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Parkinson's disease is assumed to be caused bymitochondrial dysfunction in the affected dopaminergic neurons
in the brain. We have recently created small chemicals, KUSs (Kyoto University Substances), which can reduce
cellularATP consumption. By contrast, agonistic ligands of ERRs (estrogen receptor-related receptors) are expect-
ed to raise cellular ATP levels via enhancing ATP production. Here, we show that esculetin functions as an ERR
agonist, and its addition to culture media enhances glycolysis andmitochondrial respiration, leading to elevated
cellular ATP levels. Subsequently, we show the neuroprotective efficacies of KUSs, esculetin, and GSK4716 (an
ERRγ agonist) against cell death in Parkinson's disease models. In the surviving neurons, ATP levels and expres-
sion levels of α-synuclein and CHOP (an ER stress-mediated cell death executor) were all rectified. We propose
thatmaintenance of ATP levels, by inhibiting ATP consumption or enhancing ATP production, or both, would be a
promising therapeutic strategy for Parkinson's disease.
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1. Introduction

The human brain constitutes only 2–3% of the total body weight but
monopolizes about 15% of the total blood flow, and it consumes about
20% of the total oxygen inhaled by the lungs. Simply put, the brain
needs a lot of energy, namely ATP, for its functions and survival. Indeed,
a decrease in ATP production in certain area(s) of the brain or the cen-
tral nervous system can lead to neuronal cell death in the affected
area(s) and thus cause ischemic or degenerative neuronal diseases.

Parkinson's disease is the second-most frequent neurodegenerative
disease, with an incidence of approximately one per 1000 individuals.
Parkinson's disease is caused by gradual cell death of dopaminergic neu-
rons in the substantia nigra, and therapeutic chemicals or drugs that
prevent this cell death are currently not available. In the early 1980s,
certain numbers of drug users near San Francisco were observed mani-
festing Parkinson's disease phenotypes (Langston et al., 1983). The ex-
amination clarified that they suffered from accidental intoxication by
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which was a
contaminant in the drug they used. Later, it was found that 1-methyl-
4-phenylpyridinium (MPP+), a metabolite of MPTP, but not MPTP
iversity Graduate

en access article under
itself, is specifically incorporated into dopaminergic neurons in the
substantia nigra, where it inhibits mitochondrial complex I, suppresses
ATP production, and ultimately kills the dopaminergic neurons in vivo,
not only in humans but also in other animals, e.g. mice and rats
(Dauer and Przedborski, 2003; Davis et al., 1979; Langston et al., 1983;
Ramsay et al., 1991). These results have strongly implicated mitochon-
drial dysfunction or ATP decrease as a pathological mechanism in
Parkinson's disease. Since then, MPTP has been widely used to experi-
mentally create animal models of Parkinson's disease.

The most well-known, if not invariable, pathological hallmark of
Parkinson's disease is the presence of Lewy bodies, protein aggregates
composed of α-synuclein, in dopaminergic neurons in the affected
brain region (Dauer and Przedborski, 2003; Halliday et al., 2014;
Polymeropoulos et al., 1997; Spillantini et al., 1997). Similarα-synuclein
aggregates are also observed in cortical neurons in dementia with Lewy
bodies and in glial cells inmultisystem atrophy (Dauer and Przedborski,
2003; Halliday et al., 2014). These neurodegenerative diseases are col-
lectively referred to as “α-synucleinopathies” (McCann et al., 2014).
From a genetic point of view, 18 genetic loci have been linked to familial
Parkinson's disease, and are named PARK1 to PARK18 (Klein and
Westenberger, 2012; Lin and Farrer, 2014). PARK1 encodesα-synucle-
in itself (Klein and Westenberger, 2012; Lin and Farrer, 2014;
Polymeropoulos et al., 1997). PARK2, PARK6, and PARK17 encode
Parkin, PINK1, and VPS35, respectively (Kitada et al., 1998; Klein
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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and Westenberger, 2012; Lin and Farrer, 2014; Sharma et al., 2012;
Valente et al., 2004; Vilariño-Güell et al., 2011; Zimprich et al.,
2011). It is noteworthy that both Parkin and PINK1 collaboratively
function to maintain mitochondrial function (Pickrell and Youle,
2015), and that VPS35 also operates to maintain mitochondrial func-
tion (Tang et al., 2015; Wang et al., 2016). Furthermore, it has been
shown that genetic manipulation to maintain mitochondrial func-
tions renders mice resistant to MPTP-induced Parkinson's disease
(Hasegawa et al., 2016a; Mudò et al., 2012). These lines of evidence
again indicate that dysfunctional mitochondria and ATP decrease
are underlying factors in the etiology of Parkinson's disease, and sug-
gest a potential link between the production of α-synuclein aggre-
gates and ATP decrease.

In addition to Parkinson's disease, abnormal protein aggregates are
also observed in several other neurodegenerative disorders, e.g.
Alzheimer's disease, amyotrophic lateral sclerosis (ALS), polyglutamine
diseases, etc., suggesting that common mechanisms underlie these dis-
orders (Kakizuka, 1998). During long-term analyses of the molecular
bases of neuronal cell death in neurodegenerative disorders (Ikeda et
al., 1996; Kakizuka, 1998; Kawaguchi et al., 1994), we found that ATP
consumption by valosin-containing protein (VCP) was profoundly in-
volved in neurodegenerative phenotypes (Higashiyama et al., 2002;
Manno et al., 2010). It is notable that VCPmutations have been implicat-
ed in IBMPFD (inclusion bodymyopathywith Paget disease of bone and
frontotemporal dementia) (Watts et al., 2004) and rare cases of familial
ALS (Johnson et al., 2010). In our analyses, all examined mutated VCP
proteins had elevated ATPase activities, and the relative increase in ac-
tivity levels appeared to be correlated with the severity of the clinical
phenotypes (Manno et al., 2010). From these results, we hypothesized
that specific inhibitors of VCP ATPase activity might ameliorate the dis-
ease phenotypes of familial VCP diseases as well as neuronal cell death
in other diseases.

Previously, we showed that PGC1β, a member of the PGC1 family,
functions as a protein ligand specific for estrogen receptor-related
receptors (ERRs) (Kamei et al., 2003). ERRs belong to the nuclear re-
ceptor superfamily and mediate transcription for mitochondrial bio-
genesis or enhancement of energy expenditure (Alaynick et al.,
2007; Audet-walsh and Giguère, 2015; Dufour et al., 2007; Huss et
al., 2004). Indeed, transgenic expression of PGC1β produced pheno-
types of high-energy expenditure: PGC1β mice are big eaters but
thin (Kamei et al., 2003). These results indicate that natural or syn-
thetic ERR ligands could enhance ATP production.

Recently, we successfully created small chemicals that are able to
suppress the ATPase activity of VCP (Ikeda et al., 2014). Under various
stress conditions in cultured cells, the chemicals (KUSs) were able to
significantly maintain cellular ATP levels, and consequently suppress
ER stress and cell death (Ikeda et al., 2014; Nakano et al., 2016). In addi-
tion, KUSs showed significant efficacies in preventing retinal neuronal
cell death in in vivo mouse models of retinitis pigmentosa, glaucoma,
and ischemic retinal disease (Hasegawa et al., 2016b; Hata et al., 2017;
Ikeda et al., 2014; Nakano et al., 2016). In this manuscript, we show
that two classes of small chemicals, one for limiting ATP consumption,
and the other for enhancing ATP production via ERRs, possess strong ef-
ficacies in maintaining ATP levels and in protecting neuronal cells from
death in both in vitro cell culture and in vivo mouse models of
Parkinson's disease.

