
RESEARCH ARTICLE

Disease modifying effect of adiponectin in model of
a-synucleinopathies
Kazunari Sekiyama1, Masaaki Waragai1, Hiroyasu Akatsu2, Shuei Sugama3, Takato Takenouchi4,
Yoshiki Takamatsu1, Masayo Fujita1, Akio Sekigawa1, Edward Rockenstein5, Satoshi Inoue6,
Albert R. La Spada7,8, Eliezer Masliah5 & Makoto Hashimoto1

1Tokyo Metropolitan Institute of Medical Sciences, 2-1-6 Kamikitazawa, Setagaya-ku, Tokyo 156-0057, Japan
2Choju Medical Institute, Fukushimura Hospital, Aichi 441-8124, Japan
3Nippon Medical School, 1-1-5 Sendagi, Bunkyou-ku, Tokyo 113-8602, Japan
4Division of Animal Sciences, National Institute of Agrobiological Sciences, Tsukuba, Ibaraki 305-8634, Japan
5Department of Neurosciences, University of California, San Diego, La Jolla, California, 92093-0624
6Department of Anti-Aging Medicine, Graduate School of Medicine, University of Tokyo, Tokyo 156-0057, Japan
7Division of Genetics, Department of Pediatrics, Department of Cellular and Molecular Medicine, Institute for Genomic Medicine and the Sanford

Consortium for Regenerative Medicine, University of California San Diego, La Jolla, California, 92037
8Rady Children’s Hospital, San Diego, California, 92123

Correspondence

Makoto Hashimoto, Tokyo Metropolitan

Institute of Medical Sciences, 2-1-6

Kamikitazawa, Setagaya-ku, Tokyo 156-

0057, Japan. Tel: 81-3-6834-2354; Fax:

81-3-5316-3150; E-mail:

hashimoto-mk@igakuken.or.jp

Funding Information

This work was supported in part by a grant-in-

aid for Science Research for Young Scientists

B25830044 (to K. S.); a Cell Innovation Project

(to S. I.); and funding for Innovative Areas

“Brain Environment 24111555” (to M. H.),

Basic Science Research B 25290019 (to M. H.),

and Challenging Exploratory Research

25640030 (to M. H.) from the Ministry of

Education, Culture, Sports, Science, and

Technology, Japan, and grant from Japan

Foundation for Neuroscience and Mental

Health (to M. H.); by a NIBIO grant (to S. I.); by

NIH Grants AG18440, AG022074, AG10435,

and ES016731 (to E. M.); and by NIH Grants

AG033082 and NS065874 (to A. R. L.).

Received: 16 March 2014; Revised: 12 May

2014; Accepted: 29 May 2014

Annals of Clinical and Translational

Neurology 2014; 1(7): 479–489

doi: 10.1002/acn3.77

Abstract

Objective: Growing evidence suggests that neurodegenerative diseases are asso-

ciated with metabolic disorders, but the mechanisms are still unclear. Better

comprehension of this issue might provide a new strategy for treatment of neuro-

degenerative diseases. We investigated possible roles of adiponectin (APN), the

antidiabetes protein, in the pathogenesis of a-synucleinopathies. Methods:

Using biochemical and histological methods, we investigated autopsy brain of

a-synucleinopathies including Parkinson’s disease (PD) and dementia with

Lewy bodies (DLB), and analyzed the effects of APN in cellular and in mouse

models of a-synucleinopathies. Results: We observed that APN is localized in

Lewy bodies derived from a-synucleinopathies, such as Parkinson’s disease and

dementia with Lewy bodies. In neuronal cells expressing a-synuclein (aS),
aggregation of aS was suppressed by treatment with recombinant APN in an

AdipoRI-AMP kinase pathway-dependent manner. Concomitantly, phosphory-

lation and release of aS were significantly decreased by APN, suggesting that

APN may be antineurodegenerative. In transgenic mice expressing aS, both his-

topathology and movement disorder were significantly improved by intranasal

treatment with globular APN when the treatment was initiated in the early

stage of the disease. In a mouse model, reduced levels of guanosine and inosine

monophosphates, both of which are potential stimulators of aggregation of aS,
might partly contribute to suppression of aggregation of aS by APN. Interpre-

tation: Taken together, APN may suppress neurodegeneration through modifi-

cation of the metabolic pathway, and could possess a therapeutic potential

against a-synucleinopathies.

