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Introduction

Abstract

A recent study suggested that insulin resistance may play a central role in the patho-
genesis of Alzheimer’s disease (AD). In this regard, it is of note that upregulation of
plasma adiponectin (APN), a benign adipokine that sensitizes the insulin receptor
signaling pathway and suppresses inflammation, has recently been associated with
the severities of amyloid deposits and cognitive deficits in the elderly, suggesting
that APN may enhance the risk of AD. These results are unanticipated because AD
has been linked to type II diabetes and other metabolic disorders in which hypoad-
iponectinemia has been firmly established, and because APN ameliorated neu-
ropathological features in a mouse model of neurodegeneration. Therefore, the
objective of this study is to discuss the possible mechanisms underlying the biologi-
cal actions of APN in the context of AD. Given that insulin receptor signaling is
required for normal function of the nervous system, we predict that APN may be
upregulated to compensate for compromised activity of the insulin receptor signal-
ing pathway. However, increased APN might be sequestered by tau in the brain,
leading to neurotoxic protein aggregation in AD. Alternatively, misfolding of APN
may result in downregulation of the insulin/APN signal transduction network, lead-
ing to decreased neuroprotective and neurotrophic activities. Thus, it is possible
that both ‘gain of function” and ‘loss of function’ of APN may underlie synaptic
dysfunction and neuronal cell death in AD. Such a unique biological mechanism
underlying APN function in AD may require a novel therapeutic strategy that is dis-
tinct from previous treatment for metabolic disorders.

Recently, there has been a great interest in adiponectin
(ANP) a benign adipocytokine that sensitizes the insulin

A growing body of evidence suggests that metabolic dys-
function may play a major role in the pathogenesis of
Alzheimer’s disease (AD) and related neurodegenerative
disorders." In support of this idea, various lifestyle-
related disorders, such as type II diabetes (T2DM), dys-
lipidemia, and obesity, have been epidemiologically
linked to AD.” Furthermore, AD and these metabolic
disorders are commonly associated with a number of
pathological features, including impairment of insulin
signaling, mitochondrial dysfunction, endoplasmic reticu-
lum (ER) stress, oxidative stress, protein aggregation,
and inflammation (Fig. 1).”

receptor signaling pathway and suppresses inflammation.
As expression of APN is decreased under conditions of
general metabolic dysfunction, including obesity, T2DM,
and cardiovascular diseases (Fig. 1),* it is reasonable to
speculate that ‘loss of function’ of APN might promote
metabolic diseases and that restoration of APN signaling
might be beneficial. Consistent with this idea, it has been
shown that stimulation of APN signaling by recombinant
APN or an APN receptor agonist is effective in the treat-
ment of a mouse model of metabolic disorders.™

Based on the overlapping pathologies between AD and
T2DM, it is likely that plasma APN might also be reduced
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Figure 1. Differential alteration of plasma APN in T2DM and AD. T2DM
and AD share a number of pathological features, such as insulin resistance,
mitochondrial dysfunction, oxidative stress, chronic inflammation, protein
aggregation, and endoplasmic reticulum stress. However, the level of
plasma APN is decreased in T2DM, but increased in AD.

in AD. Indeed, APN has been shown to ameliorate neu-
ropathological features in a mouse model of neurodegen-
erative disease.”® Yet, in contrast, many studies have
found that plasma APN is upregulated, rather than down-
regulated, in AD (Fig. 1).”"> More recently, increased
levels of plasma APN were found to be associated with
the burden of amyloid deposits and degree of cognitive
impairment in a prospective cohort study for the
elderly,'* also suggesting that APN may instead promote
neurodegeneration in AD.

The objective of this study is to discuss the potential
mechanisms underlying the differential alterations of
plasma APN between AD and T2DM. Further insights
into the various mechanisms through which APN is
involved in the pathogenesis of AD may provide clues
from which to devise novel therapeutic strategies against
AD and related neurodegenerative diseases.

APN actions in the nervous system

Compared to the abundant expression of APN in plasma,
small amounts of APN exist in neuronal cells.'">'® How-
ever, the low levels of APN in the brain and cerebrospinal
fluid (CSF)'® may be compensated by the presence of two
high-affinity APN receptors, AdipoR1 and AdipoR2,"” in
the brain.