2. Materials and Methods

2.1. Experimental Design

Our objectives were to evaluate the efficacy of ATP maintenance via
two types of ATP regulators in MPTP-induced and rotenone-induced
Parkinson's disease models. We investigated two classes of small
chemicals, one for preventing ATP consumption by VCP (KUSs), and
the other for enhancing ATP production via ERRs (esculetin). Their
efficacies were first determined by assessing the inhibition of neuronal
cell death, ATP levels, and ER stress (CHOP expression) in in vitro cell
culturemodels of Parkinson's disease.We also examined their efficacies
in in vivo mouse models of Parkinson's disease bymonitoring behavior,
ATP levels, and histology. Sample numbers and sizes, the composition
of replicates, and doses of compounds were based on pilot experi-
ments and prior knowledge of cultured cells or mouse experiments
(Hasegawa et al., 2016b; Ikeda et al., 2014; Nakano et al., 2016). Ran-
domization of animals in the study was based on initial assessments
of locomotor activity with a rotarod test and body weight to ensure
an equal distribution in each group. Group sizes were set to enable
statistical analyses in detection of locomotor activity (more than
five per group), histological analyses (more than three per group),
or measurement of ATP levels in mouse brain (fourteen or fifteen
per group). ATP levels were evaluated using twomethods (classic lu-
ciferase activity-based methods and imaging of ATeam (Imamura et
al., 2009; Nakano et al., 2011; Tsuyama et al., 2013). All rules were
predefined in advance. All data were included. Cell culture experi-
ments were performed more than three times. The final end point
before sacrifice in mouse experiments was when Parkinson's disease
symptoms fully appeared. All animal studies containing the final end
points before sacrifice were approved by the Animal Care and Use
Committee of Kyoto University.

2.2. Cell Culture

PC12 cells were cultured in low glucose Dulbecco's modified Eagle's
medium (DMEM) (Nacalai Tesque, Kyoto, Japan), supplemented with
10% fetal bovine serum (FBS) (Sigma, St. Louis, MO, USA) and 5% horse
serum (HS) (Sigma), and maintained at 37 °C in a humidified atmo-
sphere of 10% CO2. HEK293A cells were cultured in high glucose
DMEM (Nacalai Tesque) supplemented with 10% FBS (Sigma), and
maintained at 37 °C in a humidified atmosphere of 5% CO2.

2.3. ERR Reporter Assay

HEK293A cells were cultured at 37 °C in high glucose DMEM
(Nacalai Tesque), supplemented with 10% FBS (Sigma). Cells were
transfected with plasmid DNA using Polyethylenimine “Max”
(Polysciences Inc., Warrington, PA, USA). HEK293A cells were cul-
tured in a 24-well plate, and co-transfected with 0.2 μg each of
pTk-(GalRE) × 4-Luc and pCMX-β-galactosidase, along with 0.2 μg
of one of the following: pCMX-Gal4 (as a control); pCMX-Gal4-
hERRα; pCMX-Gal4-hERRβ; pCMX-Gal4-hERRγ. 24 h after transfec-
tion, KUS121, KUS187, esculetin, GSK4716, or GSK5182 were added
to the culture medium, and cells were incubated for an additional
24 h. Then, whole cell lysates were prepared, and luciferase and β-
galactosidase assays were carried out, as described previously
(Saitou et al., 1994; Sasaoka et al., 2014). The observed luciferase ac-
tivities were normalized by the β-galactosidase activities to compen-
sate for different transfection efficiencies (Saitou et al., 1994;
Sasaoka et al., 2014).

2.4. Assay of Neurotoxicity Induced by Mitochondrial Complex Inhibitors

1 × 105 PC12 cells were cultured in 6-well plates at 37 °C in DMEM
supplemented with 10% FBS (Sigma) and 5% HS (Sigma). To stimulate
differentiation, the culture medium was replaced with DMEM supple-
mented with 1% FBS, 1% HS, and 50 ng/ml NGF (Alomone Labs, Jerusa-
lem, Israel), and cells were cultured for 24 h. During differentiation,
KUSs and esculetin were included in test wells. Then mitochondrial re-
spiratory chain complex inhibitors such as MPP+ (75 μM) (Sigma), ro-
tenone (10 nM) (Sigma), metformin (3 mM) (Sigma), antimycin
(100 nM) (Sigma), and oligomycin (0.01 μg/ml) (Sigma) were added.
After an additional incubation for 24 h, ATP assays and western blots
were performed. In parallel assays, after 28 h, cell viability assays
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using trypan blue (Dettmer et al., 2015) and an LDH cytotoxicity assay
were performed (Sharpe et al., 2015).

2.5. Glucose Consumption

In order to determine the levels of glucose, cell culture supernatants
were collected and assayed for glucose levels with a glucose assay kit
(Wako, Tokyo, Japan), following the manufacturer's protocol. Glucose
concentrations inmedium samples taken at the start and end of the ex-
periments were used to determine cellular uptake. Glucose consump-
tion was calculated, and normalized by the cell numbers.

2.6. ATP Assay

ATP levels in cell lysates or brain extracts were measured with lucif-
erase chemiluminescence-based ATP assay reagent for cells (Toyo B-
net, Tokyo, Japan), following themanufacturer's protocol. Briefly, cell ly-
satesweremixedwith Glo-Lysis buffer (Promega Corporation,Madison,
WI, USA) by shaking slightly and letting the mixture sit for 5 min. Brain
sample was homogenized by beads in Homogenizing buffer (10 mM
HEPES (pH 7.4), 0.25 M sucrose, protease inhibitor, 50% Glo-Lysis buff-
er) at 4 °C. Trichloroacetic acid (final concentration 0.8%) was added
to homogenized sample, and the homogenate was centrifuged at
12,000 rpm at 4 °C for 15 min. Supernatants were neutralized with
1 M HEPES (pH 8.0). Chemiluminescence of the reaction mixtures was
measured with an ARVO multi-label counter (Perkin Elmer, Inc.).

2.7. Extracellular Flux Analyses

Extracellular acidification rate (ECAR) and oxygen consumption rate
(OCR) were determined in collagen-coated XF96-well plates using an
XF96 extracellular flux analyzer (Seahorse Bioscience, Billerica, MA,
USA). Briefly, 0.8 × 104 PC12 cells were cultured for 24 h in XF96-well
plates in DMEM supplemented with 50 ng/ml NGF, 1% FBS, and 1% HS.
Subsequent esculetin treatment was for 24 h. On the day of analysis,
cells were washed once with assay medium (Seahorse Bioscience) (un-
buffered DMEMwith initial pH 7.4, based on the manufacturer's proto-
col, plus 5.6 mM glucose (Nacalai Tesque) and 1 mM Na pyruvate
(Nacalai Tesque)), and then incubated with fresh assay medium for
1 h in a 37 °C non-CO2 incubator. ECAR and OCR were monitored
using a Seahorse Bioscience XF96 extracellular flux analyzer. ECAR and
OCR rates at each time point were averaged from 5 replicate wells
(ECAR) and 7 replicate wells (OCR). ECAR and OCR were determined
for each well and were normalized by cell number. The mitochondrial
complex I inhibitor rotenone (3 μM) (Sigma), the mitochondrial com-
plex III inhibitor antimycin (3 μM) (Sigma), the mitochondrial complex
V inhibitor oligomycin (3 μM) (Sigma), the pharmaceutical uncoupler
CCCP (1 μM) (Nacalai Tesque), and 2-deoxy-D-glucose (50 mM)
(Nacalai Tesque) were used as inhibitors.