Introduction

In our aged/superaged societies, there is an urgent need for

the discovery of therapy against neurodegenerative diseases,

while there are so far no effective ways available. Evidence

has been accumulating to suggest that neurodegenerative

diseases, including Alzheimer’s disease (AD) and Parkin-

son’s disease (PD), have aspects of lifestyle disorders. For
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instance, it had been known that some lifestyle interven-

tions, such as exercise and low calorie diet, were beneficial

for neurodegenerative diseases.1 Furthermore, epidemiologi-

cal studies have shown that increased risk of neurodegenera-

tive diseases is associated with metabolic disorders that may

develop in adulthood.2 In particular, type II diabetes mellitus

is a risk factor for AD2–4 and for other neurodegenerative dis-

eases, such as PD5, 6 and Huntington’s disease.7 In this con-

text, it is of note that adiponectin (APN), an antidiabetes

factor, may be systematically increased in AD8 and PD9

patients, as well as in female centenarians.10 APN is an adipo-

cytic protein that is structurally homologous to collagen VIII

and X and complement C1q, and has many biological

actions, including glucose utilization, insulin sensitization,

and antiinflammatory properties.11 The APN signaling path-

way has been described as an “exercise mimetic” that may be

is protective against metabolic disorders, including type II

diabetes, atherosclerosis, and obesity.12 However, little is

known about the effect of APN against neurodegeneration

in vivo, although in vitro APN protects neuroblastoma cells

against neurotoxins, such as 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine13 and ß-amyloid.14 The protective

properties of APN are may be ideal for neurodegenerative

diseases that currently have no curable treatments, and thus

the main objective of this study was to determine whether

APN is protective against a-synucleinopathies such as PD.

Materials and Methods

Use of autopsy brains was approved by the Human Ethics

Committee of Fukushimura Hospital and Tokyo Metro-

politan Institute of Medical Science, and the family of

each subject provided informed consent for the postmor-

tem analysis. All animal procedures were approved and

conducted in accordance with Animal Ethics Review

Committee regulations of the Tokyo Metropolitan Insti-

tute of Medical Science.

Reagents

Recombinant human APN (full-length APN or gAPN)

(ProSpec, East Brunswick, NJ) was used for cells and

transgenic mice experiments. SB203580 (Promega, Madi-

son, WI) and compound C (Calbiochem, San Diego, CA)

were applied to cell cultures at the indicated concentra-

tions. Unless otherwise noted, all other chemicals were

obtained from Sigma (St. Louis, MO).

Antibodies

The following primary antibodies were used in the study:

polyclonal anti-C-terminal APN antibody (Novus Biologicals,

Littleton, CO), anti-N-terminal APN antibody (Abcam,

Cambridge, UK), anti-AdipoR1 (C-14) antibody (Santa

Cruz Biotechnology, Santa Cruz, CA), anti-alix (Cell Sig-

naling, Beverly, MA), anti-aS (Cell Signaling) and mono-

clonal anti-aS (syn-1; BD Biosciences, Franklin Lakes, NJ),

anti-paS (Wako Pure Chemical Industries, Osaka, Japan),

anti-flottilin-1 (BD Biosciences), and anti-ß-actin (Sigma)

antibodies. The secondary antibodies were Alexa Fluor 488-

conjugated antirabbit antibody and Alexa Fluor 594-conju-

gated antimouse antibody (Invitrogen, Carlsbad, CA).

Autopsy brains

Sporadic PD (Yahr stage II), sporadic DLB, and age-

matched controls were used in the study. Diagnoses of PD

and DLB were based on previously described criteria15 and

were ultimately confirmed by autopsy. The postmortem

interval was less than 2 h in each case. The substantia nigra

of PD brains and the cingulate cortex of DLB brains were

fixed in 4% paraformaldehyde. Brain samples were then

embedded in paraffin and sectioned into 4-lm slides. Sec-

tions were then deparaffinized and analyzed by H&E stain-

ing or immunostaining. Alternatively, brain samples were

frozen at �80°C until later use for immunoblotting.