Various molecules have been characterized in APN
receptor signaling pathway in cell-based studies. Among
them, AMP-activated protein kinase (AMPK) is the major
kinase that plays a central role in biological effects, such
as stimulation of insulin sensitivity, mitochondrial bio-
genesis, and oxidative metabolism in various types of cells
(Fig. 2)."® Another important signaling molecule in APN
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Figure 2. Schematic of APN signaling pathway. AMPK is the master
kinase that regulates various intracellular signaling molecules,
including sirtuin and PGC-14, leads to stimulation of insulin sensitivity,
mitochondrial biogenesis, and oxidative metabolism. APN also
activates p38-MAPK, inhibiting GSK-3f activity, leading to stimulation
of neurogenesis and suppression of neurodegeneration. It is predicted
that a crosstalk between the two pathways may be important for
many biological effects in the nervous system.

receptor signaling pathway is GSK-3f. it is of note that
p38-MAPK is situated upstream of GSK-3f, inhibiting
GSK-3f activity by phosphorylation, and leading to stim-
ulation of neurogenesis and antineurodegeneration in
neuroblastoma cells”'? (Fig. 2). Furthermore, given the
negative regulation of AMPK by GSK-3%, a cross-talk
between the AMPK and GSK-3f signaling pathways may
be important. Indeed, we previously observed that inhibi-
tion of AMPK enhanced phosphorylation of GSK-3/ neu-
roblastoma cells.” Thus, further studies are warranted to
confirm these findings in the brain.

Diverse actions of APN in the nervous
system

As a member of a family of adipokines, including leptin,
adipsin, and resistin, APN might be involved in
regulation of energy balance and metabolism.*' AdipoR1
and AdipoR2 are both abundantly expressed in the
hypothalamus, particularly in the arcuate nucleus and
paraventricular hypothalamus.*® Intracerebroventricular
administration of APN in a mouse model of T2DM was
shown to decrease body weight, mostly through stimulat-
ing energy expenditure.”> Beyond energy regulation, APN
may also play other roles in the nervous system. For
instance, APN protected human neuroblastoma SH-SY5Y
cells against MPP+-induced cytotoxicity** and amyloid f3-
induced neurotoxicity.” In vivo, APN was protective
against kainic acid-induced excitotoxicity in the mouse
hippocampus, a well-established model of seizure.”® In
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addition, APN might be involved in regulation of neuro-
genesis because APN stimulates proliferation of adult hip-
pocampal neural stem/progenitor cells through activation
of the p38 mitogen-activated protein kinase/glycogen syn-
thase kinase 3p/f-catenin signaling cascade.'"” Physical
exercise-induced hippocampal neurogenesis is also medi-
ated by APN,”” and APN exerts neurotrophic effects on
dendritic arborization, spinogenesis, and neurogenesis of
the dentate gyrus in mice.”®

These findings show that APN has diverse effects in the
nervous system, including neuroprotection, neurotrophic
actions, and neurogenesis. Importantly, these effects
might to some extent be attributed to modulation of
insulin receptor signaling, given that APN can sensitize
the insulin receptor signaling pathway.”® Moreover, APN
may be important in suppression of neuroinflammation
by glial cells. Thus, APN might be critical in normalizing
the imbalance between M1 and M2 microglial polariza-
tion states,’® while globular APN induces a proinflamma-
tory response in human astrocytes.”® Thus, further
investigation of the in vivo effects of APN on glia, includ-
ing microglia and astrocytes, is warranted.

APN ameliorates neurodegeneration in
model mice

Given the diversity of its functions in the nervous system,
APN may be beneficial in therapy for neurodegenerative
disorders. In support of this view, APN ameliorated neu-
ropathological features, such as protein aggregation and
impaired motor activity, in a mouse model of a-synuclei-
nopathies.” Osmotin, a plant homologue of APN, attenu-
ates Ap42-induced neurotoxicity and tau
hyperphosphorylation in the hippocampus of wild-type
mice,® and it was recently shown that aged APN-knock-
out mice have characteristics of brain insulin desensitiza-
tion and development of an AD-like pathology.”

APN may increase AD risk

Insights from in vivo and in vitro studies of APN strongly
suggest a protective effect against AD and other neurode-
generative diseases, but the precise role of APN remains
unclear. Thus, a clearer understanding of the biological
actions of endogenous APN is required in the context of the
normal aging brain, as well as in the pathogenesis of AD.