2.8. RT-qPCR

Total RNA was purified from cultured PC12 cells using an SV total
RNA isolation kit (Promega), following the manufacturer's protocol.
For cDNA synthesis, total RNA (1 μg) was reverse transcribed using
ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO,
Osaka, Japan). qPCRwas performed on a Light Cycler System (Roche Di-
agnostics GmbH, Mannheim, Germany), with the following program:
98 °C for an initial 2 min followed by 45 cycles of denaturation at 98
°C for 10 s, annealing at 60 °C for 10 s, and extension at 68 °C for 30 s,
using KOD SYBR qPCR Mix (TOYOBO). The PCR primers were the
following:

rat GAPDH/F: 5′- ATGTATCCGTTGTGGATCTGAC -3′
rat GAPDH/R: 5′- CCTGCTTCACCACCTTCTTG -3′
rat ATF4/F: 5′- TAGAGCTGGGAAGTGAGGTTGA -3′
rat ATF4/R: 5′- AGTGTCTTCCTCCTTTACACACTG -3′
rat CHOP/F: 5′- CAGGAGGTCCTGTCCTCAGA -3′
rat CHOP/R: 5′- GGGATGCAGGGTCAAGAGTAG -3′

2.9. Western Blot Analysis

Cellswere collected and lysed in RIPA buffer (50mMTris-HCl pH7.6,
150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS (all pur-
chased from Nacalai Tesque)) containing 1 mM NaF, 1 mM sodium
disphosphate decahydrate, 1mMNaVO4, 0.5mMPMSF, 1× protease in-
hibitor cocktail (all purchased from Nacalai Tesque), 0.1% CHAPS
(Dojindo, Kumamoto, Japan), and 10 mM β-glycerophosphate
(Sigma). Dissected brain sample was weighed and homogenized by
beads and a homogenizer in ice-cold buffer (50 mM Tris-HCl pH 7.6,
150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 0.1%
CHAPS) containing protease inhibitors and phosphatase inhibitors.
Samples were sonicated on ice and centrifuged at 4 °C at 15,000 rpm
for 15 min, and the supernatant was collected. Proteins (15–20 μg per
lane) were loaded, and were separated by 10%, 12%, or 15% SDS-PAGE
and transferred to polyvinylidene fluoride membranes (Millipore, Bil-
lerica, MA, USA). Primary antibodies were as follows: anti-actin
(1:2000, Millipore, MAB1501), anti-CHOP (1:400, Santa Cruz Biotech-
nology, Dallas, TX, USA, sc-793), anti-AMPK (1:1000, Cell Signaling
Technology, Danvers, MA, USA, #2603S), anti-Phospho-AMPK
(Thr172) (1:1000, Cell Signaling Technology, #2535S), anti-Parkin
(1:1000, Abcam, Cambridge, MA, USA, ab179812), anti-PINK1 (1:1000,
Abcam, ab23707), anti-LC3 (1:1000, Cell Signaling Technology,
#2775), anti-p62 (1:1000, Medical & Biological Laboratories, Aichi,
Japan, PM045), anti-Mitofusin2 (1:1000, Abcam, ab56889), anti-Drp1
(1:1000, Abcam, ab184247), anti-Bax (1:100, Santa Cruz Biotechnology,
sc-493), anti-caspase3 (1:1000, Cell Signaling Technology, #9662), anti-
Tyrosine hydroxylase (1:1000, Millipore, AB152). HRP-labeled second-
ary antibodies (GE Healthcare UK Ltd., Buckinghamshire, England)
were used for visualization by enhanced chemiluminescence (GE
Healthcare).

2.10. Imaging of ATP Concentrations in PC12 Cells

We first established PC12 cells continuously expressing cyt-ATeam
(AT1.03εD12N/εD109G) or mit-ATeam (Imamura et al., 2009). In imaging,
the cells were plated on a collagen-coated glass-bottom 35 mm dish
(glass thickness 0.15–0.18 mm, Mat-tek, Ashland, MA, USA), and were
cultured in phenol red-free DMEM (Nacalai Tesque). Wide-field observa-
tions of the cells were performed on a Nikon Ti-E inverted microscope
using a 40× objective (Nikon, Tokyo, Japan; CFI Plan Apo λ 40× dry: NA
0.95) for cyt-ATeam, and 60× objective (Nikon, Tokyo, Japan; CFI Plan
Apo λ 60× oil: NA 1.40) for mit-ATeam, and the following filter sets
(Semrock, Rochester, NY, USA): for dual emission ratio imaging of cyt-
ATeam and mit-ATeam, 438/24 excitation filter - dichroic mirror FF458-
483/32 emission filter for CFP and 542/27 emission filter for YFP. Cells
were illuminated using a xenon lamp through 12.5 and 25% neutral den-
sityfilters. Fluorescence emissions fromATeambiosensorswere captured
with aZyla4.2 sCMOScamera (ANDOR,Oxford instruments, USA). The ex-
posure times were 200 ms for CFP and YFP images. The microscope sys-
tem was controlled with NIS-Elements (Nikon). Cells were maintained
on the microscope at 37 °C with a continuous supply of a mixture of
95% air and 5% carbon dioxide using a stage-top incubator (Tokai Hit, Shi-
zuoka, Japan). Imaging data were analyzed using MetaMorph (Molecular
Devices, Sunnyvale, CA, USA). The YFP/CFP emission ratio was calculated
by dividing YFP intensity by CFP intensity for each cell.

2.11. Transmission Electron Microscope (TEM)

Cultured cells were fixed in 4% paraformaldehyde with 2% glutaral-
dehyde overnight at 4 °C. Sections were exposed to 1% osmium
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tetroxide in 0.1 M phosphate buffer (pH 7.4), for 60 min at room tem-
perature, then dehydrated in a series of graded ethanol solutions, and
embedded in epoxy-resin Luveak812 (Nacalai Tesque) according to
the inverted beam capsule procedure and polymerized at 60 °C for
3 days. Ultrathin sections were prepared on an ultramicrotome (EM
UC6; Leica, Heidelberg, Germany), and stained with uranyl acetate and
lead citrate, and then were observed with a Hitachi H-7650 transmis-
sion electron microscope (Hitachi, Tokyo, Japan).
2.12. Measurement of Mitochondrial Length

For imaging, the cellswere plated on a collagen-coated glass-bottom
35mmdish (glass thickness 0.15–0.18mm,Mat-tek). Formeasurement
of mitochondrial length, the cells were cultured in phenol red-free
DMEM. Mitochondria were labeled with 50 nM of MitoTracker Green
FM (MTG; Invitrogen, Carlsbad, CA, USA), and nuclear DNA was labeled
with Hoechst33342 (Hoechst; Invitrogen). Wide field observations of
the cells were performed on a Nikon Ti-E inverted microscope using a
60× objective (Nikon; CFI Plan Apo λ 60× oil: NA 1.40) and the follow-
ing filter sets (Semrock): for imaging of MTG, 482/18 excitation filter -
dichroic mirror FF495-520/35 emission filter; and for imaging of
Hoechst, 405/10 excitation filter - dichroic mirror FF495-520/35 emis-
sion filter. The exposure times were 200 ms for MTG and 400 ms for
Hoechst. The microscope system was controlled with NIS-Elements
(Nikon). Cells were illuminated using a xenon lamp through 12.5 and
25% neutral density filters. Fluorescence emissions from cells were cap-
turedwith a Zyla4.2 sCMOS camera (ANDOR). Cells weremaintained on
themicroscope at 37 °Cwith a continuous supply of amixture of 95% air
and 5% carbon dioxide using a stage-top incubator (Tokai Hit).
2.13. Primary Mesencephalic Dopaminergic Cultures