Cell cultures

B103 rat neuroblastoma cells expressing aS were routinely

cultured as previously described.16 Typically, cells were incu-

bated under serum-free conditions for 2 h and were treated

with rec. APN (5 lg/mL: this concentration was decided,

based on the previous publications17,18 or phosphate buffer

saline (PBS) for an additional 18 h). Cells were then har-

vested and fractionated into tris-buffered saline (TBS), 1%

sodium dodecyl sulfate (SDS), and 70% formic acid (FA)

fractions.16 In some experiments, cells were dissolved in lysis

buffer: 1% Nonidet P-40, 50 mmol/L HEPES, 150 mmol/L

NaCl, 10% glycerol, 1.5 mmol/L MgCl2, 1 mmol/L ethylene

glycol tetraacetic acid (EGTA), and 100 mmol/L sodium

fluoride-containing protease inhibitor mixture (Nacalai Tes-

que, Tokyo, Japan). For the analysis of conditioned medium

(CM), the CM samples were collected from the cell mono-

layer and centrifuged at 10,000g for 30 min to remove cell

debris. Alternatively, exosome fractions were semipurified

from the CM using a Total Exosome isolation kit (Invitro-

gen). For siRNA experiments, siRNA targeting rat AdipoR1

or a nontarget control (Santa Cruz Biotechnology) was trans-

fected using Lipofectamine 2000 (Invitrogen).

Immunological procedures

Immunohistochemistry, immunofluorescence, and immu-

noblotting were performed as described elsewhere19 with

minor modifications.
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Animal experiments

Transgenic mice expressing wild-type human aS under the

control of the Thy-1 promoter were used.20There were no

differences in serum APN levels between mice expressing

aS at 2–3 months and controls (data not shown), and tests

for glucose in urine were negative in both groups (data not

shown). These mice were previously shown to have accu-

mulation and aggregation of aS in the frontal cortex and

limbic system, with accompanying motor deficits.20 Geno-

mic DNA was extracted and analyzed as previously

described.19 The control mice were littermates of the same

age and mixed gender. Typically, the aS tg mice (male at

3 months of age) were intranasally treated with gAPN every

3 days for 2 months. Alternatively, mice at 5 months of

age were intranasally treated with gAPN every 3 days for

1 month. When performing nasal administration, a trans-

mucosal absorption enhancer (10 lL of PBS containing

5 mg/mL poly-L-arginine hydrochloride, molecular mass

>70,000)21 was administered nasally. Thirty minutes later,

the mice were nasally treated with gAPN (10 lL of PBS

containing 0.1 mg/mL of gAPN) or PBS alone. After behav-

ioral tests at the indicated time points, the mice were ana-

lyzed histologically and biochemically. During the

experimental period (~8 months old, male), the levels of

activation of astrocytes and microglia were too low to be

detected in the brains of the aS tg mice15 (not shown).

Motor behavioral analyses

The motor behavioral analyses were performed under

blind conditions. A rotarod test was performed for 3-, 4-,

and 5-month-old mice, as previously described.19 Assess-

ment of motor functions was supplemented by a beam

walking test, as previously described22 with modifications.

Briefly, a 90-cm beam with a flat surface of 12- or 5-mm

width was set 50 cm above a table. A black box was

placed at the end of the beam as a finishing point. The

starting point was identified by the light of a lamp.

Groups of mice had a training day of five trials on the

12-mm beam and five trials on the 5-mm beam. On the

test day, the time to cross the 5-mm beam was measured

and the number of paw slips that occurred during this

process was recorded.

