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Abstract: Alzheimer’s disease (AD) is commonly, not always, associated with
insulin-resistant, hyperinsulinemic, and obesity/type-2-diabetic (O/T2D) states.
Partial deficiencies of brain insulin receptor (IR) indeed occur in both O/T2D-AD
and human AD, but these deficiencies can be bypassed by hyperinsulinemia,
which activates atypical protein kinase C (aPKC) and P-secretase, increases
AB-peptide and phospho-thr-231-tau levels, and induces memory impairments;
importantly, these aberrations are reversed by reduction of liver/aPKC-dependent
hyperinsulinemia or direct blockade of brain aPKC. New evidence shows that
aPKC acts via nuclear factor kappa-B to increase -secretase mRNA/protein levels
in brain, where p-secretase acts on both B-amyloid precursor protein to increase
AD risk and IR to limit beneficial (aPKC independent) insulin effects, particularly
in normo/hypoinsulinemic AD, and liver, where B-secretase acts on IR to initiate
or abet development of insulin resistance and compensatory hyperinsulinemia
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that originates from diet-induced hepatic aPKC activation. Fortunately, agents
that inhibit PKC-M in brain, liver, or both effectively reduce B-secretase levels
and adverse actions therein, and moreover, prevent/reverse O/T2D and AD devel-
opment in mouse models. This chapter summarizes work implicating the critical
role of atypical PKC in the development of liver-dependent hyperinsulinemia as a
risk factor in O/T2D-associated AD and B-secretase-mediated pathological altera-
tions in brains of O/T2D-associated and O/T2D-independent AD.

Keywords: atypical protein kinase C; p amyloid precursor protein; [ secretase;
insulin-resistant Alzheimer’s disease; insulin-sensitive Alzheimer’s disease

INTRODUCTION

In the United States, according to the Alzheimer Association, late onset (LO)
Alzheimer’s disease (AD) afflicts 1 in 5 women and 1 in 10 men over the age of 65,
and 45% of people over the age of 85. Hyperinsulinemic forms of obesity, the
associated metabolic syndrome (MetS) and type 2 diabetes mellitus (T2DM),
which together aftlict half of all adults in the United States, are thought to increase
LO-AD risk. The extent and consequences of these interrelated disorders are
enormous, in terms of morbidity, mortality, and cost. Although pathogenetic
mechanisms of AD are still unsettled, both early-onset, inherited forms of AD and
sporadic LO-AD are thought to be dependent on pathological increases of
AB-plaques that arise from AP-peptides, whose production is initiated by the
aspartyl peptidase, -site f-amyloid precursor protein (BAPP) cleaving enzyme-1
(BACE1), acting on specific amino acids of PAPP (1-4). Indeed, BACEL1 levels are
increased in many or most, but not necessarily all, AD patients (5). In either case,
BACE!L action is thought to be essential for the development of classical AD
pathology, and this dependency spurred the widely heralded development of
BACEL inhibitors for AD treatment. Unfortunately, however, in human clinical
trials, BACE1 inhibitors apparently produced cognitive/memory impairments,
and this may reflect requirements for uncertain actions of BACE1 in cognitive/
memory functions, or development of compensatory increases in BACEI-
containing vesicles (6) that may be dysfunctional owing to inhibitor binding, with
impairment in vesicle trafficking needed for cognitive/memory functions.

As to whether BACEL1 is needed for normal cognition and memory, BACE1
knockout (KO) does not produce significant aberrations in mice (7, 8), but it is
uncertain if humans have greater dependence on BACEL. It is also uncertain if
vesicle trafficking needed for memory function is disrupted by BACE1 inhibitors.
However, there is another approach that would avoid the use of BACE1 inhibitors
in AD, that is, development of therapeutic measures to partially diminish BACE1
content to levels that sufficiently reduce AB-peptide production while maintaining
essential BACE1 functions. In this regard, we recently found that the atypical
protein kinase C (aPKC) signaling factor, PKC-\/1, is critically needed for the
production of BACE1 mRNA and protein (presumably BACE1 transcription), not
only in the brain, where BACE1 acts upon PAPP to generate AP-peptides in AD,
but also in liver, as discussed later in greater detail. BACE1 diminishes insulin
receptor (IR) levels (9) and thereby contributes to the development of hepatic and
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systemic insulin resistance that, in turn, as alluded to, leads to hyperinsulinemia,
which we postulate, increases AD risk in states of obesity, MetS and T2DM.
Moreover, we have developed chemical agents that, when administered to mice
orally or parenterally (subcutaneously [SC] or intravenously [IV]), inhibit both
liver and brain PKC-A/t, and thereby reduce BACE1 levels in both organs; but,
when given nasally, it inhibits brain, but not liver, PKC-M\/t, and thereby reduce
brain, but not liver, BACE1 levels. Furthermore, in very recent studies, we found
that oral and nasal treatment of transgenic (Tg) AD mice with an inhibitor of
PKC-M1 over several months diminished brain aPKC activity and BACEL1 levels
and, most importantly, largely prevented the development of AD pathology and
memory impairment.

