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Increased coexistence of Alzheimer disease (AD) and type
2 diabetes mellitus (T2DM) suggests that insulin re-
sistance abets neurodegenerative processes, but linkage
mechanisms are obscure. Here, we examined insulin
signaling factors in brains of insulin-resistant high-fat-fed
mice, ob/ob mice, mice with genetically impaired muscle
glucose transport, and monkeys with diet-dependent long-
standing obesity/T2DM. In each model, the resting/
basal activities of insulin-regulated brain protein ki-
nases, Akt and atypical protein kinase C (aPKC), were
maximally increased. Moreover, Akt hyperactivation was
accompanied by hyperphosphorylation of substrates gly-
cogen synthase kinase-38 and mammalian target of
rapamycin and FOXO proteins FOXO1, FOXO3A, and
FOXO04 and decreased peroxisome proliferator-activated
receptor vy coactivator-1a (PGC-1«) expression. Akt
hyperactivation was confirmed in individual neurons
of anterocortical and hippocampal regions that house
cognition/memory centers. Remarkably, B-amyloid
(AB1-40/42) Peptide levels were as follows: increased in the
short term by insulin in normal mice, increased basally in
insulin-resistant mice and monkeys, and accompanied by
diminished amyloid precursor protein in monkeys. Phos-
phorylated tau levels were increased in ob/ob mice and
T2DM monkeys. Importantly, with correction of hyperin-
sulinemia by inhibition of hepatic aPKC and improvement
in systemic insulin resistance, brain insulin signaling nor-
malized. As FOXOs and PGC-1a are essential for memory

and long-term neuronal function and regeneration and as
AB1-_40/42 and phospho-tau may increase interneuronal
plaques and intraneuronal tangles, presently observed
aberrations in hyperinsulinemic states may participate
in linking insulin resistance to AD.

Insulin-resistant obesity and the metabolic syndrome are
present in one of three adults (1) and progress to type 2
diabetes mellitus (T2DM) in one of four people over 65
years of age. Alzheimer disease (AD) afflicts one of eight
people over 65 years of age and one of two people over
85 years of age. Moreover, AD risk in people with T2DM
and vice versa is increased twofold (2,3), and fasting glu-
cose intolerance or T2DM was present in four of five
Mayo Clinic AD patients (4). It is therefore suspected
that insulin-resistant states may predispose the brain to
development of late-onset AD.

Mechanisms that might link insulin-resistant states
with AD are obscure. Obesity/T2DM-associated vascular
disease may contribute, but alterations in insulin signal-
ing factors in AD brains raise the suspicion of a relation-
ship. In particular, human AD brains show diminished
insulin receptor levels and impairments in insulin receptor
substrate (IRS)-1 (5,6), which, in some tissues, activates
both protein kinase B (mammalian homolog to viral-Akt
[Akt]) and atypical protein kinase C (aPKC), the two
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intracellular mediators of most insulin effects. How-
ever, in liver, although IRS-1 activates Akt, IRS-2 acti-
vates aPKC (7), and information on IRS-1 and IRS-2 in
brain is lacking. Nevertheless, as systemic insulin resistance
is often considered to be generalized, it is postulated that
the brain is similarly insulin resistant and abets AD devel-
opment (8-11). To reinforce this idea, it is theorized that
insulin-stimulated Akt phosphorylates/inhibits glycogen
synthase kinase-3 (GSK3), which, by phosphorylating
threonine (Thr)-231-tau (12,13), increases intraneuronal
phospho (p)-tau tangles, which, along with interneuronal
B-amyloid (AB1_40/42) peptide—containing plaques, promotes
AD pathology (14). With this rationale, intranasal insulin
therapy is now in dlinical trials for the treatment of putative
brain insulin resistance in AD (15).

However, insulin resistance is not necessarily gener-
alized. Indeed, insulin-sensitive pathways extrinsic to
that responsible for impaired glucose metabolism may be
intact and hyperactivated. For example, in the initial
phases of insulin resistance in high-fat-fed (HFF) (16)
and ob/ob (17) mice, the level of hepatic aPKC is inordi-
nately increased by diet-derived ceramide; aPKC selectively
impairs insulin/Akt regulation of hepatic FOXO1; and sub-
sequent increases in peroxisome proliferator-activated
receptor y coactivator-la. (PGC-1a) provoke increases in
gluconeogenesis, glucose intolerance, systemic insulin re-
sistance, and hyperinsulinemia, which increases still-intact
hepatic Akt activity and lipogenesis (16,17). Additionally,
in livers of obese humans and humans with T2DM, insulin
activation of IRS-2 is conserved and further activates aPKC
and lipogenesis, even when IRS-1 and Akt are downregu-
lated (18,19).