Mesencephalic tissue (ventralmidbrain)was dissected from embry-
onic day (E) 14 mice, tissue pieces were collected in Dissection buffer
(HBSS, 2% penicillin/streptomycin (P/S; Nacalai Tesque), 20 mM D-glu-
cose, 200 μMascorbic acid (Nacalai Tesque)), transferred to 1mg/ml pa-
pain (Nacalai Tesque) solution containing 12.5 μg/ml DNase I
(Worthington biochemical corporation) and 5mMMgCl2-6H2O, and in-
cubated at 37 °C for 15 min. Then, tissue pieces were homogenized in
Differentiation medium (Neurobasal Medium (Gibco), 2% B-27 supple-
ment (Gibco), 1× GlutaMax (Gibco), 1% FBS, 1% P/S, 200 μM ascorbic
acid) containing 12.5 μg/ml DNase I and 5 mMMgCl2-6H2O, and centri-
fuged at 200 ×g, resuspended in Differentiation medium and plated on
poly-D-lysine coated glass plates in 24-well plates (Gaven et al., 2014;
Iwakura et al., 2011). After 7 days in vitro (DIV), cultured neurons
were treated with 25 μM KUSs or 25 μM esculetin for 24 h, and
then further incubated with 10 μM MPP+ for 48 h. Subsequently,
cells were fixed with 4% paraformaldehyde in PBS at room tempera-
ture for 30 min, washed with PBS, and permeabilized in 0.5% Triton
X-100 (Nacalai Tesque)/5% goat serum at room temperature for
30 min. Then, cultures were treated with primary antibodies at 4 °C
overnight, and with secondary antibodies at room temperature for
6 h. The stereomorphological analyses were performed on dopami-
nergic neurons by BZ-X700 fluorescence microscope (KEYENCE,
Osaka, Japan) with its analysis application programs. Primary anti-
bodies used for immunofluorescence staining were anti-tyrosine hy-
droxylase (1:1000, Millipore, AB152), anti-NeuN antibody (1:500,
Millipore, MAB377). The secondary antibodies were Alexa488-con-
jugated anti-rabbit (1:200, Invitrogen), and Alexa546-conjugated
anti-mouse (1:200, Invitrogen). In order to determine dopaminergic
neuron viability following MPP+ treatment, both in cell bodies and
neurites, mesencephalic cultures were processed for TH immunore-
activity and counted using a BZ-X700 fluorescence microscope
(KEYENCE).
2.14. MPTP Parkinson's Disease Model Mice

KUS121, esculetin, GSK4716 (G47), or GSK5182 (G51)was dissolved
in 5% gamma-cyclodextrin (γ-CD) (Tokyo Chemical Inc., Tokyo, Japan)
to make a 5 mg/ml solution, and was sonicated for 6 h at 4 °C. In the
MPTP Parkinson's mouse model, oral administration of KUS121 (50
mg/kg/day), esculetin (50 mg/kg/day), G47 (2.5 mg/kg/day), or G51
(5 mg/kg/day) was performed 4 days per week, starting 1 week before
probenecid and MPTP injection. 6 week-old male C57BL/6N Slc mice
weighing 20–25 g were used for the chronic MPTP Parkinson's disease
model. Animals were housed at a controlled room temperature (25 ±
1 °C) and humidity (54 ± 1%) under a 12-hour light/12-hour dark
cycle. Animals were allowed access to food and water ad libitum. Ani-
mals were randomly divided into ten groups: no drug-treated (NT)
group (n = 7); KUS121 group (n = 6); esculetin group (n = 6); G47
group (n = 5); G51 group (n = 5); MPTP group (n = 7); MPTP +
KUS121 group (n = 7); MPTP +esculetin group (n = 7); MPTP
+G47 group (n = 7); and MPTP +G51 group (n = 7). The mice were
injected intraperitoneally with 20 mg/kg of MPTP hydrochloride
(Sigma) in combination with probenecid (250 mg/kg in PBS, i.p.), over
5 months at 3.5 day intervals.

2.15. Rotarod Test

The rotarod test was performed to measure forelimb and hindlimb
motor coordination and balance. Mice were placed on the rotating rod
using the following steps: for 1 week before MPTP injection, mice
were trained to stay on the rotarod at constant speed (16 rpm) for
240s. For each trial, the duration until the mice fell off the rotating rod
(constant speed, 16 rpm) was recorded. Mice received three trials in
one day without doing consecutive trials. Mean latencies and standard
deviations were calculated and used for analysis.

2.16. Histochemical Analyses

Mouse brains were fixedwith 4% paraformaldehyde and 1% glutaral-
dehyde overnight at 4 °C and embedded in paraffin, and coronal sections
were prepared with a thickness of 3 μm. The sections were treated with
primary antibodies at room temperature overnight, and with secondary
antibodies at room temperature for 2 h. In order to enhance immune sig-
nals, a Vectastain elite ABC standard kit (Vector Laboratories, Burlin-
game, CA, USA) was used, following the manufacturer's protocol. The
stereomorphological analyses were performed on the substantia nigra
of the mouse brain with a BZ-9000 Generation II microscopy and a BZ-
X700 fluorescencemicroscope (KEYENCE), alongwith its analysis appli-
cation programs. Theprimary antibodies used for immunocytochemistry
were anti-tyrosine hydroxylase (1:2000, Millipore, AB152) and anti-α-
synuclein (1:50, BD Transduction Laboratories, Lexington, KY, 610787).
The secondary antibodieswere biotinylated anti-rabbit IgG (H+L) (Vec-
tor Laboratories) and biotinylated anti-mouse IgG (H+L) (Vector Labo-
ratories). Primary antibodies used for immunofluorescence staining
were anti-tyrosine hydroxylase (1:1000, Millipore), anti-CHOP (1:100,
Cell Signaling Technology, L63F7), and anti-α-synuclein (1:50, BD
Transduction Laboratories). The secondary antibodies were Alexa488-
conjugated anti-rabbit (1:200, Invitrogen), and Alexa546-conjugated
anti-mouse (1:200, Invitrogen). For immunofluorescence, stained brain
sections were counterstained using VECTASHIELD Mounting Medium
with DAPI (Vector Laboratories).

2.17. Imaging of ATP Concentrations in the Brain Sections of Go-ATeam2
Mice

Go-ATeam2mice express a FRET-based ATP biosensor similar to the
one used for cell culture, except the fluorescent protein reporters are
OFP and GFP, rather than YFP and CFP, respectively (M.Y. et al., manu-
script in preparation). Go-ATeam2 mice were anesthetized with 4%
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isoflurane inhalation with oxygen and the mouse brains were immedi-
ately dissected. Collected brains were immersed in Ringer's solution
(119 mM NaCl, 2.5 mM KCl, 1 mM NaH2PO4·2H2O, 26.2 mM NaHCO3,
11 mM D-glucose, 2.5 mM CaCl2, 1.3 mM MgSO4) gassed with 95% O2

and 5% CO2 as soon as possible. During production of 300 μmbrain slices
with a vibratome (Leica Microsystems GmbH, Germany), the brain was
kept in ice-cold Ringer's solution (gassed with 95% O2 and 5% CO2). In
order to allow the slices to recover from the cutting procedure, slices
were incubated at room temperature for approximately 1 h in Ringer's
solution (gassed with 95% O2 and 5% CO2). Observations of brain sec-
tions were performed on a Leica M165 FC stereo microscope (Leica)
using a 1× objective (Leica, Plan Apo 1.0) and the following DualView2
filter sets (INDEC Biosystems, Santa Clara, CA, USA): for dual emission
ratio imaging of Go-ATeam2, 470/40 excitation filter - dichroic mirror
540 DCLP - 515/30 for GFP and 575/40 for OFP. Fluorescence emission
from Go-ATeam2 was captured using ORCA-Flash4.0 (Hamamatsu,
Japan). The exposure times were 4 s for GFP and OFP images. Imaging
data of OFP/GFP emission ratios were analyzed using MetaMorph (Mo-
lecular Devices, Sunnyvale, CA).
2.18. Statistical Analysis