THE ESSENTIAL ROLE OF BACE1T IN THE PATHOGENESIS OF AD

It seems abundantly clear that the aspartyl protease, BACEL, acts upon PAPP in
the brain to initiate the production of AP, 44, peptides that polymerize to form
the characteristic Ap-plaques of AD (1-4). Indeed, genetic KO of BACE1 blocks
APi1_404> production and AP-plaque formation in Tg AD mice carrying human
mutations that increase susceptibility to actions of BACE1 (e.g., APPg,.q.) and
y-secretase (e.g., presenilin-1 [PS1]) (7, 8). This BACE1-KO-induced protection
against the development of AD pathology in Tg AD mice is accompanied by the
improvement of cognition/memory losses that occur in unprotected wild-type
(WT) Tg AD mice, suggesting that (i) BACE1-dependent pathology is required
and may account for cognitive/memory losses in Tg AD mice (and presumably
other AD states) and (ii) BACEL itself is not required for cognitive/memory
functions, at least in mice. Moreover, delayed conditional KO of brain BACE1 in
Tg AD mice, in which AD pathology and cognitive/memory losses are already well
established, was found to reverse pathology and cognitive/memory losses therein
(7), suggesting reversibility following BACE1 depletion, at least in Tg mouse AD
models.

Although elevations of brain BACE1 levels have been observed in some series
of human AD patients (5), this is not always the case, and increases in BACE1-
dependent AB-peptide production may also be due to enhanced trafficking of
BACE]1-containing vesicles (10) and interactions with BAPP-containing vesicles in
the Trans Golgi Network (TGN), where BACE! is activated by increases in
intravesicular acidity and perhaps other factors, for example, increased
phosphorylation of ser-498 in the cytosolic, C-terminal tail of BACEL. Also,
changes in other factors, for example, mutations in BAPP, PS1, or y- or
a-secretase(s), or altered clearance of AP-peptides, may serve to increase
AB-peptide levels. Regardless of the initial or later causes, BACE1 action is critically
needed for AB-peptide production and AB-plaque formation in AD, and BACE] is
an attractive target for the treatment of AD and minimal cognitive impairment
(MCD).

Unfortunately, as alluded to, the use of chemical agents that directly inhibit
BACE! in humans with AD or MCI resulted in impairments in cognition/memory,
despite apparent reduction of AB production. This raises the possibility that
increases in BACEL levels, activity and/or action, do not explain cognition/
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memory losses in human AD/MCI, or losses of cognition/memory reflect a
requirement for BACE] itself, or there are direct or indirect untoward effects of
BACE] inhibitors. With respect to the latter possibility, as discussed, BACE1 levels
increase with BACEL1 inhibitor treatment (6), and increases in vesicles containing
chemically inhibited forms of BACE1 may interfere with the vesicular trafficking
needed for neurite formation, cognition, and memory induction. Whether
decreases in BACEL levels that are elicited by inhibition of regulatory factors
upstream of BACE1 transcription, in particular for the present discussion,
PKC-\/t, or downstream factors linking PKC-A/1 to BACE1, will adversely affect
cognition/memory is uncertain, but this approach seems worthy of consideration,
given the present dearth of effective treatments for MCI and AD.

SYSTEMIC VERSUS BRAIN INSULIN RESISTANCE IN
DIABETES-ASSOCIATED AND NONDIABETIC AD

LO-AD and the insulin-resistant states of T2DM and its forerunners, that is, obesity
and MetS, have frequently been found to coexist, for example, in a particularly
important study, 80% of all AD patients seen at the Mayo Clinic were found to have,
in half the cases, overt T2DM (fasting blood sugar [FBS] over 125 mg/dL) or, in the
other half, pre-T2DM (FBS 110-125 mg/dL) (11). In view of this and other reports,
it has been speculated that the systemic insulin resistance, which is generally, if not
usually, seen in T2DM, pre-T2DM, obesity, and the MetS, serves as a risk factor for
LO-AD. It has further been speculated or tacitly assumed that, as in peripheral
tissues, most notably, muscle, where resistance to insulin is particularly severe, the
brain is similarly insulin resistant, that is, essentially unresponsive to insulin, and
therefore hypoinsulinized in the aforesaid insulin-resistant states. Accordingly; it is
proposed that this hypoinsulinization as such provides an explanation for increases
in AD risk in states of systemic insulin resistance.

In keeping with the idea that insulin action in brain is reduced in AD, brain IR
activity and/or number is reportedly mild-moderately reduced in the brains of
humans with nondiabetic AD (12); accordingly, the concept of brain
hypoinsulinization has been reemphasized and expanded, and it has been
proposed that the brain itself is insulin resistant and, moreover, hypoinsulinized,
in both nondiabetic AD and obesity/MetS/T2DM-associated AD.

However, in view of our more recent findings, as discussed later, this proposal
appears to be overstated and in need of modification. Thus, it is indeed reasonable
to postulate that deficiencies of the brain IR would of necessity impair insulin
effects in the brains of AD patients that have normal or low circulating levels of
blood/plasma insulin, as in non-diabetic, normo-insulinemic AD, or in late forms
of T2D, if and when insulin levels fully diminish to normal or subnormal levels.
On the other hand, the same cannot be said in conditions of hyperinsulinemia,
wherein elevated levels of blood insulin can bypass partial defects in the IR in
many or most tissues by using “spare” IRs, that is, IRs in excess of those needed to
produce maximal downstream effects.