Increased level of plasma APN in AD

Accumulating evidence indicates that metabolic dysfunctions,
such as T2DM, obesity, and atherosclerosis, increase the risk
for AD and vascular dementia, and hypoadiponectinemia is a
well-characterized ~ feature of metabolic —syndrome.*

Adiponectin and Alzheimer’s Disease

Therefore, it seems that plasma APN should be reduced in
AD. Yet, paradoxically, studies in AD patients demonstrate
an inverse relationship between APN and AD. Une and col-
leagues initially showed that the levels of plasma APN in mild
cognitive impairment (MCI) (n = 18) and AD (n = 27) were
significantly higher than those in normal controls (NC)
(n = 28) (Table 1), and that the plasma and CSF levels of
APN had a positive correlation.” Consistent with these find-
ings, the Framingham Heart Study undertook a prospective
study of the contribution of biomarkers related to glucose
homeostasis and inflammation to the risk of developing AD
and all-cause dementia in 840 dementia-free participants
(541 women and 299 men with a mean age of 72 years)
showed that elevated APN was a predictor for all-cause
dementia and AD (Table 1).° Notably, the increase in
plasma APN in AD was significant in women, but not in
men. "’

Increased levels of plasma APN in AD were confirmed by
Khemka et al,!! Waragai et al,'? and Ma et al.'>, but War-
ren et al® and Dukic et al.”® did not find significant
changes in plasma APN in AD patients, and lower plasma
APN was found by Teixeira et al. (Table 1).3% The reasons
for the discrepancies among these studies are unclear, but
the APN level may be affected by multiple factors. Given that
many AD patients have concomitant metabolic disorders," it
is possible that plasma APN may fluctuate during coprogres-
sion of the disease.”’” Furthermore, hypoadiponectinemia has
been observed in alexithymia and tension-type headache, in
addition to metabolic disorders.*®** Thus, a study with a
small sample size might be influenced by concurrent diseases
or states that also affect APN levels.

Altered plasma APN is associated with
neurodegenerative pathology

Given the diverse effects of APN on the nervous system,
alterations in plasma APN might influence neuropatho-
logical changes in the brain. Indeed, it is well known that
T2DM is independently associated with cognitive dys-
function and loss of hippocampus volume.*’ Consistent
with this, there is a significant decrease in hippocampus
volume in patients with T2DM (n = 45) with low APN
(Table 2).*' More recently, lower APN levels in T2DM
(DM; n =25, NC; n =25) have been associated with
lower gray matter volume and reduced cerebral glucose
metabolism in temporal regions (Table 2).** Thus,
decreased plasma APN in T2DM might lead to degenera-
tive changes in the hippocampus.

On the other hand, a report derived from the Mayo
Clinic Study of Aging, a large cohort study of aging and
dementia (n = 535, aged > 70 years without dementia)
showed that plasma APN levels were associated with
magnetic resonance imaging data of hippocampal and
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Table 1. Recent studies of plasma APN in patients with AD

M. Waragai et al.

Plasma APN
Study/Citation Sample numbers Level in AD Other findings
Ma J et al. (2016) NC =91, AD = 91 Increase Insulin was increased, but leptin was decreased in
AD compared to NC
Waragai M et al. (2016) NC = 62, MCI = 64, Increase CSF_APN was decreased in AD compared to MCI
AD = 63 and NC
Dukic L et al. (2016) NC = 50, MCI = 48, No change Similarly, Kallikrein- 6 and clustrin were no
AD = 70, VAD = 67 changes
Khemka VK et al. (2014) NC = 60, AD = 60 Increase Insulin was increased, but leptin was unchanged
Teixeira AL et al. (2013) NC = 51, MCl = 65, Decrease Follow-up of MCI (n = 54) and NC (n = 43) did not
AD = 41 show correlation of plasma APN with the disease
progression
Warren MW et al. (2012) NC = 198, AD = 148 No change Leptin was also unchanged
van Himbergen Prospective cohort project: Increase APN levels were increased in all-cause of dementia
T™ et al. (2012) dementia free (men: and AD in women
n =299, women: n = 541,
median age of 76 years)
Une K et al. (2011) NC = 28, MCl = 18, Increase CSF_APN was increased in MCl and in AD

AD = 27

Increased levels of plasma APN in AD were found by Une et al.?, van Himbergen et al.’®, Khemka et al."’, and Waragai et a
and decreased levels of plasma APN in AD was found by Teixeira et a

changes were reported by Warren et al.>* and Dukic et al.>>;

1."%; no significant

|36

Table 2. Association of the alteration of plasma APN with neuropathology.