For statistical analyses in experiments using cells (PC12 cells,
HEK293A cells) or mice treated with or without KUSs or esculetin,
ANOVA with Tukey (if variances were not unequal), Games-Howell (if
variances were unequal) post-hoc test, or Dunnett's test were used. Sta-
tistical analyses were performed using PASW Statistics version 17.0
(SPSS Inc., Chicago, IL, USA). The level of statistical significance was set
at P b 0.05. Specific statistical tests are indicated in figure legends.
Fig. 1. Schematic drawing of the luciferase-based reporter assay and chemical structures of comp
related receptors (ERRs) reporter assay. (b–g) Structures of esculetin (b), GSK4716 (c), GSK51
3. Results

3.1. Identification of Esculetin as an ERR Agonist, and Its Ability to Enhance
ATP Production

In order to search for ERR agonists,we used our previous assay system
for nuclear receptor transactivation (Kamei et al., 2003) (Fig. 1a). In this
system, ligand binding domains of human ERRs were fused with the
Gal4 DNA binding domain, and each of the resulting Gal4-ERR fusion pro-
teins was expressed in HEK293A cells, together with a luciferase reporter
plasmid, which contains 4 copies of GalRE (Kamei et al., 2003; Yamamoto
et al., 2001), a Gal4-responsive element in the promoter region. We also
co-transfected aplasmid expressingβ-galactosidase for thenormalization
of transfection efficiencies. Twenty-four hours after the transfection,mea-
surable levels of both luciferase and β-galactosidase were observed.

Using this assay system, we screened a chemical library (approxi-
mately 100,000 chemicals) and noted that esculetin (CAS No. 305-01-
1) (Fig. 1b), apart from 47 pseudo-positives, was able to specifically
transactivate the luciferase reporters through all of the Gal4-ERRs,
most strongly through Gal4-ERRγ, followed by Gal4-ERRβ, and weakly
by Gal4-ERRα (Fig. 2a). The Gal4-ERRγ-mediated transactivation by es-
culetin or GSK4716 (CAS No. 101574-65-6) (Fig. 1c), a known ERRγ ag-
onist, was cancelled by the addition of GSK5182 (CAS No. 877387-37-6)
(Fig. 1d), an ERRγ-specific inverse-agonist (Fig. 2a). Consistently, the
Gal4-ERRα- or Gal4-ERRβ-mediated transactivation was not cancelled
by the addition of GSK5182 (Fig. 2a). These results indicated that escu-
letin is able to function as an ERR agonist for all three ERRs.

Given that esculetin functions as an ERRagonist, itwas expected that
esculetin can alter the metabolic state of cells. We therefore examined
this possibility. As expected, addition of esculetin dose-dependently
ounds used in this study. (a) Schematic drawing of the luciferase-based estrogen receptor-
82 (d), KUS121 (e), KUS187 (f), and KUS11 (g) (Ikeda et al., 2014).



Fig. 2. Identification of esculetin as an ERR agonist, and its ability to enhance ATP production. (a) Transcriptional activation profiles of esculetin via ERRα, β, γ. See details in “Materials and
Methods”. Mean values of relative luciferase activities, after normalization with β-galactosidase activities, are shown, with values for DMSO alone set at 1.0. Error bars indicate standard
deviations. *P b 0.05, **P b 0.01, ANOVAwith Games-Howell post-hoc test (n=4), vs. DMSO. (b) Effects of esculetin on glucose consumption. In the absence (DMSO) or the presence of 25
μM or 50 μM esculetin, neuronally differentiated PC12 cells were incubated for 24 h, then total amounts of glucose consumption and live cell numbers were measured. Mean values of
relative glucose consumption per cell were calculated and are shown, with values for DMSO alone set at 100%. Error bars indicate standard deviations. **P b 0.01, ***P b 0.001, ANOVA
with Tukey's post-hoc test (n = 3), vs. DMSO. (c) Effects of esculetin on intracellular ATP levels. Neuronally differentiated PC12 cells were cultured with the conditions shown in (b),
and then total ATP amounts and live cell numbers were determined. Mean values of relative ATP levels per cell were calculated and are shown, with values for DMSO alone set at
100%. Error bars indicate standard deviations. *P b 0.05, **P b 0.01, ANOVA with Games-Howell post-hoc test (n = 4), vs. DMSO. (d, e) Effects of esculetin on energy flux. Neuronally
differentiated PC12 cells were incubated for 24 h in the absence (DMSO) or the presence of 25 μM or 50 μM esculetin, and then the extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) were measured. Error bars indicate standard deviations (ECAR; n = 5, OCR; n = 7). Other chemicals used in this experiment were the following: 3 μM
rotenone, 3 μM antimycin, 3 μM oligomycin, 1 μM CCCP, and 50 mM 2-deoxy-D-glucose (2-DG). Quantified data are presented in Fig. S1. *P b 0.05, **P b 0.01, ANOVA with Games-
Howell post-hoc test, vs. DMSO.
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enhanced glucose uptake as well as cellular ATP levels (Fig. 2b, c). Consis-
tently, flux analyses revealed that addition of esculetin stimulated both
glycolysis and oxygen consumption, also apparently in a dose-dependent
manner (Fig. 2d, e, Fig. S1a, b). Note that treatment with CCCP (Carbonyl
cyanide m-chlorophenyl hydrazine), a respiratory chain uncoupler, re-
vealed that esculetin treatment raised not only basal respiration but also
spare respiratory capacities and maximal respiration (Fig. 2e, Fig. S1).

3.2. KUSs and Esculetin Prevent MPP+-induced ATP Depletion, ER Stress,
and Cell Death in PC12 Cells

We previously showed that KUSs, e.g. KUS121 (CAS No. 1357164-
52-3) (Fig. 1e) and KUS187 (CAS No. 1357164-95-4) (Fig. 1f), were
able to prevent ATPdepletion, ER stress, and cell death in neuronally dif-
ferentiated PC12 cells treatedwith antimycin and oligomycin,which are
specific inhibitors of mitochondrial respiratory chain complex III and V,
respectively (Ikeda et al., 2014; Nakano et al., 2016).We then examined
whether KUS121 and esculetin could show similar effects in PC12 cells
treated with several other types of mitochondrial respiratory chain in-
hibitors. In addition to previously tested antimycin and oligomycin,
we used MPP+, rotenone, and metformin, all of which are inhibitors
of mitochondrial respiratory chain complex I.