In this respect, note that a more severe insulin resistance that exists in T2D
muscle is largely a result of down-regulation of IRS-1 and its ability to activate
phosphatidylinositol (PI) 3-kinase (3K), which is needed to produce
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P1-3,4,5-(PO,4); (PIP3), which activates signaling factors required for insulin-
stimulated glucose transport in muscle, that is, Akt and aPKC. Also note that this
defect in muscle IRS-1/PI3K is a “post-IR” impairment that cannot be bypassed by
hyperinsulinemia and should not be confused with IR defects that can be bypassed
via “spare” IRs, which, as will become evident in this chapter, are present and
operative in both liver and brain (13-17).

And, in marked contrast to muscle, insulin action in liver and activation of
hepatic Akt and aPKC in obesity, the MetS and early T2DM are excessive in many
respects owing to hyperinsulin-emia-induced activation of “spare” hepatic IRs.
Indeed, note that, unlike the post-IR defect in muscle IRS-1/PI3K which occurs
early in high-fat-fed (HFF) mice (18), the post-IR impairments of hepatic IRS-1/PI3K
and subsequent Akt activation by insulin occur only later as T2DM progresses, that
is, only after 2-3 months of high-fat feeding in the classical mouse model of diet-
dependent obesity/MetS/T2DM (15). Also note that the activation of hepatic IRS-2/
PI3K and subsequent aPKC activation by insulin remains intact even in late T2DM
when IRS-1/PI3K/Akt activation is impaired: in short, hepatic aPKC remains
activated by hyperinsulinemia and continues to promote increases in hepatic
production of glucose and lipids throughout the course of obesity, the MetS and
T2DM. Moreover, as stated, the post-IR defect in muscle described earlier occurs
very early in initial stages of the development of diet-induced obesity/MetS/T2DM
in HFF mice (18), viz, and several months before impairments in hepatic IRS-1/PI3K
and Akt develop. And this muscle defect in glucose metabolism undoubtedly
contributes importantly to early elevations of blood insulin to levels (18) that are
sufficient to bypass IR defects and strongly/maximally activate key processes in
other tissues, most notably for the present discussion, liver and brain. In keeping
with mouse studies, note that defective glucose transport in muscle occurs early in
human obesity, well before the development of pre-T2D and overt T2DM.

INSULIN RECEPTOR DOWNREGULATION IN OBESITY/T2DM
AND AD

The downregulation of the brain IR that is seen in nondiabetic AD (12) and
diabetes-associated AD (see below) may well be at least partly due to increases in
BACE1-dependent degradation of the IR, as this mechanism has recently been
shown to clearly be operative in the liver in various murine and human forms of
obesity and T2DM (9). Indeed, in initial studies, we too have found that there are
decreases of IR levels in both brain and livers of hyperinsulinemic, HFE, and
obese/MetS/T2DM mice, and these decreases in IR levels in both brain and liver
are associated with, and apparently dependent on, increases in PKC-A/1 activity
and aPKC-dependent increases in BACE1 levels and proteolytic activity, as
aberrant elevations in BACE1 levels and subsequent deficiencies in IR levels are
abrogated by the inhibition of aPKC.

In addition to the above-described aPKC/BACE1-dependent degradative
mechanism for the decreases in IR levels, the activity of the IR may also be
diminished by inhibitory phosphorylation of the IR that is provoked via negative
feedback mechanisms that occur during actions of a wide variety of factors,
many of which are likely to be increased and operative in damaged AD tissues.
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These factors include lipids, such as ceramide and phosphatidic acid (PA), both
of which directly activate aPKCs; cellular stress, inflammatory, and oxidative
factors that activate phospholipases C and D (PLC and PLD) that produce
diacylglycerol (DAG) and PA, respectively (note that DAG and PA can
interconvert); DAG-sensitive conventional (¢) and novel (n) PKCs (a,p,y,0,¢,0)
that phosphorylate and diminish activity of the IR and/or IRS-1 which activates
PI3K. Also note that negative feedback on the IR and IRS-1 can be mediated by
phosphorylation provoked by a variety of signaling factors, including Akt,
aPKC, mammalian target of rapamycin (mTOR), and ERK, all of which are
activated by insulin and various polypeptides that operate via PI3K. In this
regard, note that aPKC, and Akt and ERK are all reportedly hyperactivated in
brains of humans with nondiabetic AD (12), and any of these downstream
factors may negatively feedback on the IR.

Finally, note that the partial resistance at the IR level in nondiabetic AD brain
is in fact readily overcome by elevated insulin levels (12), which may be acting via
“spare” IRs, that is, present in excess of that needed for maximal activation of
downstream factors; alternatively or additionally, IGF-1 receptors may also be
activated by elevated insulin levels and may contribute to the activation of IRS-1/
PI3K, Akt, and aPKC. And, in this regard, note that, despite decreases in IR
number that we recently observed in brains of obese/MetS/T2D HFF mice, the IR
is nevertheless maximally activated by hyperinsulinemia in HFF mice (13),
apparently by the activation of “spare” IRs. Further note that the treatment of HFF
mice with inhibitors of brain aPKC (discussed later) diminished brain BACE levels
and simultaneously increased brain IR levels.

