal older adults. Neurology 60,
1899-1903.

Watson, G.S., Cholerton, B.A., Reger, M.A., Baker, L.D., Plymate, S.R.,
Asthana, S., Fishel, M.A., Kulstad, J.J., Green, P.S., Cook, D.G.,
Kahn, S.E., Keeling, M.L., Craft, S., 2005. Preserved cognition in
patients with early Alzheimer disease and amnestic mild cognitive
impairment during treatment with rosiglitazone: a preliminary study.
Am. J. Geriatr. Psychiatry 13, 950-958.

Webster, N.J., Park, K., Pirrung, M.C., 2003. Signaling effects of
demethylasterriquinone B1, a selective insulin receptor modulator.
Chembiochem 4, 379-385.

Wei, W., Wang, X., Kusiak, J.W., 2002. Signaling events in amyloid beta-
peptide-induced neuronal death and insulin-like growth factor I
protection. J. Biol. Chem. 277, 17649-17656, Epub 12002 Mar 17646.

Yan, Q., Zhang, J., Liu, H., Babu-Khan, S., Vassar, R., Biere, A.L.,
Citron, M., Landreth, G., 2003. Anti-inflammatory drug therapy alters
beta-amyloid processing and deposition in an animal model of
Alzheimer’s disease. J. Neurosci. 23, 7504-7509.

Yang, E., Kim, H., Lee, J., Shin, J.S., Yoon, H., Kim, S.J., Choi, I.H.,
2004. Overexpression of LIM kinase 1 renders resistance to apoptosis

in PC12 cells by inhibition of caspase activation. Cell. Mol. Neurobiol.
24, 181-192.

Yuan, Z.Q., Kim, D., Kaneko, S., Sussman, M., Bokoch, G.M., Kruh,
G.D., Nicosia, S.V., Testa, J.R., Cheng, J.Q., 2005. ArgBP2gamma
interacts with Akt and p2l-activated kinase-1 and promotes cell
survival. J. Biol. Chem. 280, 21483-21490.

Zhao, L., Teter, B., Morihara, T., Lim, G.P., Ambegaokar, S.S., Ubeda,
0.J., Frautschy, S.A., Cole, G.M., 2004. Insulin-degrading enzyme as
a downstream target of insulin receptor signaling cascade: implications
for Alzheimer’s disease intervention. J. Neurosci. 24, 11120-11126.

Zhao, L., Ma, Q.L., Calon, F., Harris-White, M.E., Yang, F., Lim, G.P.,
Morihara, T., Ubeda, O.J., Ambegaokar, S., Hansen, J.E., Weisbart,
R.H., Teter, B., Frautschy, S.A., Cole, G.M., 2006. Role of p21-
activated kinase pathway defects in the cognitive deficits of Alzheimer
disease. Nat. Neurosci. 9, 234-242.

Zhou, G.L., Zhuo, Y., King, C.C., Fryer, B.H., Bokoch, G.M., Field, J.,
2003. Akt phosphorylation of serine 21 on Pakl modulates Nck
binding and cell migration. Mol. Cell. Biol. 23, 8058-8069.

Zubenko, G.S., Stiffler, J.S., Hughes, H.B., Martinez, A.J., 1999.
Reductions in brain phosphatidylinositol kinase activities in Alzhei-
mer’s disease. Biol. Psychiatry 45, 731-736.

Glossary and Abbreviations

Ap: Amyloid B-protein. 40-42 amino acid self-aggregating peptide impli-
cated in AD

AD: Alzheimer’s disease. Age-related dementing disease with plaques and
tangles

AKT: Protein kinase B (after AKT oncogene). Major ‘“‘pro-survival”
kinase

AP-1: Activator protein-1. A transcription factor

ApoE: Apolipoprotein E. Lipoprotein involved in cholesterol and AP
transport. Allelic variant, ApoE4, is the major genetic risk factor for
AD.