Study/Citation Sample numbers Disease Findings
Wennberg AM et al. (2016) Nondemented (men: n = 328, AD Correlation of high plasma APN with
women: n = 207) neuropathology (amyloid deposition and
cognitive function)
Garcia-Casares N et al. (2016) T2DM (n = 25), NC (n = 25) T2DM Correlation of low plasma APN with
hippocampal volume
Masaki T et al. (2012) T2DM (n = 50) T2DM Correlation of low plasma APN with

hippocampal volume

Low plasma levels of APN associated with hippocampal volume in T2DM in studies by Masaki et al.*' and Garcia-Casares et al.*?, while high levels

of plasma APN were associated with neuropathologies (i.e., amyloid deposits and cognitive decline) in the elderly in a study by Wennberg et a

cortical volumes, fluorodeoxyglucose-positron emission
tomography (PET), amyloid-PET, and cognitive out-
comes, such as MCI diagnosis and neuropsychological test
performance, suggesting that higher plasma APN may be
associated with neuropathological features of AD, such as
amyloid deposits and cognitive deficits.'*

Taken together, an alteration of plasma APN, either a
decrease or an increase, may lead to stimulation of neu-
ropathology.

Gender difference in the association of APN
with AD

Notably, the result of the Mayo Clinic study is consistent
with those of the Framingham Heart Study, in which
increased plasma APN levels were an independent risk
factor for development of both all-cause dementia and
AD in women, but not in men.'®'* One may predict that

|14

the gender difference of the association of APN with AD
may be attributed to a hormonal difference, as APN and
estrogen are inversely correlated and APN is increased in
postmenopausal women.'**?  Alternatively, women are
likely to have more cognitive impairment than men at the
same level of neuropathology.'*** Thus, a gender differ-
ence characterizes the relationship of increased plasma
APN, leading to neurodegeneration in women with AD.
Further investigations are warranted to determine the
potential mechanisms behind the gender differences.

APN may promote
neurodegeneration in AD through
novel mechanisms

The mechanism by which increased expression of plasma
APN, and presumably APN in the nervous system, pro-
motes neurodegeneration in AD remains unknown.
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However, increasing evidence suggests that adaptation by
APN to an insulin-resistant state may be involved in the
pathogenesis of AD.

Potential mechanism of upregulation of
plasma APN in AD

Given that the network of insulin/IGF-1-APN signaling
pathways is indispensable to the nervous system,*” upreg-
ulation of plasma APN may reflect a compensatory feed-
back response to abnormally reduced activity of insulin/
IGF-1 receptor signaling pathways in AD (Fig. 2). Indeed,
it has been shown that the insulin signaling pathway is
regulated by various feedback mechanisms. For instance,
plasma insulin is upregulated in response to downregula-
tion of insulin receptor signaling, resulting in insulin
resistance,*® and APPL1, an adaptor protein containing a
PH domain, PTB domain, and leucine zipper motif,*” has
been increased in AD, perhaps in response to impaired
insulin receptor signaling.*®

An alternative, nonmutually exclusive possibility is
that upregulation of plasma APN might instead be due
to decreased activity of APN receptor signaling; in
essence, APN resistance. Similarly to insulin and leptin
resistance, APN resistance could be caused by dysregu-
lation of signal transduction, ER stress, and inflamma-

tion.*

To our knowledge, APN receptor signaling
functions in relation to neurodegeneration have not
been examined, and studies of this critical issue in AD

are required.

Discrepancy of expression patterns between
APN and APN receptors

Whereas APN receptors are predominantly expressed in
the hypothalamus,* there seem to be extensive changes
in APN levels in other brain regions in neurodegenera-
tive diseases. Currently, the mechanism through which
the expression pattern of APN is distinct from those of
APN receptors remains unclear. In this regard, there are
a few possibilities as follows. First, although it has gener-
ally been thought that APN is exclusively produced in
adipocytes, a recent study suggests that expression of
APN is induced in other tissues under the pathological
conditions, such as skeletal muscle cells in T2D*° and
aortic endothelial cells in cold storage.51 Therefore, it is
not surprising that expression of APN is observed in
degenerating neurons. A second possibility is that APN
might have other signal transduction pathways in addi-
tion to AdipoR1 and -R2. For instance, it will be inter-
esting to determine if T-cadherin, which is abundantly
expressed in brain®” and is known to bind APN,> might
affect expression of APN.