To explore the relationships between systemic insulin
resistance and neurodegenerative disorders, we exam-
ined insulin signaling in brains of mice with diet-induced
obesity (DIO), HFF mice, and hyperphagic ob/ob mice
consuming high-carbohydrate chow (16,17); mice in
which insulin resistance is provoked by impaired muscle
glucose transport owing to heterozygous muscle-specific
PKC-N\ knockout (Het-MAKO) (20,21); and monkeys
with long-standing diet-dependent obesity and T2DM. In
these models, brain insulin-signaling factors were maxi-
mally activated, thus leading to 1) hyperphosphorylation/
inactivation of FOXO proteins and subsequent decreases
in PGC-la that together maintain neuronal function/
integrity and 2) insulin-dependent increases in AB1_40/42
peptides and p-tau that may promote AD plaque and tangle
formation.

RESEARCH DESIGN AND METHODS

Mouse Studies

Brains were harvested from mice used in previous studies
of insulin signaling and resistance in liver and muscle: 1)
4- to 6-month-old male C57BL/6 0b/ob and lean ob" mice
(The Jackson Laboratory, Bar Harbor, ME) (17), 2) 4- to
6-month-old male and female C57BL/6 mice used in
studies of high-fat feeding (colony in University of South
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Florida [USF] vivarium) (16), and 3) 10- to 12-month-old
C57BL/6 male and female Het-MAKO mice and littermate
wild-type mice (colony in USF vivarium) (20,21). Males and
females were comparably present in experimental groups 2
and 3, as sex did not alter the combined findings; hepatic
alterations and clinical characteristics were reported pre-
viously (16,17,20,21). Mice were housed in environmen-
tally controlled rooms and randomly fed standard mouse
chow supplying 10% of calories from fat or diets supplying
either 40% or 60% of calories from fat (Harlan Laborato-
ries, Madison, WI) (16). Note that insulin-signaling results
in brains (and liver and muscle) of mice fed 40% kcal fat
and 60% kcal fat diets were comparable and therefore com-
bined.

Where indicated, Het-MAKO mice were randomly injected
subcutaneously daily for 8 days with aurothiomalate (ATM)
(60 mg/kg body wt [bw]) or [*H-imidazole-4-carboxamide,
5-amino]-[2,3-dihydroxy-4-[(phosphono-oxy)methyl]
cyclopentane-[1R-(1a,2b,3b,4a)] (ICAPP) (0.4 mg/kg/bw) in
saline to selectively inhibit hepatic aPKC and reduce serum
insulin levels (21). Where indicated, mice were randomly
treated with insulin (1 unit/kg/bw i.p.) 15 min before being
euthanized by administration of xylazine/ketamine, followed
by whole-body perfusion with PBS and rapid removal of
brain and other tissues.

To summarize, the following schedules were used: HFF
mice, age 4-6 months, normal or HFF diet X 10 weeks,
intraperitoneal insulin administration 15 min before killing;
ob/ob mice, age 4-6 months, normal diet, intraperitoneal
insulin administration 15 min before killing; and Het-
MAKO mice, age 10-12 months, normal diet, once-daily
subcutaneous ATM administration for 8 days before killing,
intraperitoneal insulin administration 15 min before killing.

All experimental procedures involving mice were ap-
proved by the institutional animal care and use committees
of the USF Morsani College of Medicine or the Roskamp
Institute, and the James A. Haley Veterans Hospital
Research and Development Committee.

Monkey Studies

Brains were obtained immediately postmortem from 16- to
30-year-old male and female lean nondiabetic and obese/
T2DM Macaca mulatta rhesus monkeys. Diabetic monkeys
had been maintained on ad libitum standard monkey chow
and treated with standard daily insulin regimens similar
to those of patients with advanced T2DMV, as described
previously (22,23). Euthanitization was initiated with
ketamine-HCl (10-15 mg/kg/bw) followed by intrave-
nous Euthasol (0.22 mL/kg/bw). Brain samples were
frozen in liquid N, and stored at —160°. Experimental
procedures involving monkeys, including euthanitiza-
tion, were approved by the USF Morsani College of Med-
icine Institutional Animal Care and Use Committee.

Tissue Preparations

Mouse brains were hemisected sagittally, and one half was
frozen in liquid N, stored at —80°C, and subsequently
homogenized in buffer containing 0.25 mol/L sucrose,
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20 mmol/L Tris/HCl (pH 7.5), 2 mmol/L EGTA, 2 mmol/L
EDTA, 1 mmol/L phenylmethylsulfonyl fluoride, 20 wg/mL
leupeptin, 10 pg/mL aprotinin, 2 mmol/L Na,P,0-,
2 mmol/L NazVO,, 2 mmol/L NaF, and 1 pmol/L micro-
cystin and then supplemented with 1% Triton X-100, 0.6%
Nonidet, and 150 mmol/L NaCl. The remaining brain
halves were fixed in 4% paraformaldehyde and embedded
in paraffin, and 4-pm sagittal sections were prepared on a
microtome for immunohistochemical staining.