We treated neuronally differentiated PC12 cells with MPP+, rote-
none, metformin, antimycin, and oligomycin in the presence or the ab-
sence of KUS121 or esculetin for 24 h; cellular ATP levels were then
measured by the luciferase-based assay. All of the inhibitors clearly
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lowered ATP levels, and KUS121 and esculetin nearly equally sup-
pressed this reduction in ATP levels (Fig. 3a). Under these conditions,
KUS121 and esculetin inhibited AMPK activation (evidenced by the
phosphorylation of AMPK Thr172), as well as CHOP induction, an ER
stress marker with cell death-inducing activity (Zinszner et al., 1998)
(Fig. 3b). Consistent with these results, KUS121 and esculetin were
able to suppress cell death by these mitochondrial respiratory chain in-
hibitors (Fig. 3c, Fig. S2). Interestingly, KUS121 and esculetin appeared
to more strongly prevent cell death induced by MPP+, rotenone, and
metformin, which are inhibitors of mitochondrial respiratory chain
Fig. 3.KUS121 and esculetin preventmitochondrial dysfunction-induced ATP decrease, ER stres
on the prevention of ATP decreases induced bymitochondrial respiratory chain complex inhibit
the presence of 50 μMKUS121 or 50 μMesculetin, and then further incubatedwith each of them
metformin; 100 nMantimycin; 0.01 μg/ml oligomycin) for 24h. Then, total ATP amounts and liv
and are shown, with values for DMSO alone set at 100%. Error bars indicate standard deviations
Metformin, Antimycin, or Oligomycin alone (-). (b) Effects of KUS121 and esculetin on the prev
complex inhibitors. Neuronally differentiated PC12 cells were culturedwith the conditions show
Effects of KUS121 and esculetin on the prevention of cell death induced bymitochondrial respira
in the absence (DMSO) or the presence of 50 μMKUS121 or 50 μMesculetin, and then further in
for 28 h. Then, live cell numberswere countedby stainingwith trypan blue.Mean values of relat
standard deviations. *P b 0.05, **P b 0.01, ANOVA with Games-Howell post-hoc test (n = 3), v
complex I, than antimycin and oligomycin, which are inhibitors ofmito-
chondrial respiratory chain complex III and V, respectively (Fig. 3c, Fig.
S2).

In order to examine the potential benefits of KUSs and esculetin for
Parkinson's disease in more detail, we analyzed the neuroprotective ef-
ficacies of these compoundswithMPP+exposure. Neuronally differen-
tiated PC12 cells were treatedwith 75 μMMPP+ for 28 h, and then live
cell (or dead cell) numbers were estimated (Fig. 4a, b, Fig. S3).With this
treatment, approximately 60% of the cells died. This cell death was not
inhibited by KUS11 (CAS No. 146293-60-9) (Fig. 1g), which has no
s, and cell death in neuronally differentiated PC12 cells. (a) Effects of KUS121 and esculetin
ors. Neuronally differentiated PC12 cells were incubated for 24 h in the absence (DMSO) or
itochondrial respiratory chain complex inhibitors (75 μMMPP+; 10 nM rotenone; 3mM

ecell numberswere determined.Mean values of relative ATP levels per cellwere calculated
. **P b 0.01, ***P b 0.001, ANOVAwith Tukey's post-hoc test (n=4), vs. MPP+, Rotenone,
ention of AMPK phosphorylation and ER stress induced bymitochondrial respiratory chain
n in (a), andwere subjected towestern blot analyses. Actin served as a loading control. (c)
tory chain complex inhibitors. Neuronally differentiated PC12 cellswere incubated for 24 h
cubatedwith each of themitochondrial respiratory chain complex inhibitors shown in (a)
ive live cell numbers are shown,with values for DMSOalone set at 100%. Error bars indicate
s. MPP+, Rotenone, Metformin, Antimycin, or Oligomycin alone (-).
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inhibitory activity on VCP ATPase (Ikeda et al., 2014). By contrast, addi-
tion of KUS121, KUS187, and esculetin significantly protected the cells
from cell death; on average, N80% cells survived after MPP+ treatment
(Fig. 4b). For KUS121 and esculetin, we further confirmed that the res-
cue was dose-dependent with these compounds (Fig. 4c, Fig. S3). Con-
sistent with these results, MPP+ treatment induced ATF4 and CHOP
mRNAs, and addition of KUS121, KUS187, or esculetin completely
inhibited these inductions (Fig. 4d).We confirmed theATP-maintaining
effects, the inhibitory effects on ER stress and on AMPK activation, and
the neuroprotective effects of KUSs and esculetin in MPP+-treated
fully differentiated PC12 cells (Fig. S4). It is also notable that the effects
of KUS121 and esculetin were additive with regard to the prevention of
all of the MPP+-induced features-ATP decrease, AMPK activation,
CHOP induction (ER stress), and cell death-at doses of 25 μM each
(Fig. S5).

We also examined the effects of KUSs and esculetin on cellular calci-
umdynamics. KUS121, KUS187, or esculetin alone did not affect calcium
levels in neuronally differentiated PC12 cells (Fig. S6). Addition of
MPP+ alone did not either. However, addition of bothMPP+and escu-
letin, but not MPP+ and KUSs, significantly reduced cellular calcium
levels (Fig. S6). These results suggest that calcium levels are not a critical
determinant of MPP+-induced cell death.

We have shown that addition of methylpyruvate (membrane-per-
meable pyruvate, which is converted to ATP in mitochondria) as well
Fig. 4. Efficacies of KUSs and esculetin in the MPP+-induced Parkinson's disease cell culture m
death induced by MPP+. Neuronally differentiated PC12 cells were incubated for 24 h in th
esculetin (50 μM in (a, b); 10, 25, or 50 μM in (c)), and then further incubated with 75 μM M
staining with trypan blue (b, c). Mean values of relative live cell numbers are shown, with va
μm. (b) N.S., not significant, ***P b 0.001, Dunnett's test (n = 3), vs. MPP+ alone (-) (c) **P b

course of the effects of KUSs and esculetin on the prevention of cell death of neuronally dif
esculetin on the prevention of ER stress induced by MPP+. Neuronally differentiated PC12 ce
μM esculetin, and then further incubated with 75 μM MPP+ for 24 h. Then, mRNA levels of AT
RT-qPCR. Mean values of relative mRNA levels are shown, with values for DMSO alone set at 1
(n = 3), vs. MPP+ alone (-). A time course of the effects of KUSs and esculetin on the phosph
as ATP itself has the ability to reduce tunicamycin-induced ER stress
and ATP decrease (Ikeda et al., 2014). Consistent with these results, ad-
dition of 3 mM or 10 mM methylpyruvate was able to prevent the
MPP+-induced ATP decrease, CHOP expression, and cell death (Fig.
5a, c, e, Fig. S7a). Likewise, addition of 1 mM or 3 mM ATP was able to
prevent the MPP+-induced ATP decrease, CHOP expression, and cell
death (Fig. 5b, d, f, Fig. S7b). Prevention of theMPP+-induced decrease
of ATP levels by methylpyruvate or ATP was further evidenced by de-
creased levels of phosphorylated AMPK (Fig. 5c, d). These results dem-
onstrated that ATP levels are a crucial determinant of ER stress and
cell death.