Adiponectin and Alzheimer’s Disease

Insulin resistance may mediate APN-related
neuropathology

An increase in APN may compensate for compromised
insulin receptor signaling, but various amyloidogenic
proteins, including tau and a-synuclein (o-syn), might
also gradually sequester APN, resulting in promotion of
neurodegeneration. This concept is based on our recent
observation that APN immunoreactivity is present in
inclusion bodies, such as neurofibrillary tangles and
Lewy bodies.”'> This raises a fundamental question
regarding how secreted APN might interact with intra-
cellular molecules such as tau and a-syn. However, amy-
loid precursor protein (APP), another secreted molecule,
is immunolocalized with Lewy bodies in PD brain,*
suggesting that there might be an as yet uncharacterized

Metabolic Syndrome

*) A )

Impairment of Insulin/IGF-1 Receptor Signaling
in the Nervous System €

4 NO
Plasma APN 1 Neuroprotection (APN:
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5
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APN by Tau
4 \
Formation of Toxic Tau Decrease of Functional
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Synaptic Loss & - Loss of Neuroprotection and
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Figure 3. Hypothetical mechanism through which APN is involved in
neuropathology in AD. Under metabolic syndrome conditions, AD is
stimulated due to insulin resistance in the nervous system. In the early
stage, plasma APN may be upregulated to compensate for
compromised activity of the insulin receptor signaling pathway. APN
may be transferred from plasma into the CNS in a regulated manner
and ameliorates compromised activity of the insulin receptor signaling
pathway. Thus, APN is thought to be neuroprotective through a
negative feedback mechanism: (-). However, during aging and
progression of AD, APN may leak from plasma into the CNS, thereby
being sequestered by tau and resulting in formation of toxic
protofibrils of tau, leading to synaptic dysfunction and neuronal cell
death (gain of function). Alternatively, sequestration of APN by tau
results in decreased concentration and misfolding of APN, leading to
downregulation of the insulin receptor signaling pathway. As a result,
neurotrophic and neuroprotective activities of the insulin/APN receptor
signaling network are lost, which is associated with increased
neuroinflammation (loss of function). Thus, both ‘gain of function’
and ‘loss of function’ of APN may exacerbate the insulin receptor
signaling positive feedback mechanism: (+), ultimately leading to
synaptic dysfunction and neuronal cell death.
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mechanism underlying this phenomenon. Thus, insulin
resistance may upregulate APN, contributing to aggrega-
tion of tau in AD (Fig. 3). It is important to investigate
how APN is involved in the formation of neurofibrillary
tangles.

This proposed mechanism for the role of APN in the
pathogenesis of AD is reminiscent of insulin degrading
enzyme (IDE), a protease that digests both insulin and
amyloid f (Af). A prevailing view is that IDE may be
deprived by increased expression of insulin in response to
compromised insulin receptor signaling, leading to Af
accumulation and senile plaque formation in AD
(Fig. 2).° Alternatively, expression of IDE may be down-
regulated as IDE is a downstream target of the insulin
receptor signaling pathway.”® In other words, insulin
resistance may be situated upstream of the neurodegener-
ation cascade and adaptation to insulin resistance by APN
may play a central part in the pathogenesis of AD, includ-
ing formation of two major histopathological hallmarks
of AD: senile plaques and neurofibrillary tangles.

The pathological lesions associated with neurodegenera-
tion may be steps in a cascade leading to synaptic dysfunc-
tion and ultimately to neuronal cell death, the common
denominators of neurodegenerative disease. As such, toxic
aggregates of amyloidogenic proteins, such as Af, tau, and
o-syn, and particularly protofibril forms, might be impli-
cated in this process.”” Based on the colocalization of APN
with tau,'?, it is also possible that APN may be sequestered
by tau into neurofibrillary tangles and misfolding of APN
might be stimulated thereby. Under such neurodegenera-
tive conditions, it is predicted that the insulin—APN signal
transduction network may result in downregulation of
neuroprotective and neurotrophic activities of neurons,
leading to synaptic dysfunction and neuronal cell death.
Further mechanistic studies of the interaction of APN and
tau are warranted to examine this possibility.