Western Analyses

Western analyses were conducted with rabbit antisera or
mouse monoclonal antibodies (16-21) using the follow-
ing: anti-aPKC (Santa Cruz Biotechnology, Santa Cruz, CA);
anti—p-Thr-560/555-PKC-{/N/uv (Invitrogen, Carlsbad, CA);
anti-p-serine (Ser)-256-FOX01 and anti-FOXO1 (Abnova,
Walnut, CA); anti-Akt (mouse monoclonal antibodies),
anti-p-Ser-473-Akt, anti-p-Ser-9-GSK3pB, anti-GSK3p,
anti-p-Ser-253-FOX03a, anti-FOXO03a, anti-p-Ser-256-
FOXO1, anti-p-Ser-193-FOX04, anti-FOXO1, anti—p-Ser-
2448-mammalian target of rapamycin (mTOR), anti-mTOR,
anti-AB1_40/4> (5-10 kDa), and anti-amyloid precursor pro-
tein (APP; 120 kDa) (Cell Signaling Technology, Danvers,
MA); and anti-p-Ser-202-tau and anti-p-Thr-231-tau
(GeneTex, Irvine, CA). Samples from experimental
groups were compared on the same blots and routinely
checked with loading controls. Note that 75-kDa aPKC
is largely PKC-\ in mouse brain and 98% homologous
PKC-u in brains of monkeys, humans, and other pri-
mates; PKC-{ in brain exists largely as a 50-kDa moiety
that, lacking a regulatory domain, is constitutively active
and unresponsive to insulin; 50-kDa PKC-{ (also called
PKM-{) is produced by the operation of an intronal pro-
moter and downstream transcription start site and is
postulated to function in long-term memory potentia-
tion (24); however, this idea has been challenged (25,26).

Immunohistochemistry

The 4-pm brain sections were deparaffinized in an auto-
mated system (Discovery XT; Ventana Medical Systems)
with EZ Prep solution. A heat-induced antigen retrieval
method was used in Cell Conditioning 1 solution. Rabbit
primary antibody reacting with pAkt (ab81283; Abcam,
Cambridge, MA) was used at a 1:200 dilution in PSS Dil-
uent for antibodies (Ventana Medical Systems) and was
incubated for 32 min, followed by OmniMap anti-rabbit
secondary antibody (Ventana Medical Systems) for 20 min.
For detection, the Discovery ChromoMap DAB Kit (Ventana
Medical Systems) was used; slides were then counter-
stained with hematoxylin, dehydrated, and coverslipped.
A BX53 Microscope (Olympus) and cellSens Dimension
software were used to obtain pictures with X10 and
X60 objectives.

Statistical Analyses

Data are expressed as the mean = SEM and were com-
pared using one-way ANOVA and Tukey post hoc test for
analysis of significance.
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RESULTS

Studies in HFF and ob/ob Mice

In control mice, short-term maximal insulin treatment
provoked increases in brain activities (as per phosphor-
ylation) of Akt and aPKC (Fig. 1). Surprisingly, however,
resting/“basal” activities of Akt and aPKC were maximally
or near maximally elevated, presumably by preexisting
hyperinsulinemia (16,17), in brains of HFF and ob/ob
mice because there was little or no response of either
Akt or aPKC to exogenous insulin (Fig. 1). With Akt acti-
vation, phosphorylation of multiple Akt substrates, namely,
GSK3p3, mTOR, FOXO1, FOXO3a, and FOX04, was elevated
in the resting/basal state in brains of HFF and ob/ob mice
and, here again, maximally or near maximally because
short-term insulin treatment had little or no additive ef-
fect (Fig. 1) (the level of p-FOXO4 was similarly increased
but not shown).

We also used immunohistochemical methods to exam-
ine Akt activation in individual neurons in the anterior
cortex and hippocampus. In this regard, it has previously
been shown (27) that insulin-signaling responses are seen
largely in neurons, rather than glial or endothelial cells,
most notably in neurons of the hippocampus and hypo-
thalamus. Similarly, Akt activity was largely confined to
neurons, most prominently and significantly increased in
hippocampal and anterocortical regions of HEF and ob/ob
mice (Fig. 2).

In keeping with the fact that FOXO1 controls PGC-1a
expression and FOXO1 phosphorylation would diminished
its activity, PGC-1a levels were diminished in HFF and
ob/ob mice (Fig. 3).