Metabolome analysis

Sample preparations were performed according to the

manufacturer’s instructions (Human Metabolome Tech-

nologies, Inc., Tsuruoka, Japan). Approximately 50 mg of

mice brain (frozen at �80°C) was plunged into 1500 lL
of 50% acetonitrile/Milli-Q water containing internal

standards at 0°C to inactivate enzymes. The tissue was

homogenized thrice at 1500 rpm for 120 s using a tissue

homogenizer (Microsmash MS100R; Tomy Digital Biol-

ogy Co., Tokyo, Japan) and then the homogenate was

centrifuged at 2300g and 4°C for 5 min. Subsequently,

800 lL of the upper aqueous layer was filtered centrifu-

gally through a Millipore 5-kDa cutoff filter at 9100g and

4°C for 120 min to remove proteins. The filtrate was con-

centrated centrifugally and resuspended in 50 lL of Milli-

Q water for capillary electrophoresis/mass spectrometry

(CE/MS) analysis. Metabolome measurements were car-

ried out at Human Metabolome Technology Inc.

In vitro aggregation assay

Recombinant human aS was produced in E.coli and an

aggregation assay in the cell-free system was performed as

previously described.23 Aggregation of aS (0.2 lmol/L in

20 lL sodium buffer, pH 7.0) was induced at high tem-

perature (65°C, 18 h) in the presence of various reagents.

Statistical methods

Differences between groups were evaluated by Student’s

t-test or one-way ANOVA followed by a Tukey post hoc

test. For metabolome analysis, results are expressed as

mean � SD. All other results are expressed as

mean � SEM.

Results

Immunostaining of APN in human brains in
cases of a-synucleinopathies

To determine whether APN is involved in the pathogenesis

of a-synucleinopathies, we analyzed postmortem brains of

cases of PD and dementia with Lewy bodies (DLB) histo-

logically (Fig. 1). Immunohistochemistry occasionally

showed anti-APN-positive immunoreactivities in Lewy

bodies (Fig. 1C and F, G–I), which were weaker than those

of S129-phosphorylated a-synuclein (paS), the hallmark of

a-synucleinopathies24 (Fig. 1B and E). Indeed, double-

immunofluorescence studies revealed that the immuno-

reactivity of APN colocalized with that of paS in the majority

(~80%) of brainstem Lewy bodies in PD (Fig. 1J–l) and to

a lesser extent (~10%) in neocortical Lewy bodies in DLB

(Fig. 1M–O). It is possible that APN in the Lewy bodies

might be derived from adipose tissues. An alternative, but

not mutually exclusive, possibility is that small amounts of

APN locally expressed in the brain might be increased

under neurodegenerative conditions. In either case, it is

unlikely that APN is directly involved in aggregation of a-
synuclein (aS) because anti-APN immunoreactivity was

negative in both Lewy neurites and pale bodies, the

ª 2014 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 481

K. Sekiyama et al. Adiponectin is an Antineurodegeneration Factor



precursors of mature Lewy bodies25 (Fig. S1A). However,

an indirect role cannot be ruled out from these data.

Immunoblot analysis of APN in human
brains in cases of a-synucleinopathies

To determine whether APN is aggregated in Lewy bodies,

we analyzed the APN concentrations in DLB and non-

DLB brains. The immunoreactive of APN was signifi-

cantly increased in the SDS fraction from DLB brains

than those of non-DLB brains. However, little APN was

detected in FA fractions using immunoblot analysis (Fig.

S1B and C). Thus, one possibility is that APN might be

sequestered by aS into Lewy bodies, which corresponds to

the increased APN level in the SDS fraction of DLB

brains.

Figure 1. Immunostaining of APN in human brains in cases of a-synucleinopathies. Substantia nigra of PD brains (A–C, G–I, J–L) and cingulate

cortex of DLB brains (D–F, M–O) were analyzed by hematoxylin and eosin (H&E) staining (A and D) and immunohistochemistry using anti-C-

terminal APN (C, F, G, J) or anti-N-terminal APN (H), or anti-paS (B, E, K). (I) The immunoreactivity of anti-C-terminal APN disappeared by

preabsorption with rec. APN. Double immunofluorescence studies (J–L, M–O) showed that APN was immunopositive in the paS-positive Lewy

bodies (16 of 21 in 4 PD brains and 8 of 84 in 6 DLB brains, respectively, denoted by arrowheads). APN, adiponectin; PD, Parkinson’s disease;

DLB, dementia with Lewy bodies.
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APN ameliorates neurodegeneration in a
cell model for a-synucleinopathies

To investigate the effect of APN, we incubate the cellular

model of a-synucleinopathy with recombinant APN.