Furthermore, given the importance of APN as a nega-
tive regulator of inflammation, failure to suppress neu-
roinflammation by APN may further exacerbate the
insulin—APN signal transduction network (Fig. 2). Collec-
tively, APN alone takes on dual properties of ‘gain of
function’ and ‘loss of function’, leading to neurodegenera-
tion (Fig. 2). Therefore, it is intriguing to speculate that
fluctuation of APN might act as a driving force in the
pathogenesis of AD.

Leakage of plasma APN may lead to
neurodegeneration

Because the integrity of the blood-brain barrier (BBB)
gradually decreases in aging®®>® and amyloid deposition
in cerebral blood vessels is almost universal in AD, leak-
age of plasma protein has long been postulated as

M. Waragai et al.

causative of disease.”” In this context, leakage of plasma
APN into the brain parenchyma may result in sequestra-
tion of amyloidogenic proteins, such as tau and o-syn,
leading to stimulation of neurodegeneration. Naturally,
such a mechanism may be involved in vascular dementia
that may cause BBB dysfunction, in which APN may play
a major role®. Thus, APN could be a dangerous neurode-
generative molecule, and this might explain why little
APN is expressed in the nervous system, compared to the
strong expression of APN in serum.®’ Given the tendency
for higher plasma APN in women compared to men,®!
we predict that the gender difference regarding the corre-
lation of plasma APN with neuropathology®' may be at
least in part attributable to the decrease in BBB integrity
in aging, in addition to other mechanisms, including hor-
monal differences between men and women.

Differential action of APN in rodents
and humans

There is a striking difference in APN actions between
mouse models of neurodegeneration and human brains,
with respect to neurodegenerative disease. APN appears
to be neuroprotective in brains of mice”®, whereas it
may promote neurodegeneration in the human brain.'
The mechanisms underlying these differential actions of
APP in neurodegeneration is a central question in neu-
rodegenerative research, considering that there are dif-
ferences in neuropathological features in mouse and
human brains in various aspects of neurodegenerative
processes.

Difference in aging-associated protein
aggregation between rodents and humans

Postmenopausal aging in women is distinct from that in
other vertebrates, and this may be relevant to the differ-
ential effects of APN in humans and mice. Based on the
absence of neurohistopathologies, such as Lewy bodies
and neurofibrillary tangles, in brains of neurodegenerative
mice models, the degree of protein aggregation-related
pathology in aging mice may be much milder than that
in humans. Activities of the protein degradation systems,
such as autophagy and the ubiquitin proteasome system,
are compromised in aging®>®, which suggests that clear-
ance of protein aggregation in aging might be more effi-
cient in mice than in humans. From this perspective, it is
probable that toxic gain of function of APN through
interaction with tau may be specific to human aging,
whereas loss of neuroprotective and neurotrophic func-
tions of APN due to a decreased activity of the insulin/
APN receptors signaling network might be common
between humans and mice.
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Further impact of gender on APN in animal
models

Gender differences in APN activity, especially in the cir-
culation, should clearly be taken into account in studies
of APN function and influence on neurodegeneration.
However, all studies of APN actions in neurodegenerative
diseases have been performed in male mice to exclude the
effects of the estrous cycle on behavioral and psychiatric
states, including mood, anxiety, learning, and mem-
ory.”®** Thus, a study is required for comparison of
the effects of APN in male and female mice.

APN as a novel target for therapies
for AD

Despite numerous clinical trials in AD directed toward
protein aggregation, oxidative stress, and inflammation,
which are all molecular targets implicated in the patho-
genesis,”” therapeutic outcomes have been unsatisfactory.
Given that metabolic dysfunction is central to AD, ‘anti-
insulin resistance’ has recently been proposed as a para-
digm in therapy for AD and related disorders. Within this
framework, the mechanistic actions of APN in AD could
be considered. In support of this idea, it is noteworthy
that polymorphisms of the APN gene have recently been
linked to sporadic AD.®>%¢