HYPERINSULINEMIA IN INSULIN-RESISTANT FORMS OF
OBESITY AND T2DM AS A RISK FACTOR FOR AD

With the prevailing assumption that the brain itself is insulin resistant and more
importantly hypo-insulinized in AD, we were surprised to find (14), in whole brain and
individual neurons of the anterior cortex and hippocampus of systemically insulin-
resistant, hyperinsulinemic HFF mice, ob/ob mice, and, very importantly, monkeys
with long-standing, diet-dependent obesity/T2D, that insulin signaling to both Akt
and aPKC, and to all examined Akt substrates, viz, glycogen synthase kinase-23,
mTOR, and forkhead homeobox factors (FoxO1, FoxO3a, and FoxO4), is uniformly
increased (Figure 1). Indeed, increased Akt/aPKC signaling in obese/T2D HFF and
ob/ob mice appears to be maximal, as insulin treatment (which rapidly, over 15 min,
maximally increases brain Akt and aPKC activities in normal mice) did not elicit
further increases in these activities in hyperinsulinemic HFF and ob/ob mice (13, 14).

As alluded to, we moreover found that the brain IR itself, despite a reduction
in total levels, is nevertheless maximally activated (as per total phosphotyrosine
content of the IR-B subunit) by the hyperinsulinemia that exists in HFF obese/
T2D mice (13). It therefore seems clear that any IR deficiency that is present in the
brains of HEF obese/T2D mice is readily bypassed by the activation of “spare” IRs
by hyperinsulinemia in HFF mice (13).

Finally, note that the hyperinsulinemia as such in insulin-resistant mice appears to
be largely/fully responsible for increases in brain IR and Akt and aPKC signaling, as
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Figure 1. Atypical PKC (aPKC)-dependent risk factors in Alzheimer’s disease.

Activity of neuronal aPKC (encircled) can be excessively activated by (i) diet/liver/aPKC-
dependent hyperinsulinemia acting on insulin receptors (IRs) and IR substrates (IRS-1/2),

(i) other factors (left box) acting on noninsulin receptors (R) that similarly activate
phosphatidylinositol 3-kinase (PI3K) by IRS-1/2 and/or other factors, and (iii) various agents and
metabolites (right box) that operate directly or indirectly via phospholipases D and C to increase
levels of ceramide and phosphatidic acid, which directly activate aPKC. In turn, aPKC acts via
inhibitor of kappa-B kinase-beta (IKKp) to increase the activity of nuclear factor kappa-beta
(NFxB), which acts directly to increase p-secretase (aka, BACE1) transcription, and thus increase
levels of AB-peptides and phospho-tau, that is, precursors of Alzheimer plaques and tangles.
Note that, although not shown, NFkB also increases transcription and levels of proinflammatory
cytokines, tumor necrosis factor-alpha (TNF-a) and interleukin 1-B (IL-1p), and perhaps other
cellular stress/oxidant/inflammatory factors, which, along with increases in AB42 peptides, act, as
depicted (right box), to increase aPKC activity, perhaps creating multiple vicious cycles.

the correction of hyperinsulinemia (elicited by improvement in hepatic abnormalities
following treatment with aPKC inhibitor, aurothiomalate [ATM] (14), in doses that
selectively act in liver [but not in brain] to fully ameliorate obesity/MetS/T2DM and
correct hyperinsulinemia (16)) was attended by (i) return of all brain insulin signaling
aberrations, including increases in activities of Akt, Akt substrate, and aPKC, to their
normal resting/basal levels and (ii) restored ability of insulin to acutely and fully
activate both Akt and aPKC in the brain (14). Obviously, unlike aPKC inhibitors
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1H-imidazole-4-carboxamide, 5-amino-1-[2,3-dihydroxy-4-[(phosphono-oxy)
methyl]cyclopentyl-[1R-(1a,2b,3b,4a)] (ICAPP), 1H-imidazole-4-carboxamide,
5-amino-1-[2,3-dihydroxy-4-[(hydroxyDmethyl]cyclopentyl-[1R-(1a,2b, 3b,4a)]
(ICAP), and 2-acetyl-cyclopentane-1,3-diketone (ACPD) (see later), ATM did not
cross the blood—brain barrier (BBB) in these studies.

Accordingly, as depicted in Figure 1, we postulate that persistent hyperactivation
of brain Akt in insulin-resistant states and phosphorylation/inhibition of activities
of all brain FoxOs (1/3a/4/6) and PGC-1a (14) may be problematic over time, as
their transcriptional actions are needed to maintain cognitive functions and
neuronal integrity (see discussion in (14)). On the other hand, Akt may also have
more acute beneficial effects on memory and overall brain metabolism and may
also function as an antiapoptotic agent. In any case, the hyperactivation of brain
aPKC, and subsequent increases in BACE1, ABj_404, and phospho-tau (p-tau)
(13, 14) most likely have detrimental effects.

To summarize, systemic insulin resistance that originates in the liver due to
diet-dependent caloric excess (15) or in the brain appetite/energy center as in
leptin-deficient ob/ob mice (17), or in muscle that is defective in glucose transport
(16) is accompanied by key abnormalities in liver that includes the hyper-
activation of hepatic aPKC, aPKC-dependent increases in gluconeogenesis and
lipogenesis, and development of hyperinsulinemia. In turn, hyperinsulinemia
leads to chronic hyperinsulinization of the brain, which, by hyper-activating brain
aPKC, increases levels of the factors that produce pathological plaques and tangles
in AD, that is, BACE1 expression, BACE1 activity, and BACE1-dependent increases
in AB-peptides and p-tau. Obviously, this hypothesis is at odds with postulates
that the brain itself is uniformly insulin resistant, unresponsive to insulin, and
hypoinsulinized in hyperinsulinemic states of obesity. MetS and T2DM, and brain
insulin resistance per se increase AD pathology in these states (19-22). In any case,
liver involvement plays a critical role in causing systemic insulin resistance, and
liver abnormalities are dependent on excessive activation of hepatic aPKC (15-18).
This dependence on hepatic aPKC explains how treatment with inhibitors of
hepatic aPKC and correction of hyperinsulinemia can reduce brain aPKC activity
and thereby improve BACE1, AB_404,, p-tau, and memory alterations (13, 14).