Studies in Het-MAKO Mice and Reversal of Brain-
Signaling Aberrations by Correction of Insulin
Resistance

In addition to DIO mice, in which insulin resistance starts
in liver (15,16), we studied Het-MAKO mice, in which in-
sulin resistance is initiated by impaired glucose transport
in muscle; and resultant hyperinsulinemia hyperactivates
hepatic aPKC, causing excessive activation of gluconeo-
genic and lipogenic pathways that contribute importantly
to glucose intolerance, insulin resistance, abdominal obe-
sity, hyperlipidemia, hepatosteatosis, and mild/moderate
T2DM (20,21). As in HFF and ob/ob mice, resting/basal
activities of Akt and aPKC and phosphorylation levels of
FOXO01, FOX03a, GSK3f, and mTOR were maximally or
near maximally increased in brains of Het-MAKO mice
because short-term insulin treatment increased phosphor-
ylation of these factors in control wild-type mice but not in
Het-MAKO mice (Fig. 3).

As reported previously (21), tissue-selective inhibition
of hepatic aPKC by ATM not only effectively diminished
hepatic biochemical and clinical abnormalities but, more-
over, reduced serum insulin levels to normal in Het-MAKO
mice. It was therefore important to find that this marked
improvement in hyperinsulinemia in ATM-treated Het-
MAKO mice was attended by reductions in resting/basal
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Figure 1—Resting/basal and insulin-stimulated phosphorylation/activity of aPKC and Akt (A and B) and phosphorylation of Akt substrates
FOXO1, FOXO3a (C and D), GSK3p, and mTOR (E and F) in brains of control (Con), HFF, and ob/ob (OB) mice. Where indicated, mice were
treated with insulin (Ins) (1 unit’kg bw i.p.) 15 min before being killed. Representative blots of phosphoproteins (top bands) and unaltered
total protein levels (bottom bands) are shown. Portrayed values of phosphoprotein levels are mean = SEM of (N) mice. P < 0.01 and
**P < 0.001 for comparison of HFF or OB values to control values (ANOVA).

activities of brain Akt and aPKC to levels comparable to
those seen in wild-type mice; further, with diminished Akt
activity, the phosphorylation of FOXO1, FOXO3a, GSK3p,
and mTOR similarly diminished to near-normal levels (Fig. 4).
Moreover, with decreases in resting/basal Akt and aPKC
activities and Akt substrate phosphorylations after treat-
ment of Het-MAKO mice with ATM, short-term insulin
treatment provoked essentially normal increases in these
parameters (Fig. 4), indicating a restoration of normal
brain insulin-signaling mechanisms.

In addition to ATM, treatment of Het-MAKO mice with
another liver-selective aPKC inhibitor, ICAPP, similarly re-
duced serum insulin levels in Het-MAKO mice to normal
(21), and this normalization was attended by reductions of
resting/basal activities of brain Akt and aPKC, comparable
to those seen with ATM treatment (data not shown).

Studies in T2DM Monkeys
As mouse insulin resistance syndromes were relatively short-
lived and mild, we studied monkeys with long-standing

obesity and insulin-requiring T2DM (Supplementary Table 1,
clinical characteristics). As in mouse models, phosphorylation/
activities of Akt and aPKC and phosphorylation of Akt
substrates FOXO1, FOX03a, GSK3[, and mTOR were in-
creased in brains of T2DM monkeys (Fig. 5).

AB1_40/42 Peptide and APP Levels in Mouse and
Monkey Brain

Particularly important, the levels of AB; 40/4> peptide,
which may accumulate to form amyloid plaques, were in-
creased in the short term by insulin in brains of control
mice and in the resting/basal state in HFF, ob/ob, and
Het-MAKO mice and obese/T2DM monkeys (Fig. 6A-D).
Moreover, levels of 120-kDa APP, the AB;_49/40 precursor,
were diminished in obese/T2DM monkeys (Fig. 6E), but
not in HFF or ob/ob mice (data not shown). Also note that
the correction of hyperinsulinemia in Het-MAKO mice
diminished resting/basal levels of AB1 40,42 peptides and
restored the ability of insulin to increase levels of AB1_40/40
peptides (Fig. 6C).
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Figure 2—Phosphorylation/activation of Akt in anterior cortical and hippocampal regions of brains of control (Con) (panels a, d, and g), HFF
(panels b, e, and h), and ob/ob (OB) (panels c, f, and i) mice. Pictures show representative examples of (brown) immunostaining of p-Ser-
473-Akt: top row, X10 magnification, anterocortical sagittal sections; middle row, X60 magnification, anterocortical neurons; and bottom
row, X10 magnification, hippocampus. Portrayed values are mean = SEM of (N) mice and reflect relative staining of p-Ser-473-Akt per
standard area of anterior cortex (j) and hippocampus (k). *P < 0.05, **P < 0.01, and **P < 0.001 for HFF or ob/ob vs. Con mice (ANOVA).