Despite the uncertainties in the autopsy brain samples,

APN clearly suppressed neurodegeneration in B103 neuro-

blastoma cells stably expressing aS (Fig. 2). Aggregation of

aS was significantly reduced by treatment with recombi-

nant APN, as assessed by immunoblot analysis of aS
accumulated in FA-extractable fractions (Fig. 2A). Mecha-

nistically, the AdipoRI26-AMP kinase (AMPK) pathway

may be important because suppression of aS aggregation

by APN was abolished by siRNA knockdown of AdipoRI

expression (Fig. 2B), as well as by pharmacological inhibi-

tion of AMPK but not of P38 (Fig. 2C). AdipoRI is widely

expressed in nonneuronal and neuronal tissues/cells,11,17,27

as well as the current cell model of a-synucleinopathies
(Fig. 2B). APN has been shown to stimulate phosphoryla-

tion of several signaling molecules, such as AMPK, P38,

and GSK-3 (Fig. S2A), while GSK-3b was situated down-

stream of P38 (Fig. S2B). Consistent with a notion that

APN might be antineurodegenerative in cell cultures, the

level of paS24 was significantly decreased by APN treatment

in an AdipoRI-dependent manner (Fig. 2D–F). Moreover,

the level of aS released into the CM was significantly

reduced by APN, with a clear decrease in exosome-associ-

ated release of aS28 (Fig. 2G). As exosome might play a

critical role for the cell-to-cell transmission of the aS oligo-

mers,29 our finding provides a view that APN might be

suppressive on the propagation of the aS pathology.

Finally, APN modestly stimulated the activity of protea-

somes, but not that of lysosomes (Fig. S2C and D). A fur-

ther study showed that APN was neuroprotective. Cell

viability was significantly recovered in the presence of APN

when cells were treated with various types of neurotoxins

that may mimic neurotoxicities in PD, including an endo-

plasmic reticulum stressor, a mitochondrial toxin, and a

proteasome inhibitor (Fig. S2E). In the present experimen-

tal setting, APN had little effects on mitochondria based on

the mitochondrial complex I activity (Fig. S2F) and mRNA

levels for PPAR-c co-activator-1 (PGC-1) a and cyto-

chrome C (Fig. S2G). However, given the central role of

mitochondria in the pathogenesis of PD,30 further

improvements of the experimental system might allow

detection of a positive effect of APN on mitochondria.