On the other hand, in AD that is not associated with hyperinsulinemia, for
example, in lean nondiabetic subjects, there may well be an impairment in brain
IR activity or a deficiency of brain IR, which limits insulin action in the brain, that
is, in response to normal or low blood insulin levels. As discussed, this, of course,
may occur in nondiabetic, normo-insulinemic AD and possibly in later stages of
T2D-related AD if and when insulin levels are reduced to normal or subnormal
levels. These differences in ambient insulin levels may explain how some, but not
all, studies suggest that nasal insulin treatment, as well as subsequent brain
insulinization, has beneficial effects in AD (19-22).

EFFECTS OF DAG-SENSITIVE PKCs («,8,€) VERSUS aPKC-A/t ON
BACE1 AND AD

In addition to PIPs-activated aPKCs, DAG-activated conventional (¢) cPKCs and
novel (n) nPKCs can influence AD pathology in a variety of ways. For example,
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the activations of both DAG-sensitive cPKC-a and nPKC-e diminish the
amyloidogenic pathway and limit AB;_4y4, production by activating a-secretase,
which cleaves PAPP between sites cleaved by P-secretase and y-secretase, thus
producing shortened, nonamyloidogenic peptides (1, 2, 23, 24). In this regard,
note that insulin activates all DAG-sensitive PKCs in muscle, liver, and adipose
tissues, but whether this occurs in brain is uncertain and is in need of study.

Additionally, the activation of PKC-a may diminish AB;_so4> production
indirectly by restraining PKC-e-dependent PAPP expression, as it has been
reported that phorbol-ester-induced deficiency of PKC-a is accompanied by
increases in PKC-g, PAPP expression, PAPP accumulation in the TGN, and
subsequent increases in BACE1-dependent AP,_,4, production (25).

On the other hand, some LO-AD patients have gain-of-function mutations in
PKC-« that diminishes cognitive/memory functions by altering synaptic activity
(26). However, in the absence of this mutation, it is unknown if there are similar
memory problems that result from PKC-a activation arising from (i) de novo
synthesis of PA/DAG owing to increases in glucose and/or fatty acids, (ii) PLC-
produced DAG, or (iil) increases in levels of blood insulin, which activates all
¢/nPKCs, including PKC-a, by a variety of mechanisms in muscle, liver, and
adipose tissues (information on brain ¢/nPKCs during insulin action is lacking).

In marked contrast to the potentially beneficial effects on AD conferred by the
activation of DAG-sensitive aPKC-a and nPKC-e and subsequent activation of
a-secretase, the effects of the DAG-sensitive nPKC, PKC-8, are much different, in
that PKC-0 overexpression increases, and PKC-0 knockdown decreases, BACE1
levels and AP_4p4, production in neuronal cells (27). Further, like the increases in
activity or levels of PKC-Mt in brains of humans with AD (12), PKC-8 levels are
increased and correlate with increases in BACEL1 levels in brains of AD humans (27).

And, very interestingly, inhibition of PKC-8 by rottlerin simultaneously protects
Tg/APP/PS1/AD mice from developing increases in BACE1 and AB-peptide/plaque
production, and aberrations in cognition/memory functions (27). However, note
that, like PKC-M1, which activates NFkB in liver (15-17, 28) and at least certain
other tissues, for example, lymphocytes (29) (and presumably in brain, as
discussed further later), PKC-§ similarly activates brain/neuronal NF«B (27),
which, in turn, increases the expression of proinflammatory cytokines, TNF-a,
and IL-1f, which, in turn, activate NFxB by a PKC-A/i-dependent mechanism (30).
And, as PKC-8 is also activated by NFxB (27), this suggests operation of a vicious
cycle and raises the possibility that the activation of PKC-Mt by TNF-a and IL-1§
may explain or contribute to BACE1 increases and AD-abetting effects of PKC-6
overexpression (see Figure 2).

PKC-A1

7N

TNF-o, IL-1p «—— IKK/NFkB —> BACE1

PKC-3

Figure 2. Potential interplay of aPKC, PKC-A/1, nPKC, and PKC-§, to operate upstream and
downstream of IKKB/NFkB and act cooperatively in a vicious cycle to increase BACE1
transcription.
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Also note that, in the previously cited PKC-0 study (27), BACE1 mRNA and
protein levels were substantially increased in Tg/APP/PS1/AD mice, and inhibition
of PKC-8§ activity by rottlerin reduced BACE] levels back to normal levels in Tg/
APP/PS1 mice, but had little or no effect on basal BACE1 levels in WT cells. This
partial reduction of elevated BACE1 levels to normal in Tg AD mice contrasts with
the marked (up to 80-90%) reductions of basal/resting levels of BACE1 protein
and mRNA seen in both brain and liver of mice following chemical inhibition or
haploinsufficiency of PKC-A. Thus, PKC-A may be more potent than PKC-8 in
regulating BACE1 transcription.