Tau Phosphorylation in Mouse and Monkey Brain
Despite hyperactivation of Akt and subsequent hyperphos-
phorylation of GSK3B in brains of HFF and Het-MAKO
mice, phosphorylation of Thr-231-tau was not diminished,
as might be expected with Akt-dependent decreases in
GSK3B activity (13,14); also, phosphorylation of Thr-
231-tau and Ser-202-tau was similarly not significantly
altered in these mice (data not shown). Moreover, de-
spite increased phosphorylation/inactivation of GSK3,
phosphorylation of Thr-231-tau was increased in both
ob/ob mice and T2DM monkeys (Fig. 7). Further, phos-
phorylation of Ser-202-tau was increased in brains of
T2DM monkeys (Fig. 7).

Insulin Receptor Levels in Mouse and Monkey Brains
Although brain insulin receptor levels may be diminished
in the AD brain (5,6), levels of the a-subunit and B-subunit

of the insulin receptor were not altered in HEF mice, ob/ob
mice, and T2DM monkeys (Supplementary Fig. 1).

DISCUSSION

Our findings show that insulin signaling to the two major
protein kinases that elicit many/most insulin effects, Akt
and aPKC, is increased in brain, both at early stages of
insulin resistance in HFF, ob/ob, and Het-MAKO mice
and at later stages in obese/T2DM monkeys. The find-
ings of increased insulin signaling in brains of insulin-
resistant mice and monkeys are important because this
hyperinsulinization leads to or is accompanied by not
only the downregulation of factors needed for maintaining
neuronal function and longevity, FOXOs and PGC-1a, but
also by the upregulation of factors that may contribute
directly to AD pathology, AB1_40/42 peptides and p-tau.
Accordingly, excessive activation of insulin signaling in
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brain may explain, in part, the linkage between obesity/
T2DM and AD.

The present findings further show that, contrary to
previous speculations (9-12), insulin resistance in brain and
the resultant increases in the activity of GSK3[3 are unlikely
to serve as long-standing predisposing factors for AD devel-
opment, and impairments in insulin-signaling factors that
are seen in brains of human AD patients (5,6,9-12) are
either later-appearing predisposing abnormalities or conse-
quences, rather than predisposing causes, of AD pathology.

It may seem surprising that unlike muscle, where
insulin signaling to Akt and aPKC is downregulated in
insulin-resistant DIO mice (16,17) and humans with
T2DM (28), and unlike liver, where insulin signaling to
Akt (but not aPKC, which is hyperactivated by lipids plus
hyperinsulinemia) is downregulated in obese and humans
with T2DM (18,19), insulin signaling to both Akt and aPKC
is hyperactive in brain. This paradoxical retention of
central nervous system (CNS) insulin signaling in insulin-
resistant states may reflect that insulin controls Akt and
aPKC by different IRSs in different tissues. Thus, in muscle
IRS-1 controls both Akt and aPKC, and IRS-1 is commonly
downregulated in insulin-resistant conditions; however, in

liver, whereas IRS-1 mainly controls Akt and is commonly
downregulated, IRS-2 controls aPKC and is well conserved
in T2DM (18,19). That total brain and anterior cortical and
hippocampal areas were resistant to downregulation in
presently studied insulin resistance models may reflect that
IRS-2 preferentially mediates certain CNS functions (29);
however, the role of IRS-1 in relation to IRS-2 throughout
the CNS remains uncertain.

It may be noted that presently observed increases in
brain FOXO phosphorylation are the opposite of decreases
in hepatic FOXO1 that are seen in insulin-resistant states
(Fig. 8). In this regard, during insulin action in normal
liver, Akt-dependent phosphorylation of FOXO1 occurs in
a subcellular compartment defined by the 40-kDa scaffold-
ing protein, WD(tryp-asp-x-x) repeat, propeller-like, FYVE-
containing protein (WD40/ProF), and, similar to Akt, aPKC
is recruited to the WD40/ProF platform and may restrain
Akt but still allows sufficient FOXO1 phosphorylation to
inhibit PGC-1a and gluconeogenic enzyme expression
(16,17). However, in livers of HFF (16), ob/ob (17), and
Het-MAKO (M.S., R.I, RV.F,, unpublished observations)
mice and obese human and humans with T2DM (18,19),
aPKC accumulation on the WD40/ProF platform is
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Figure 5—Resting/basal and insulin-stimulated phosphorylation/activity of the 75-kDa aPKC (largely PKC-1) (A) and Akt (B) and phosphorylation
of Akt substrates FOXO1 (C), FOXO3a (D), GSK3B (E), and mTOR (F) in brains of nondiabetic and T2DM monkeys. Portrayed values of phospho-
protein levels are the mean = SEM of (N) monkeys. *P < 0.05 and **P < 0.001 for comparison of T2DM and nondiabetic monkeys (ANOVA).