APN ameliorates neurodegeneration in a
mouse model for a-synucleinopathies

On the basis of the findings in the autopsy brains and cell-

based study, we wished to investigate the effect of APN on

a-synucleinopathies in vivo. For this purpose, recombi-

nant globular domain of APN (gAPN), a physiological

product of C-terminal APN,11 was administered intrana-

sally to tg mice expressing aS (Fig. 3). We used gAPN not

simply because gAPN is shorter than full length of APN

but because suppressive effect of gAPN on the aggregation

of aS in cell cultures was comparable to that of full length

of APN (Fig. S3A). Furthermore, intranasally injected

FLAG-tagged gAPN was shown to reach various areas of

the brain in mice (Fig. S3B and C). Indeed, such a nonin-

vasive delivery of therapeutics directly to the brain has

been considered for many reagents, including insulin

treatment for dementia.31 With this background, the APN

nasal treatment was initiated in the aS tg mice at

3 months of age without severe movement disorder

(Fig. 3, male, n = 8–9). Compared to the mice that did

not receive gAPN, the mice at 5 months of age that

received gAPN had significantly improved weight loss

(Fig. 3A) and retarded the progression of movement dis-

ability, as assessed by a rotarod test (Fig. 3B), followed by

an examination by beam walking assay (Fig. 3C). In addi-

tion to the behavior analyses, aS pathology was remark-

ably ameliorated in the mice treated with gAPN compared

to the mice that received vehicle injection as evaluated by

immunohistochemistry; accumulation of paS was reduced

in both cortex and olfactory bulb, while aS-positive glob-

ule formation in thalamus was remarkably suppressed

(Fig. 3D). Furthermore, these results were confirmed by

immunoblot analysis showing that accumulation of aS in

the FA-extractable fractions of the cortex of the aS tg mice

brain was remarkably suppressed by treatment with gAPN

(Fig. 3E). During the experimental periods, the activation

of glial cells, including astrocytes and microglia, was not

extensive as to be quantified (not shown). In contrast to

the current protocol of experiment, movement disorder

was little improved when the intranasal treatment of APN

was initiated in the aS tg mice at 5 months of age which

had severer movement disorders compared to the mice at

3 months of age (not shown). Taken together, these

results suggest that intranasal gAPN protects against neu-

rodegeneration in the early stage in the aS tg mouse.

APN downregulates the purine
monophosphate in a mouse model of
a-synucleinopathies: one possible mechanism

The mechanism through which APN ameliorates aS
pathology is obscure. To determine whether the antineu-

rodegenerative properties of APN were associated with

certain metabolic changes in vivo, brain extracts of aS tg

mice were analyzed by CE/MS. The results showed that

among the various metabolites affected by APN, there

were significant decreases in purine monophosphates,

including guanosine monophosphate (GMP) and inosine
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Figure 2. APN ameliorates neurodegeneration in a cell model of a-synucleinopathies. B103 neuroblastoma cells expressing human aS or empty

vector were treated with rec. APN (5lg/ml) or PBS. Cells were fractionated into TBS-, SDS-, and FA-extractable fractions)16 (A–C) and analyzed by

immunoblotting using anti-aS. Uncropped blots of (a) are presented in Figure S4. In (C), cells were pretransfected with siRNA of AdipoRI or

nontarget (control), while in (C) cells were preincubated with a p38 inhibitor SB203580 (1 lmol/L) or a AMPK inhibitor compound C (1 lmol/L).

In (D–F), phosphorylation of aS was evaluated by immunoblotting (D and F) or immunofluoresence (E) using anti-paS or anti-aS. In (E),

representative image of double immunofluorescence showed that colocalization of paS with aS was reduced by APN. In (F), cells were

pretransfected with siRNA for AdipoRI or nontarget. In (G), the suppressive effect of APN on release of aS in the conditioned medium (CM) was

evaluated, while exosomes were semipurified from the CM and analyzed for aS and two exosome markers: alix and flotillin-1. The intensities of

the immunoreactivities of aS were quantified (A: all fractions, B and C: FA fraction, mean � SEM, n = 3–5, n.s; not significant, *P < 0.05,

**P < 0.01). In (F) and (G), the intensities of paS versus those of aS, and the intensities of aS in the CM were quantified, respectively

(mean � SEM, n = 5, *P < 0.05). APN, adiponectin; FA, formic acid; AMPK, AMP kinase.
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monophosphate (IMP) (Fig. 4A). As both GMP and IMP

specifically stimulated aggregation of aS under cell-free

conditions (Fig. 4C and D), it is possible that a decrease

in these purine monophosphates might partly contribute

to suppression of aggregation of aS by APN. Recently, it

has been shown that progression of PD is inversely corre-

lated with serum urate levels and the frequency of gout.32

Although the present results were not directly linked to

this important issue, our results did augment the notion

that metabolism and/or catabolism of nucleic acids may

play an important role for the regulation of the aggrega-

tion of aS in the pathogenesis of a-synucleinopathies.