APN-based therapeutic strategy against AD

The dual neuroprotective and neurodegenerative proper-
ties of APN in AD must be considered in development of
a therapeutic strategy against AD. First, if stimulation of
the APN receptor signaling pathway is protective against
neurodegeneration, the APN receptor could be targeted to
improve insulin resistance, as in metabolic disorders.®
One candidate, a small-molecule APN receptor agonist,
AdipoRon, may be effective for stimulation of insulin sig-
naling,® although its ability to cross the blood-brain bar-
rier (BBB) has yet to be shown. Alternatively, other
molecules that sensitize insulin receptor signaling, such as
glucagon-like peptide 1 (GLP-1), could be targeted.®” In
fact, clinical studies are underway to evaluate the efficacy
of a GLP-1 analogue in mild-to-moderate AD.** In paral-
lel, suppression of the neurodegenerative action of APN is
required. Inhibition of tau aggregation may be an efficient
strategy to inhibit sequestration of APN by tau, and a
clinical study of tau immunization for progressive
supranuclear palsy is ongoing.”® However, stimulating
endogenous production of APN using compounds such as
PPAR-y agonists,69 acetylcholinesterase inhibitors,”® and
vitamin E’' may be detrimental in terms of the toxic gain
of function of APN.

Adiponectin and Alzheimer’s Disease

Given that plasma APN might leak into parenchyma
through defective brain vascular structure and contribute
to neurodegeneration, preservation of the integrity of the
BBB is another important strategy. Thus, it is worth not-
ing that antihypertensive agents, such as angiotensin-con-
verting enzyme (ACE) inhibitors, have been shown to be
beneficial as therapy for AD,”> as prevention of
atherosclerosis may enhance the integrity of the BBB.
However, caution is necessary because treatment with
ACE inhibitors upregulates APN expression in serum.”>”*
Overall, combined treatment with an APN receptor ago-
nist and tau immunotherapy may provide greater thera-
peutic efficacy. Indeed, combination therapy of anti-
insulin resistance with amyloid immunotherapy has been
proposed for AD and related neurodegenerative dis-

eases.45

APN as an early biomarker of AD

Finally, it is increasingly clear that early treatment is
essential to protect against AD.*> In this regard, APN
could potentially serve as a marker of early-stage disease
and perhaps of disease progression. Given that disease-
modifying therapies should be initiated at earlier stages of
disease pathogenesis,” it will be interesting to determine
whether APN can play a role in evaluating therapeutic
effects in AD.

To date, only two studies have evaluated the associa-
tion of CSF APN and AD. Une et al. found increased
CSF APN in AD and MCI patients, suggesting that
increased APN in CSF may be derived from increased
APN in serum’, although it is yet to be determined if this
is physiological or due to decreased activity of BBB in
aging or under neurodegenerative conditions. In contrast,
Waragai et al. found that CSF APN was reduced in AD
patients.'”” The authors suggested that APN might have
been sequestered to neurofibrillary tangles, similar to
sequestration of AB42 into senile plaques in CSF of AD."?
Considering that APN is a potential biomarker of AD,
further studies are warranted to clarify the relationship
between plasma and CNS APN levels in both health and
disease.

Conclusions

A recent finding of an association of elevated plasma
APN with degenerative neuropathology, including amy-
loid deposits and severity of dementia severity in the
elderly™, together with accumulating reports of upregula-
tion of plasma APN in AD suggests that a gain of func-
tion of APN may be involved in development of AD. It is
possible that stimulation of protein aggregation and toxic
fibril formation of tau may exacerbate insulin resistance
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(Fig. 3). On the other hand, loss of neuroprotective and
neurotrophic functions of the insulin/APN receptor sig-
signaling network being accompanied with increased ner-
uinflammation may also exacerbate insulin resistance
(Fig. 3). Thus, both aspects of ‘gain of function” and ‘loss
of function’ of APN in the pathogenesis of AD may ulti-
mately lead to synaptic dysfunction and neuronal cell
death (Fig. 3). In concert with other adipocytokines, such
as leptin’®, a complicated mode of APN may act as a
driving force in AD pathogenesis.

Such a molecular action of APN in AD is in contradic-
tion to the loss of function of APN in hypoadiponectine-
mia in metabolic disorders, including obesity and T2DM.
Therefore, a new therapeutic strategy reflecting the toxic
effects of APN in AD may be required that is distinct
from conventional treatment for metabolic disorders. In
this regard, we suggest that a combination of an APN
receptor agonist and tau immunotherapy may be a viable
strategy. In addition, APN may be useful as an early bio-
marker of AD. This is of particular interest in efforts to
develop disease-modifying therapies for AD. Collectively,
APN may be mechanistically, therapeutically, and diag-
nostically important in AD.
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