In this regard, further note that, in adipocytes, PKC-A and PKC-§ were found
to physically interact, and the PKC-§ inhibitor, used in the aforesaid study (27),
rottlerin, was found in another study (31) to block insulin-stimulated translocation
of Glut4-containing vesicles to the plasma membrane independently of PKC-9,
which, in fact, is not required for this process in adipocytes (31). Thus, rottlerin
may have also inhibited PKC-X, which is clearly required for Glut4 translocation
in adipocytes (31). Or, stated differently, rottlerin is not a specific inhibitor of
PKC-§, and the ability of rottlerin to improve AD pathology in Tg/APP/PS1/AD
mice may reflect inhibition of PKC-\ (or other factors that operate via NFkB),
rather than PKC-8. Alternatively, both PKC-A and PKC-8 may work together,
cooperatively or additively, to regulate BACE1 expression.

Finally, note that we have found that PKC-Mt activity is increased in brains of
APP/PS1/AD mice, and inhibition of PKC-Mt with a relatively specific inhibitor,
which clearly does not inhibit PKC-§, is effective in improving memory
impairments and for reducing AB-peptide and AP-plaque levels. This, of course,
suggests that PKC-M is required for BACE1-dependent AD development in Tg
AD mice, and AD-promoting effects of PKC-8 overexpression could conceivably
involve PKC-M activation by the above-described circular pathway.

Nevertheless, as alluded to, it is possible that both PKC-6 and PKC-M are
activated in the AD process, and, moreover, both may participate in the activation
of NFkB, which, in turn, via TNF-a and IL-1f, may further activate both PKC-6
(32) and PKC-Mt (30) in the aforesaid circular “vicious” cycle. This possibility
becomes even more interesting in light of the observation that increases in the
activity of both PKC-8 and PKC-MVC, but not PKC-a, are seen in T-lymphocytes
isolated from AD humans, but only when stimulated ex vivo with AB,_4, (33,34);
this suggests that neurotoxic AP,_s, (AB42) activates both PKC-6 and PKC-MVC,
and this brings into play an interaction between the proliferative actions of PKC-Mt
and the proapoptotic effects of PKC-8, a combination that, when more fully
activated, may enhance and hasten AD pathology development. The latter
possibility, featuring a triad of increases in PKC-M1, PKC-8, and NFkB that are put
into high-gear when AB42 levels reach a threshold may provide an explanation for
the rapid downbhill phase of AD that follows a slow inductive process.

aPKC INHIBITORS

By high throughput screening, a number of compounds have been identified,
which target a site at or near the substrate and/or the ATP-binding site of aPKCs,
and potently inhibit both recombinant aPKCs and aPKC activity of cultured
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neurons and hepatocytes, but not myocytes. Among others yet to be studied,
three such agents have been studied in detail: (i) ICAPP, which potently inhibits
both recombinant PKC-Mt, and neuronal and hepatocyte PKC-Mt (IC50, 1-10
nM); (ii) ICAP, which is converted to active phosphorylated ICAPP intracellularly
by adenosine kinase and is similarly potent for PKC-v/\ in neurons and hepatocytes
(ICs0, 10-100 nM); and (iii) ACPD, which comparably inhibits recombinant
forms of both PKC-M1 and PKC-{, and their activities in isolated neurons and
hepatocytes (ICs,, 10-30 nM) (15-17, 28, 35). Note that, whereas ACPD inhibits
PKC-Mt and PKC-C with equal potency, ICAPP and ICAP preferentially inhibit
PKC-Mu. Also note that the full-length, 70 kDa aPKC in brain, is largely if not
entirely PKC-Mt, as, unlike peripheral non-CNS PKC-(, brain PKC-{ lacks an
inhibitory regulatory domain and exists largely as a shortened, 50 kDa,
constitutively-active moiety, called PKM{, which is particularly important in long-
term memory (LTM) functions, as discussed later. Further note that ICAPP, ICAP,
and ACPD do not inhibit recombinant forms of conventional/novel (¢/n) PKCs
(a,B,8,¢,0) (15-17, 28, 35).

During in vivo usage, in doses that are sufficient to effectively inhibit hepatic
aPKC and largely, albeit not completely, reverse post-IR hepatic aberrations seen
in mouse obesity/MetS/T2D models (15-17), the aforesaid inhibitors, ICAPP,
ICAP, and ACPD, do not inhibit muscle, adipocyte, or brain aPKC, and, in all
tissues, they have no inhibitory effects on Akt, or on AMPK. These inhibitors also
have no effect on activities of an array of 35 other kinases independently tested by
Life Technology Selectscreen Profiling, Madison, WI (15-17, 28, 34). We therefore
believe that these agents have reasonable selectivity for aPKC, but as with all
drugs, exclusive targeting cannot be assumed.

On the other hand, we have verified that partial heterozygous KO of total body
PKC-A in the mouse (total homozygous KO is embryonic lethal), and thus
haploinsufficiency of PKC-), has biological effects similar if not identical to those
of the aforesaid chemical aPKC inhibitors in liver (36) and in brain: for example,
PKC-\ haploinsufficiency (i) in liver blocks all hepatic diabetic aberrations
induced by high-fat-feeding (36) and (ii) in brain markedly diminishes BACE1
levels and insulin-stimulated production of Ap-peptides. In addition, liver-specific
KO of PKC-\ (by administration of adenovirus encoding Cre-recombinase to
PKC-\-floxed mice) or liver-specific inhibition of hepatic aPKC by adenovirus-
mediated expression of kinase-inactive aPKC has biological effects in liver similar
if not identical to those of the aforesaid chemical aPKC inhibitors on obesity/
MetS/T2DM (18, 36, 37). We therefore are confidant that aPKC inhibition
underlies all biological effects of ICAPP, ICAP, and ACPD that we have reported in
both liver and brain.