Discussion

As far as we know, this study is the first to show that

APN may negatively regulate the pathogenesis of a-synuc-
leinopathies in an animal model. The protective roles of

APN have recently been implicated in a wide range of

diseases, including cancer,33 osteoporosis,34 and chronic

pulmonary obstructive disease.35 Notably, the protective

actions of APN may occur beyond the brain–blood bar-

rier, as APN has been shown to be protective against

cerebral ischemia36 and depression37 in the rodent ner-

vous system. Taken together, these results suggest that a-
synucleinopathies can be regarded as systemic diseases in

terms of APN protection. In this context, it is reasonable

to speculate that decreases in systemic APN in pathologi-

cal conditions such as diabetes and other lifestyle disor-

ders may result in a loss of protective function of APN,

leading to deterioration of a variety of systemic diseases,

including a-synucleinopathies.
Our study shows that intranasal treatment with a short

peptide derived from APN (e.g., gAPN) may suppress dis-

ease progression in mice models of a-synucleinopathies.
Given that APN is systemically involved in protection in

various tissues and organs, it is likely that reinforcement

of APN in human brain would not be associated with

severe side effects. Thus, our noninvasive treatment using

gAPN could be a candidate for therapy for a-synucleinop-
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athies. Basic understanding of APN has markedly pro-

gressed in diabetes, with the recognition that expression

and activity of APN are enhanced by stimulation of per-

oxisome proliferator-activated receptor c.11,12 Further-

more, osmotin, a plant protein that is a ligand for the

yeast homolog of AdipoR (PHO36), has been shown to

activate AdipoR signaling in C2C12 myocytes.11 More-

over, it was also recently shown that both the features of

diabetes and shortened life span observed in genetically

obese db/db mice fed a high-fat diet were significantly

improved by treatment with small molecules that act as

AdipoR agonists.38 It is possible that these developments

in diabetes might also be applicable in therapy for neuro-

degenerative diseases. Thus, future studies are warranted

to examine the therapeutic potential of APN for a-synuc-
leinopathies and possibly for other neurodegenerative dis-

eases.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Additional characterization of APN in human

brains in cases of a-synucleinopathies. (A) Immunostain-

ing of APN in human brains in cases of a-synucleinopa-
thies. Pale bodies (upper panels, thin arrows) and Lewy

neurites (lower panels, thick arrows) derived from the

substantia nigra of PD brains were identified by H&E

staining and immunohistochemistry using anti-paS,
respectively. Double immunofluorescence using anti-C-

terminal APN and anti-paS failed to detect immunoreac-

tivities of APN in pale bodies or in Lewy neurites. (B)

Immunoblot analysis of APN in human brains in cases of

a-synucleinopathies. 293T cells were transfected with

pCEP4-APN or pCEP4 alone and harvested after 48 h.

The transfected cells and brain samples (from the cingu-

late cortex of DLB brains) were dissolved with lysis buffer

(1% Nonidet P-40, 50 mmol/L HEPES, 150 mmol/L

NaCl, 10% glycerol, 1.5 mmol/L MgCl2, 1 mmol/L EGTA,

100 mmol/L sodium fluoride-containing protease inhibi-

tor mixture), and total extracts were analyzed by

immunoblotting using anti-C-terminal APN. The immu-

noreactivity of the APN monomer (30 kDa) was aug-

mented by heating (95°C, 5 min) under reducing

conditions. Transfection of the APN expression vector

was performed as previously described.16 (C) Comparison
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of expression levels of APN between a-synucleinopathies
and controls. Immunoreactivities of the APN monomer