Recently, we have developed several different FRET probes for ATP
(ATeams), which allow us to estimate relative ATP levels in live cells
(Imamura et al., 2009; Nakano et al., 2011; Tsuyama et al., 2013). In
order to examine whether an ATeam probe could detect changes of ATP
levels in the cytoplasm of MPP+-treated live PC12 cells, we created
PC12 cells stably expressing ATeam1.03 in the cytoplasm (cyt-ATeam)
and measured FRET signals. Twenty-four hours after treatment with
MPP+, a decrease in the FRET ratio was clearly evident. Additions of
KUS121, KUS187, or esculetin significantly prevented the decrease of
FRET signals. In accord with these changes in FRET signals (Fig. 5g, h),
changes in ATP levels were confirmed by classic luciferase activity-
basedmethods (Fig. 5i, Fig. S8).We also created PC12 cells stably express-
ing ATeam1.03 in the mitochondria (mit-ATeam). Twenty-four hours
odel. (a–c) Effects of KUSs (KUS121 and KUS187) and esculetin on the prevention of cell
e absence (DMSO) or the presence of KUSs (50 μM in (a, b); 10, 20, or 50 μM in (c)) or
PP+ for 28 h. Then, cells were photographed (a) and live cell numbers were counted by
lues for DMSO alone set at 100%. Error bars indicate standard deviations. Scale bar, 200
0.01, ***P b 0.001, ANOVA with Tukey's post-hoc test (n = 3), vs. MPP+ alone (-). A time
ferentiated PC12 cells treated with MPP+ is shown in Fig. S17. (d) Effects of KUSs and
lls were incubated for 24 h in the absence (DMSO) or the presence of 50 μM KUSs or 50
F4 and CHOP were analyzed by RT-qPCR. GAPDH mRNA served as an internal control for
.0. Error bars indicate standard deviations. **P b 0.01, ANOVA with Tukey's post-hoc test
orylation of AMPK, CHOP induction, and caspase activation are shown in Fig. S18.



Fig. 5. Efficacies of maintaining ATP levels by methylpyruvate or ATP treatment in the MPP+-induced Parkinson's disease cell culture model. (a, b) Neuronally differentiated PC12 cells
were treated with 75 μM MPP+ for 19 h, then methylpyruvate (MePyr) (3 and 10 mM) or ATP (1 and 3 mM) was added, and cells were incubated for another 5 h. Then, total ATP
amounts and live cell numbers were determined. Mean values of relative ATP levels per cell were calculated and are shown, with values for DMSO alone set at 100%. Error bars
indicate standard deviations. **P b 0.01, ***P b 0.001, ANOVA with Games-Howell post-hoc test (n = 3 or 4), vs. MPP+ alone (-). (c, d) Effects of MePyr or ATP treatment on the
prevention of ER stress induced by MPP+. Neuronally differentiated PC12 cells were cultured with the conditions shown in (a, b), and were subjected to western blot analyses. Actin
served as a loading control. (e, f) Effects of MePyr or ATP treatment on the prevention of cell death induced by MPP+. Neuronally differentiated PC12 cells were cultured with the
conditions shown in (a, b) for 28 h. Then, live cell numbers were counted by staining with trypan blue. Mean values of relative live cell numbers are shown, with values for DMSO
alone set at 100%. Error bars indicate standard deviations. **P b 0.01, ANOVA with Games-Howell post-hoc test (n = 3), vs. MPP+ alone (-). (g) Representative ratiometric
pseudocolor FRET images of cyt-ATeam1.03-expressing PC12 cells. Neuronally differentiated PC12 cells expressing cyt-ATeam1.03 were incubated for 24 h in the absence (DMSO) or
the presence of 50 μM KUSs or 50 μM esculetin, and then further incubated with 75 μM MPP+ for 24 h. The YFP/CFP emission ratio was calculated by dividing YFP intensity by CFP
intensity for each cell. Scale bar, 200 μm. (h) Distributions of YFP/CFP emission ratios of cyt-ATeam1.03. The ratios were calculated from the fluorescent images in (g). Images of cells
were analyzed for each condition, as follows: DMSO, 154 cells; MPP+, 150 cells; MPP+ KUS121, 223 cells; MPP+ KUS187, 166 cells; MPP+ esculetin, 176 cells. ***P b 0.001, ANOVA
with Games-Howell post-hoc test, vs. MPP+. (i) Measurements of the relative ATP levels per cell. Neuronally differentiated PC12 cells were cultured with the same conditions as in
(g). Then, total ATP amounts and live cells numbers were determined. Mean values of relative ATP levels per cell were calculated and are shown, with values for DMSO alone set at
100%. Error bars indicate standard deviations. **P b 0.01, ANOVA with Tukey's post-hoc test (n = 3), vs. MPP+ alone (-).
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after treatment with MPP+, a decrease in the FRET ratio was clearly evi-
dent in the mitochondria. Additions of KUS121 and KUS187 significantly
mitigated the decrease (Fig. S9). By contrast, esculetin further enhanced
the decrease (Fig. S9), indicating that KUSs and esculetin oppositely affect
mitochondrial ATP levels. These results supported the notion that the
maintenance of cytoplasmic ATP levels is more profoundly coupled with
the mitigation of ER stress, and thereby with the therapeutic efficacies,
than the maintenance of mitochondrial ATP levels.
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3.3. Effects of KUSs and Esculetin on MPP+-induced Abnormal Features of
Mitochondria in PC12 Cells

Given that MPP+ is an inhibitor of mitochondrial respiratory chain
complex I, and it has been reported that ERR activation leads to mito-
chondrial biogenesis (Audet-walsh and Giguère, 2015; Dufour et al.,
2007; Huss et al., 2004), we thus next examined mitochondrial mor-
phology. Electron microscopic analyses revealed that treatment with
esculetin, but not KUS121 or KUS187, appeared to enhance mitochon-
drial biogenesis, which was substantiated by the presence of mitochon-
dria with high-density cristae, as compared with non-treated cells (Fig.
6a). Consistent with this, neither KUS121 nor KUS187 was capable of
transactivating any of the ERRs (Fig. S10). Addition of MPP+, however,
induced loss of cristae and vacuolation ofmitochondria. These abnormal
phenotypeswere partly, if not completely, prevented by KUSs or escule-
tin (Fig. 6a). Immunochemical analyses showed that esculetin, but not
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KUS121 or KUS187, elongated the lengths of mitochondria in neurites.
Addition of MPP+ reduced the lengths of the mitochondria, and KUSs
or esculetin treatment was able to prevent the reduction (Fig. 6b, c).

We then examined the total mass of mitochondria by measuring
intensities of MitoTracker Green FM (Cottet-Rousselle et al., 2011).
Consistent with the notion that esculetin promotes mitogenesis
(Audet-walsh and Giguère, 2015; Dufour et al., 2007; Huss et al.,
2004), esculetin, but not KUS121 or KUS187, increased the total mito-
chondrial mass, regardless of the presence or absence of MPP+ (Fig.
S11a). In addition, esculetin, but not KUS121 or KUS187, could mitigate
MPP+-induced ROS production, which was consistent with previous
reports (Kim et al., 2008; Subramaniam and Ellis, 2013, 2016) (Fig.
S11b). By contrast, KUS121 and KUS187, but not esculetin, could pre-
vent the decrease of MPP+-induced mitochondrial membrane poten-
tial (Fig. S11c). Thus, with respect to mitochondrial mass, inhibition of
ROS production, and maintenance of mitochondrial membrane poten-
tial, KUSs and esculetin produced different effects, demonstrating that
these effects are not commonly correlated to the efficacies of KUSs
and esculetin.

We also examined the protein levels of mitofusin 2 (Mfn2) and
dynamin-related protein 1 (Drp1), which play crucial roles in mito-
chondrial fusion and fission, respectively (Mishra and Chan, 2016;
Westermann, 2010).We found thatMfn2 and Drp1 levels remained un-
changed regardless of the treatment-evenMPP+ alone did not alter the
respective protein levels (Fig. S12a). Addition of MPP+ appeared to in-
duce autophagy or mitophagy, based on the decrease of p62 levels and
by the increase of LC3 II. Addition of MPP+ appeared to reduce parkin
levels and to increase PINK1 levels; both proteins have been reported
to be crucial in mitophagy (Nguyen et al., 2016; Pickrell and Youle,
2015; Youle and Narendra, 2011). KUSs treatment prevented all of
these changes; esculetin treatment also prevented most of the changes,
except the increase of PINK1 levels (Fig. S12b). These results indicate
that the effects onmitochondrial dynamics andmitophagy are not likely
to be common mechanisms underlying the efficacies of KUSs and
esculetin.