APP: Amyloid B-protein precursor, releases AP after cleavage by proteas-
es (secretases)

APPsw: APP with “Swedish” mutation, increases A} production

ARE: Antioxidant response element, transcription factor regulating de-
fense enzymes

BACEI: B-secretase, cuts APP at N-terminus of A

BDNF: Brain-derived neurotrophic factor, a major trophic factor related
to learning

Cofilin: An actin filament severing protein that is inhibited by PAK to
LIMK1

COX-2: Cyclooxygenase 2, inducible enzyme target of anti-inflammatory
drugs

CREB: cAmp response element binding protein, transcription factor
related to learning

CSF: Cerebrospinal fluid, bathes brain

CVD: Cardiovascular disease

DAQBI: Dimetheylasterriquinone B1, an insulin mimetic small molecule

DHA: Docosahexaenoic acid (C22:6 n — 3)

Elk-1: An insulin-regulated transcription factor

ERK: Extracellular regulated kinase, involved in mitogenesis, memory
and survival

FOXO: Forkhead, box transcription factor class O (mammalian homo-
logue of Daf16)

GLUTH4: Glucose transporter 4, central to peripheral insulin-dependent
glucose uptake GLUTS3. glucose transporter 3, major regulator of neu-
ronal glucose uptake

Grb2: An SH2 adaptor protein that couples activated receptor to ERK/
MAPK

GSK3a/B: Glycogen synthase kinase 3 (o/B) has many substrates, includ-
ing t

IDE: Insulin degrading enzyme, also major AB-degrading enzyme

IGF: Insulin-like growth factor, for brain, notably IGF-1

IL-1p: Interleukin 1B (pro-inflammatory cytokine)
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IRS-1/2: Insulin receptor substrate 1/2 (adaptor protein) coupling recep-
tor to PI3-K

LIMK]I: LIM kinase 1, provides inhibitory control over cofilin, an actin-
severing protein

MAPK: Mitogen activated protein kinase (e.g., ERK1, ERK?2)

NGF: Nerve growth factor, important for cholinergic neuron survival in
brain

NPDI: Neuroprotectin D1, a neuroprotective enzymatic product of DHA

Nrf-2: NF-E2 related factor 2, an ARE regulating transcription factor

P85 Regulatory subunit of PI3-kinase, transduces insulin signals to AKT
pathway

P110: Catalytic subunit of PI3-kinase

PAK: p2l-activated kinase family (PAKIL,2,3, 4, 5) b regulates actin
through LIMK1

PDKI: Phosphoinositide-dependent protein kinase 1, activates docked AKT

PH: Domain pleckstrin homology domain, required for AKT plasma
membrane docking

PI3-K: Phosphatidylinositol 3 kinase, a major survival kinase upstream of
AKT

PPARy: Peroxisome proliferating activating receptor v, target of TZDs

PINKI: PTEN induced kinase 1, a neuroprotective kinase

PIP3: Phosphatidylinositol 3,4,5 (phosphate)3, PI3-K product that docks
ATK

PTEN: Phosphatase and tensin homolog deleted on chromosome 10, reg-
ulates AKT

PS: Phosphatidylserine, promotes AKT membrane docking, regulated by
DHA

PS1: Presenilin 1, y-secretase complex component cutting APP at Af C-
terminus

Racl: Small G protein activator, involved in AP oligomer activation of
PAK

ROS: Reactive oxygen species (e.g., superoxide, singlet oxygen, hydroxyl
free radicals)

SH2: src homology domain 2, adaptor proteins use to couple to signaling
pathway

SHC: An SH2 adaptor protein that couples insulin signaling to ERK/
MAPK

TNFa: Tumor necrosis factor a, (pro-inflammatory cytokine)

TOR: Target of rapamycin, AKT target that regulates FOXO/forkhead

TrkB: High affinity neurotrophin receptor component involved in surviv-
al signaling

TZDS: Thiazolidinediones, PPAR ligands used to treat insulin-resistance
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