However, at higher in vivo doses, ICAPP, ICAF, and ACPD inhibit brain, as well
as liver, aPKC (13). Thus, in insulin-resistant, hyperinsulinemic states, these
agents can reduce brain aPKC activity (i) at lower doses, indirectly via inhibition of
liver aPKC and reduction of blood insulin levels, and (ii) at higher doses, by
directly inhibiting brain aPKC. In this regard, note that, in published (38) and
other pharmacokinetic/pharmacodynamic (PK/PD) studies, it was found that
ICAP preferentially distributes to liver, but clearly passes the BBB to enter the
brain. And, as found in other studies, ICAP is effective in liver and brain when
given insufficiently increased doses by oral gavage (i.e., per os [PO)]), as well when
administered IV or SC. Moreover, when administered to mice intranasally, [CAP
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inhibits brain, but not liver, aPKC, suggesting that ICAP reaches the brain through
neurovascular bundles that traverse the sphenoid sinuses and the cribriform plate;
this raises the possibility that nasally administered aPKC inhibitors (or other
agents) may be used to selectively target brain aPKC during AD treatment.

Furthermore, in cultured human neuronal cells and/or mouse hippocampal
slices, ICAPP fully inhibits insulin-stimulated increases in activities of 70 kDa
PKC-v/A and BACE]1, and increases in the production of AB,_40/4, by approximately
50% at 10 nM and 90-100% at 100 nM, without inhibiting the putative memory
protein, that is, constituently-active 50 kDa PKM{ (13), which was alluded to
earlier and discussed more fully later. And, in cultured human neuronal cells,
ICAPP, at low 10 nM concentrations, fully blocked 2—3-fold increases in BACE1
levels that were provoked by 24-h insulin treatment. It therefore seems clear that
prolonged treatment with high-dose insulin acts directly via aPKC to induce
remarkably strong increases in neuronal BACE1 levels. This bolsters our contention
that hyperinsulinemia is an important risk factor for AD. It also seems very clear
that aPKC inhibitors are working directly in neurons to alter BACE1 and BACE1-
dependent alterations in AB-peptide production.

aPKC REQUIREMENTS FOR MEMORY FUNCTION

As alluded to, a number of findings suggest that the 50 kDa, constitutively active,
brain-specific form of PKC-{, that is, PKM{ (described earlier), functions in long-
term potentiation (LTP) and LTM formation (39, 40). However, although PKM(
KO in brain does not impair LTP/LTM, this appears to be explained by a
compensatory increase in PKC-Mt in PKMC-null mice, as suggested by the fact
that LTP/LTM is impaired by selective inhibition of PKC-/A by ICAP in PKM{-null
mice, but not in normal mice, wherein ICAP does not inhibit PKM( (40). And, from
the lack of effect of ICAP on LTP and memory function in normal mice (40), it
may be argued that PKC-M is not required for on-going LTP/LTM.

Indeed, in HFF mice, as reported in (13), aPKC inhibitor ACPD improved
high-fat-diet-induced decreases in acute memory function (as per Novel Object
Recognition [NOR]) while blocking insulin-stimulated increases in PKC-t/A
activity, but largely sparing basal PKC-I/A activity. Moreover, in other studies, a
50% loss of brain PKC-A in PKC-A haplo-insufficient mice, and subsequent
decreases in PKC-\ activity and BACE levels (80-90%) did not impair training
and memory functions in Radial Arm Water Maze (RAWM) and NOR tests. It thus
appears that brain aPKC activity can be partially diminished to levels that markedly
reduce AD development, without impairing memory processes.

Nevertheless, it should be noted that, whereas a marked and chronic loss of PKC-t/A
in a long-term, hippocampus/anterior-cortex-selective KO study showed essentially
normal memory function and LTM/LTP, which was attributed to PKM{ compensation,
acute KO of hippocampal/anterior-cortical PKC-A (and thus lacking time for
compensatory changes) suggested a need for PKC-A, in learning/memory processes,
but only in more difficult (nonstandard) learning tasks (41). Furthermore, acute
I-month knockdown of PKC-A produced specifically in the hippocampus by
stereotactic injection of virus encoding shRNA, suggested that hippocampal PKC-A
is needed for the initiation of LTP, short-term memory (as per contextual and trace
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fear testing), and consolidation of LTM (42). Thus, these inhibitory effects on
learning and memory may be exaggerated by acute, and thus uncompensated, and
excessive losses of PKC-A, since (i) as discussed, partial inhibition of PKC-Mt and
simple reduction of elevated brain PKC-\ activity to normal by aPKC inhibitor
treatment improve memory loss (in NOR) in hyperinsulinemic HFF mice (13) and
(ii) chronic 50% loss of PKC-A in PKC-A-haploinsufficient mice did not impair
learning/memory performance in RAWM and NOR tests.