excessive owing to increases in ceramide (16,17,19), a
potent noninsulin activator of hepatic aPKC (16) (Fig.
8). Moreover, these excessive increases in hepatic aPKC
activity in insulin-resistant states markedly reduce Akt2
levels on the WD40/ProF platform (16-19), thus specifi-
cally and substantially impairing FOXO1 phosphorylation,
thereby increasing PGC-1a level and the expression of
gluconeogenic enzymes (Fig. 7). The ensuing hyperinsuli-
nemia, at least initially, hyperactivates hepatic Akt and
further activates ceramide-activated hepatic aPKC, thus
increasing hepatic lipogenesis (16-19). Most importantly,
in vivo treatment of HFF (16), ob/ob (17), and Het-MXKO
(21) mice and in vitro treatment of hepatocytes of hu-
mans with T2DM (18,19) with liver-selective aPKC inhib-
itors diminishes hepatic aPKC association with WD40/
ProF, restores hepatic Akt association with WD40/ProF,
increases hepatic FOXO1 phosphorylation, decreases
the level of PGC-1a, and decreases the expression of
hepatic gluconeogenic and lipogenic enzymes. These he-
patic improvements are followed by reductions in serum
insulin levels (21), which, as presently seen in Het-
MAKO mice, were sufficient to largely normalize brain in-
sulin signaling.

Increases in Akt-dependent phosphorylation of FOXO
proteins in brains of presently studied insulin-resistant
models are noteworthy because considerable evidence

suggests that phosphorylation-induced inhibition of
FOXO1, FOXO3a, FOX04, and FOXO6 may diminish
transcriptional functions of FOXOs and FOXO1-dependent
PGC-1a, which, over long periods, may be detrimental.
Thus, note that the brain contains FOXO1, FOXO3a,
FOXO04, FOXO06, and insulin via Akt phosphorylates and
inhibits all brain FOXOs (30-32) and FOXO1-regulated
PGC-1a. Moreover, FOXOs have critically important func-
tions in brain, as revealed by the fact that neuronal-
specific knockout of either FOXO3a (33) or FOXO1/
FOX03a/FOX04 (34) provokes initial increases in neuro-
nal proliferation (perhaps reflecting initially decreased
apoptosis), followed later, but perhaps more importantly,
by impairments in neuronal differentiation, proliferation,
survival, self-renewal, and atrophy as these knockout mice
aged. Accordingly, it was proposed that, with diminished
FOXO action, there were reduced responses to oxidative stress
and hypoxia, upregulation of Wnt signaling, increased ex-
pression of the abnormal spindle-like microcephaly-associated
gene (Aspm), and a failure to promote reparative quiescence
that, in time, led to cellular exhaustion (33,34). And, more
recently, it was found (35) that knockout of FOX06, found
almost exdusively in brain, or specific inhibition of FOXO6
in hippocampal centers by viral-mediated expression of inac-
tive FOXO6 leads to defects in recent memory consolidation
and neuronal dendrite structure.
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Figure 6 —Levels of AB1_40/42 peptides in brains of HFF mice (A), ob/ob mice (B), Het-MAKO (KO) mice (C), and T2DM monkeys (D); levels of
APP levels in brains of monkeys (E); reversal of basal increases in AB1_40/42 Peptides by treatment of hepatic aPKC with liver-selective
aPKC inhibitor ATM (60 mg/kg bw/day) and reversal of hyperinsulinemia (21) (C); and effects of 15-min insulin treatment (1 unit/kg bw) on
AB1_40/42 Peptide levels in mouse models (A-C). Representative blots for 5- to 10-kDa AB1_40/42 and 120-kDa APP are shown. Portrayed
values of AB1_40/42 and APP are the mean = SEM of (N) mice or monkeys. *P < 0.05, **P < 0.01, and ***P < 0.001 (ANOVA) for comparison
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As to presently observed insulin/Akt-dependent de-
creases in FOXO and PGC-1 activities in brains of insulin-
resistant animals, also note the following: 1) FOXOs
promote DNA repair, resistance to oxidative stress, and
cellular and whole-organism longevity (33,34); 2) selective
neuronal knockout of the insulin receptor or IGF-I re-
ceptor and expected activation of FOXOs and PGC-la
diminish AB;_40/4> peptides in transgenic Tg2576/AD
mice (36); 3) in Caenorhabditis elegans, knockdown of the
insulin/IGF-I-like receptor DAF-2, and subsequent activa-
tion of nematode FOXO DAEF-16, diminishes AB;_40/42
peptide expression and toxicity (37); 4) increases in Akt
activity and phosphorylation of Akt substrates are seen
in temporal cortical neurons of AD patients, and there
are eventual losses of Akt-phosphorylated neurons in the
hippocampus in end stages of AD (38,39); 5) increases in
Akt activity are seen in enterorhinal, hippocampal, and
temporal lobe neurons of AD patients and may contrib-
ute to neurofibrillary tangles (40); 6) FOXO3a and FOXO6
expression is decreased in all brain cortical regions in HFF
mice (41); 7) resveratrol-induced activation of sirtuin-1
(which, by deacetylation, activates both FOXOs and PGC-
1o protects against neuronal degeneration (42,43); and 8)
sirtuin-1, by deacetylation, activates FOXO and its salutary
effects on longevity (30,31,43,44).