(30 kDa) in SDS-soluble extracts of DLB brains (cingulate

cortex) were significantly higher than those in extracts

from non-DLB control brains (cingulate cortex). How-

ever, there were no differences in AdipoR1 and Adi-

poR226 between DLB and control brains, and

immunoreactivities of APN, AdipoR1, and AdipoR2 were

not observed in FA fractions, in contrast to the extensive

aggregation of aS in DLB brains. Intensities of APN were

quantified relative to those of actin (mean � SEM, n = 7,

**P < 0.01, n.d., not detected).

Figure S2. Effects of APN on B103 neuroblastoma cells

expressing aS. (A and B) Effects of APN on signaling

molecules. Cells expressing aS and vector-transfected cells

were incubated under serum-free conditions for 2 h, fol-

lowed by treatment with APN (5 µg/mL) under serum-

free conditions for the indicated times. (A) Expression

and phosphorylation of signaling molecules, including

P38, AMPK, and GSK-3, were assessed by immunoblot-

ting with antibodies against pP38, AMPK, pAMPK,

pGSK-3 (all from Cell Signaling), P38, and GSK-3 (all

from BD). (B) Phosphorylation of GSK-3 was inhibited

in the presence of SB203580 (1 µmol/L), but not with

compound C (1 µmol/L), indicating that GSK-3 may be

situated downstream of p38, but not of AMPK. (C) APN

protects against neurotoxicities by chemical reagents. Cells

expressing aS were incubated with various neurotoxic

reagents, including tunicamycin (1 µg/mL), rotenone

(100 nmol/L), and lactacystin (1 µmol/L), under serum-

free conditions in the presence or absence of APN (5 µg/
mL) for 48 h. Cell viability was evaluated by measure-

ment of LDH release16 (mean � SEM, n = 4–6,
*P < 0.05). (D and E) Effects of APN on proteasome and

lysosome. Cells expressing aS and vector-transfected cells

were incubated with APN (5 µg/mL) for 18 h under

serum-free conditions. Proteasome (D) and lysosome (E)

activities were measured as described in the Supplemental

Methods. APN weakly but significantly increased protea-

some activity, but had little effect on lysosome activity

(mean � SEM, n = 5–6, *P < 0.05). (F and G) Effects of

APN on mitochondria. Cells expressing aS and vector-

transfected cells were incubated with APN (5 µg/mL) for

18 h under serum-free conditions. (F) Mitochondrial

activity was measured by mitochondrial complex I activity

assay as described in the Supplemental Methods

(mean � SEM, n = 6). Cells expressing aS cells were

incubated with APN for 3 h under serum-free conditions.

(G) mRNA level of peroxisome proliferator-activated

receptor c coactivator a (PGC1-a) and cytochrome c was

evaluated by qPCR (mean � SEM, n = 4).

Figure S3. Preparatory studies for intranasal delivery of

gAPN into mice brain. (A) gAPN treatment suppresses

aggregation of aS in a cell model of a-synucleinopathies.
To determine whether gAPN inhibits aggregation of aS,
cells expressing human aS were incubated under serum-

free conditions with rec. gAPN (5 µg/mL) or rec. full-

length APN (5 µg/mL) for 18 h. Cells were harvested and

cell extracts were fractionated and immunoblotted using

anti-aS. The intensities of aS were quantified relative to

those of actin (mean � SEM, n = 4, *P < 0.05). (B)

gAPN treatment stimulated phosphorylation of signaling

molecules in a cell model of a-synucleinopathies. To

determine whether gAPN stimulates the phosphorylation

of signaling molecules such as APN, cells expressing aS
were incubated under serum-free conditions for 2 h, fol-

lowed by treatment with gAPN (5 µg/mL) or APN (5 µg/
mL) under serum-free conditions for 30 min. Expression

and phosphorylation of signaling molecules, including

P38 and AMPK, were assessed by immunoblotting with

antibodies against P38, pP38, AMPK, pAMPK, and actin.

(C and D) Intranasally injected gAPN reaches various

regions of mice brains. aS tg or wild-type mice were

intranasally treated with gAPN (C) (1 mg/mL, 10 µL
PBS), FLAG-gAPN (D) (1 mg/mL, 10 µL PBS), or PBS

alone. Mice brains were analyzed by immunohistochemis-

try using anti-C-terminal APN (C) and immunoblotting

using anti-FLAG antibody and anti-actin (D). Representa-

tive figures of olfactory bulb and cortex are shown in (C).

Insets are shown to show at higher magnification for the

olfactory bulb and cortex. Brain extracts (D) were pre-

pared from olfactory bulb, frontal cortex, striatum, hind

cortex, hippocampus, thalamus, hypothalamus, and brain-

stem, and evaluated by immunoblotting using anti-FLAG

antibody and antiactin.

Figure S4. Full scans of immunoblot data. Uncropped

image of Figure 2(A). A representative immunoblots of

TBS, SDS, and FA-extractable fractions using anti-aS
antibody. All the intensities of aS using TBS, SDS, and

FA-extractable fraction were quantified similarly as

Figure 2(A).19 *Nonspecific bands.

Data S1. Supplementary Methods.
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