It is, of course, interesting that brain PKC-Mt and PKM{ (and perhaps other
PKCs) can apparently compensate for losses of each other over time in the adult
mouse brain, and these compensatory changes can satisfactorily maintain relatively
normal memory functions. In any case, these caveats of aPKC inhibition or
deficiency need to be kept in mind.

aPKC ACTIVATORS

Atypical PKCs are activated not only by insulin and other polypertides (IGF-1,
NGE BDNE NMDA-receptor activators (43—47)) that activate PI3K and thereby
produce PI-3.4.5-(PO,); (PIP3) which directly activates aPKCs (48) but also by
C:14 and C:16 ceramides which directly activate aPKCs (15) (higher C:20-24
ceramides may be inhibitory); PLD-derived phosphatidic acid (PA), which, like
PIP5, contains an acidic head group and directly activates aPKCs (49, 50); various
factors, such as AP42 (33, 34) and certain oxidants (e.g., sorbitol (49)) and
inflammatory factors (e.g., lipopolysaccharide (51)) which presumably activate
PLCs and/or PLD to produce PA. Note that many of these metabolites and agonists
are thought to abet AD development.

CONTROL OF BACET TRANSCRIPTION BY NFkB

There is clear evidence that NFkB is a strong, if not the major, transactivator of the
BACE]1 gene in mouse brain (52-54). This is of considerable interest, as we have
shown, that hyperinsulinemia in various O/MetS/T2D states (e.g., HFE, ob/ob, and
HetMAKO mice (15-18, 36, 37) and T2D humans (28)) leads to, in liver, aPKC-
dependent increases in (i) phosphorylation/activation of inhibitor of kappa-B
kinase-B (IKK-B), (i) phosphorylation and thus dissociation of the inhibitor of
NFkB inhibitor (IkB) from NFkB (and, presumably, subsequent degradation of IkB),
(iii) transfer of the active p65/RelA subunit of NFkB into the nucleus, (iv) p65/RelA
phosphorylation and activation, as per electrophoretic mobility shift assay, and (v)
NFkB-dependent transcription of genes encoding various proinflammatory
cytokines, including TNF-a and IL-1p, that is, with increases in their mRNA and
protein levels. These changes are clearly provoked by an aPKC-dependent mechanism,
as shown by inhibition of aPKC by chemical inhibitors and expression of kinase-
inactive-aPKC, and by various PKC-A KO methods.

In particular, note, in normal WT mice, acute insulin treatment over 15 min
increases nuclear levels of the p65/RelA subunit of NFkB, and simple feeding-
induced increases in insulin provoke increases in mRNA levels of TNF-a and

111



112

Farese RV et al.

IL-1pB; and all effects of insulin and feeding are blocked or markedly diminished
in littermate mice haploinsufficient for PKC-A (35). And, perhaps most importantly,
we found in both hepatocytes harvested from humans with long-term preexisting
T2DM, and following acute 4-h insulin treatment of normal human hepatocytes,
that there were increases in TNF-a and IL-13 mRNA levels by an aPKC-dependent
mechanism (28). Note that others have also shown that aPKCs are major activators
of NFkB during inflammation and lymphocyte activation (29).

We therefore strongly suspect that aPKC increases BACE1 transcription by
activating NFkB in hepatocytes and neurons by the following mechanism and
linear pathway:

(i) In liver, dietary caloric excesses — hepatic aPKC activity — IKK activity —
NFkB activity — BACEL levels — IR degradation — systemic insulin resis-
tance — hyperinsulinemia — activation of hepatic spare IRs — post-IR
hepatic aberrations — hyperinsulinemia — and so on in a vicious cycle

(i) and, in brain, hyperinsulinemia, cellular stress/oxidant/inflammatory factors,
AB4,, and so on — aPKC activity — IKKp activity — NF«xB activity — BACE1
levels — AB-peptides and p-tau, and IR degradation (that is partial and can
be bypassed by hyperinsulinemia) — AD pathology.

CONCLUSION

It seems abundantly clear that AD risk in obesity MetS/T2DM is real, and this risk
at least partly results from hyperinsulinemia-induced increases in brain aPKC
activity that provokes increases in BACE1 levels and production of AB-peptides
and p-tau. Increases in brain aPKC activity and BACE1 activity/levels can also
proteolytically diminish brain IR levels, but hyperinsulinemia in all mouse and
monkey models of obesity/MetS/T2DM that we have examined does not diminish
IR-dependent Akt activity; indeed, despite decreases in brain IR levels, brain IR
and Akt activities are increased (apparently via “spare” IRs) by hyperinsulinemia
and/or other factors.

On the other hand, increases in BACEL activity and levels that occur in
nondiabetic AD can not only increase AB-peptide and p-tau levels but presumably
can also diminish brain IR levels, and this may diminish insulin-stimulated Akt
activation in norm- or hypoinsulinemic subjects. On the other hand, activities of
both Akt and aPKC are reportedly elevated by uncertain noninsulin factors in the
brains of humans with nondiabetic AD, and this increase in aPKC activity can
increase BACE1 levels and activity in these AD brains.

Accordingly, there is considerable evidence to suggest that brain aPKC
activity is increased in both diabetes-related and nondiabetic forms of LO-AD.
And initial findings in mice suggest the feasibility of using chemical aPKC
inhibitor treatment to reduce BACE1, AB-peptides, and p-tau. Alternatively,
treatments that target factors that activate aPKCs, or factors that operate
between aPKC and BACE], that is, at levels surrounding NFkB, may also be
effective in AD treatment and should be considered. In any event, the
continued elucidation of signaling pathways that are operative in AD
pathogenesis is likely to open new avenues for the development of effective
treatments for AD.
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