In concert with our findings, increased Akt and GSK3[3
phosphorylation has recently been observed in brains of

mice consuming a 60% kcal diet (45). Some findings,
however, seemed to suggest that brain insulin signaling
is diminished with caloric excess and high-fat feeding and
furthermore seem to be at odds with the idea that FOXO
has long-term salutary effects on neurons. Thus, caloric
restriction over 6 months in transgenic Tg2576/AD mice
expressing a mutated human APP gene led to seemingly
increased phosphorylation of cortical Akt and FOXO3a
and attenuated cortical AD pathology (46). Also, 5-6
months of high-fat feeding of Tg2576/AD mice (8) and
normal mice (47) led to seemingly diminished phosphor-
ylation of brain Akt and GSK3a/B and increased AB1_40/42
peptide generation and AD pathology. In both Tg2576/AD
studies (8,46), signaling in normal mice and signaling re-
sponses to administered insulin were not determined, and
the circulating levels of insulin when brains were taken are
unclear. In any case, it was surmised that brain insulin
resistance was increased by high-fat feeding and dimin-
ished by caloric restriction, and findings were interpreted
as suggesting that insulin levels, via Akt, improved AD
development and FOXO abetted AD development. The
reason for differences in alterations in brain insulin sig-
naling after dietary alterations is uncertain but may re-
flect the following: differences in mouse age and strain;
duration of dietary alterations; and absence of preexisting
AD pathology in presently studied mice, as opposed to
brains with more advanced AD pathology, especially in
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Figure 7—Resting/basal phosphorylation of Thr-231-tau and Ser-202-tau in brains of lean control ob* (CON-OB™) vs. ob/ob (OB/OB) mice
(A and C), and nondiabetic vs. T2DM monkeys (B and D). Portrayed values of phosphoprotein levels are the mean = SEM of (N) mice or
monkeys. *P < 0.05 and **P < 0.001 (ANOVA) for comparison of ob/ob mice or T2DM monkeys with lean ob* control mice or nondiabetic

monkeys.

Tg2576/AD mice, in which brain insulin resistance may
have occurred secondarily. Further, Tg2576 mice develop
spontaneous hyperphagia, obesity, and insulin resistance
(48,49) and may therefore have increased sensitivity to a
high-fat diet with inhibitory effects of fats on brain Akt
signaling that are similar to those seen in liver (16,17,19).
As to alterations in AB;_40/4» peptides seen in previous
dietary studies (8,46,47), HFF-induced increases and
caloric restriction-induced decreases in plasma insulin
levels, rather than reported alterations in Akt signaling
(which may not be relevant to insulin effects on APB1_40/42
peptide generation), may have contributed to respective
increases and decreases in AB;_40/42 peptide production.
Finally, although long-term loss of brain FOXO activity
may be detrimental by impairing FOXO/PGC-1a—dependent
neuronal stem cell function (as suggested from neuronal-
specific FOXO knockout studies [33-35]), short-term loss
of brain FOXO activity may be beneficial by diminishing
neuronal apoptosis in established AD.

It was particularly interesting to find that, along with
increased phosphorylation/inhibition of FOXO1, the levels
of PGC-1a, and presumably its FOXO-dependent activity,
were diminished in HFF and ob/ob mice because PGC-1a
is important for maintaining mitochondrial biogenesis,
oxidative processes, and antioxidant protection; more-
over, PGC-1a levels are diminished in human and exper-
imental AD and correlate inversely with AB;_40/4> peptide
accumulation and mitochondrial dysfunction (50-52).
Whether diminished FOXO1 activity was responsible for
decreases in PGC-la remains to be determined because
PGC-1a is diversely regulated.

As to increases in tau phosphorylation in brains of 0b/ob
mice and T2DM monkeys, Ser-202 is phosphorylated by
extracellular signal-related kinase and increased by hyper-
insulinemia (27). However, the kinase responsible for in-
creased Thr-231-tau hyperphosphorylation in ob/ob mice
and T2DM monkeys is uncertain, as GSK3@ was hyper-
phosphorylated (i.e., reduced in Akt-dependent activity).
On the other hand, this increase in p-Thr-231-tau may
reflect a more advanced stage of glucose intolerance, be-
cause increased Thr-231-tau phosphorylation is seen in di-
abetic db/db and streptozotocin-induced diabetic mice (53)
and may reflect activation of extracellular signal-related
kinase 2, c-Jun N-terminal kinase, p38 kinase, PKC, or
aPKC. Irrespective of the mechanism, increases in p-tau
may contribute to intraneuronal fibrillary tangles.

Because B-amyloid plaques in AD are composed of in-
soluble highly polymerized AB; 40,42 peptides, it was par-
ticularly important to find that AB;_40/42 peptide levels
were increased not only basally as seen here and by others
(45) in hyperinsulinemic HFF mice but also in ob/ob mice
and obese/T2DM monkeys and, perhaps most intriguingly,
after short-term insulin treatment in normal mice. More-
over, in monkeys with long-standing insulin resistance, but
not in HFF and ob/ob mice with short-lived insulin resis-
tance, the levels of APP were diminished. Taken together,
these findings suggest that, in the short term, insulin in-
creases the proteolytic release of AB;_49/4o from APP and
that this conversion is incremental at first but, over time,
leads to measureable decreases in APP levels; further, the
released AB;_40/420 may be cleared, ironically, by insulin-
degrading enzyme but, over time, may also accumulate to
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Figure 8—Hyperactivation of insulin-dependent signaling factors in brain of mice with DIO and systemic insulin resistance. Note that lipid-
and carbohydrate-rich diets provoke increases in hepatic ceramide, which potently activates hepatic aPKC, which thereupon selectively
inhibits hepatic Akt-dependent FOXO1 phosphorylation within a subcellular compartment (defined by the presence of scaffolding protein
WDA40/ProF) shared by Akt and aPKC. As a result, there are increases in hepatic FOXO1 and PGC-1« activity and subsequent expression
and abundance of PGC-1a and gluconeogenic enzymes, PEPCK and G6Pase. With increased release of glucose from liver, hyperinsu-
linemia ensues and stimulates “open” (unblocked) insulin-regulated pathways. Thus, in early stages (as depicted here and further reviewed
in the study by Sajan et al. [16]), hyperinsulinemia provokes increases in hepatic Akt activity and further increases in hepatic aPKC activity.
These increases in the activities of hepatic Akt and aPKC, in turn, provoke increases in the expression and abundance of hepatic lipogenic
enzymes and proinflammatory factors, and these, and/or other liver-derived factors, impair insulin signaling to IRS-1, IRS-1-dependent
phosphatidylinositol 3-kinase (PI3K), Akt, and aPKC in muscle, thereby impairing glucose transport and glycogen synthesis therein. In later
stages (not depicted here), the activation of hepatic IRS-1, IRS-1-dependent PI3K, and Akt diminishes (also secondary to, or abetted by,
excessive aPKC activity), but, in contrast, the activation of hepatic IRS-2 and IRS-2-dependent PI3K remains intact and contributes to
continued hyperactivation of hepatic aPKC. In human hepatocytes, these abnormalities are further heightened by the fact that the
expression and abundance of the primate-specific aPKC, PKC-, is strongly autostimulated by aPKC itself through a positive-feedback
loop that is intensified by insulin and ceramide, thus creating a vicious cycle within the liver. As a result of hyperinsulinemia, the activities of
Akt and aPKC are increased in brain, and phosphorylation of FOXO family members and other Akt substrates are similarly increased. As a
result of increases in brain FOXO phosphorylation, FOXO activity is diminished, and this leads to decreases in brain PGC-1a activity and
levels. Tau phosphorylation is also increased in brains of insulin-resistant mice and monkeys, but the responsible protein kinase remains
uncertain. Although not depicted here (but described in the text), tissue-selective inhibition of hepatic aPKC can reverse abnormalities in
liver, muscle, and brain. NF«B, nuclear factor-xB; PA, phosphatidic acid.

produce characteristic AD B-amyloid plaques that impair
cognition/memory and promote neuronal atrophy. In this
scenario, the underlying mechanism for plaque formation
may involve altered activities of o/3/y-secretases that reg-
ulate AB;_40/40 peptide release from APP or altered insulin-
degrading enzyme activity. Further studies are needed to
evaluate these possibilities.

Although the present findings suggest that the brain
is initially hyperinsulinized in insulin-resistant states of
obesity, the metabolic syndrome, and T2DM, it should

be emphasized that with the development and progres-
sion of AD pathology, the brain may secondarily become
insulin resistant. This transition, however, may be spotty.
In any case, until we have more information on the
efficacy of intranasal insulin and until we are able to
determine whether important brain centers have reached
the stage of being insulin resistant, it seems prudent to
avoid, or exercise due caution in, using intranasal insulin
for the treatment or prevention of AD or other cognitive
disorders.
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To summarize, the present findings suggest that
hyperinsulinemia provokes excessive increases in activi-
ties of Akt and aPKC in brains of insulin-resistant mice
and monkeys, and this hyperinsulinization leads to
decreases in FOXOs and PGC-1a levels and increases in
levels of AP1_40/40 peptides and p-tau (i.e., changes that
may reasonably link insulin-resistant states to AD devel-
opment). Fortunately, the correction of systemic insulin
resistance and hyperinsulinemia can restore normal CNS
insulin signaling and abolish this linkage.
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