3.4. KUSs and Esculetin Prevent MPP+-induced Cell Death in Primary Cul-
tures of Dopaminergic Neurons

PC12 was originally established from a pheochromocytoma of adre-
nal origin, and neuronally differentiated PC12 cells are estimated to
have characteristics of sympathetic neurons (Greene and Tischler,
1976), and possess some characteristics of dopaminergic neurons, as ev-
idenced by their expression of tyrosine hydroxylase and their ability to
incorporate MPP+, etc. (Grima et al., 1985; Jin et al., 2007; Kumer and
Vrana, 1996). In order to further confirm the neuroprotective efficacies
of KUSs and esculetin on dopaminergic neurons, we examined their ef-
fects on primary cultures of mesencephalic neurons with or without
MPP+ treatment. KUS121, KUS187, or esculetin treatment alone did
not affect the survival of NeuN (Fox-3)- or tyrosine hydroxylase-posi-
tive neurons (Fig. 7a, b). Without KUSs or esculetin, MPP+ specifically
killed dopaminergic neurons, as seen by the specific decrease of tyrosine
hydroxylase-positive neurons (Fig. 7a, b). It is notable that MPP+ ap-
parently reduced neurite lengths of remaining dopaminergic neurons
(Fig. 7c). Addition of KUS121, KUS187, or esculetin significantly
Fig. 6. Efficacies of KUSs and esculetin on mitochondrial morphology in the MPP+-induced Pa
performed. Representative images are shown. Neuronally differentiated PC12 cells were incub
and then further incubated with MPP+ for 24 h. Scale bar, 500 nm. (b) Fluorescence micros
cells are shown. Enlarged portions of neurites (surrounded by yellow dots) are shown below t
in (a). Living cells were incubated with 50 nM MitoTracker Green FM (MTG) and Hoechst333
50 μm. (c) Quantification of mitochondrial lengths in neurites. Mitochondrial lengths in neu
(National Institutes of Health), with mean mitochondrial lengths for DMSO alone set at 100%
the medians, boxes are 25th–75th quartiles, and whiskers indicate the minimum and maxim
80 mitochondria (mt); KUS121, 159 mt; KUS187, 77 mt; esculetin, 86 mt; MPP+, 51 mt; MP
with Games-Howell post-hoc test, vs. DMSO (among non-MPP+-treated groups). *P b 0.05,
(among MPP+-treated groups and control (DMSO)).
protected the dopaminergic neurons from the MPP+-induced cell
death and from the MPP+-induced neurite shrinkage (Fig. 7).
3.5. Effects of KUS121 and Esculetin on Mouse Models of Parkinson's
Disease

In order to evaluate the potential efficacies of KUS121 and esculetin
on Parkinson's disease, we first set up a reproducible protocol forMPTP-
induced Parkinson's disease in mice. We tested several different proto-
cols and ultimately found that the followingprotocol could reproducibly
create Parkinson's disease phenotypes in mice: 20 mg/kg MPTP togeth-
er with 250 mg/kg probenecid (CAS No. 57-66-9) were injected intra-
peritoneally twice per week for 5 months. Probenecid has the ability
to inhibit renal excretion of several chemicals, including MPTP, and
thereby raise the blood concentrations of such chemicals (Lau et al.,
1990; Masereeuw et al., 2000). Hereinafter, we refer to these mice as
MPTP-treated mice (MPTP mice).

We then evaluated the efficacies of KUS121 and esculetin on MPTP
mice. For the evaluation, we administrated vehicle or 50 mg/kg of
KUS121 or esculetin, 4 times per week for 5 months concurrent with
MPTP treatment (Fig. 8a). As controls, we also administrated GSK4716
and GSK5182, 4 times per week for the 5 months. As a result, MPTP
treatments did not induce any difference in the grip strength test (Fig.
S13a), wire hang test (Fig. S13b), treadmill test (Fig. S13c), or open
field test (Fig. S13d–h), as compared with no drug-treated control
(NT) mice. We observed neither improvement nor exacerbation by
KUS121, esculetin, GSK4716, or GSK5182 with these tests in MPTP
mice. Importantly, however, MPTP mice stayed on rotor rods for signif-
icantly shorter durations, as compared with NT mice, and administra-
tion of KUS121, esculetin, or GSK4716 allowed the MPTP mice to stay
on rotor rods for durations that were comparable to those of the NT
mice (Fig. 8b).

These results implied that KUS121, esculetin, and GSK4716 had neu-
roprotective effects on dopaminergic neurons of the substantia nigra in
MPTP mice. Histochemical examinations of midbrains from these mice
revealed thatMPTP treatments significantly reduced the numbers of ty-
rosine hydroxylase-positive neurons, namely dopaminergic neurons, in
the midbrains, especially the substantia nigra pars compacta. Adminis-
trations of KUS121, esculetin, or GSK4716 significantly mitigated the
loss of the dopaminergic neurons (Fig. 8c, d). Consistent with these re-
sults, immunohistochemical analyses of the striatum showed a reduc-
tion of tyrosine hydroxylase levels in MPTP mice, and the reduction
was prevented by the administration of KUS121, esculetin, or
GSK4716, but not GSK5182 (Fig. 8e, f). These results were further con-
firmed by western blot analyses of midbrain extracts from these mice
(Fig. S14).

Very similar results were obtained from the analyses of rotenone-
induced Parkinson's disease mice (Dauer and Przedborski, 2003;
Inden et al., 2011) (Fig. S15). One clear difference between the two
models was the following: rotenone-induced Parkinson's disease
mice, but not MPTP-induced Parkinson's disease mice, manifested
less movement in the open field test (Figs. S13e, S15f). Importantly,
the deficit was prevented by the addition of KUS121 or esculetin
(Fig. S15f).
rkinson's disease cell culture model. (a) Transmission electron microscopy analyses were
ated for 24 h in the absence (DMSO) or the presence of 50 μM KUSs or 50 μM esculetin,

copy analyses were performed. Representative images of neuronally differentiated PC12
he images. Neuronally differentiated PC12 cells were cultured with the conditions shown
42 (Hoechst) for 30 min, and images were taken by fluorescence microscopy. Scale bar,
rites in (b) were analyzed using MetaMorph (Molecular Devices) and ImageJ software
, and box-and-whisker plots of mitochondrial lengths are shown. The black bars indicate
um values. Images of mitochondria were analyzed for each condition, as follows: DMSO,
P+ KUS121, 100 mt; MPP+ KUS187, 66 mt; MPP+ esculetin, 107 mt. †P b 0.05, ANOVA
**P b 0.01, ***P b 0.001, ANOVA with Games-Howell post-hoc test, vs. MPP+ alone (-)

http://www.nlm.nih.gov/cgi/mesh/2016/MB_cgi?term=57-66-9&amp;rn=1&amp;rr=1


Fig. 7. Efficacies of KUSs and esculetin in the MPP+-induced Parkinson's disease model, using primary cultures of dopaminergic neurons. (a) Effects of KUSs and esculetin on the
prevention of cell death induced by MPP+ in primary mesencephalic cultures. Primary mesencephalic cultures were incubated for 24 h in the absence (DMSO) or the presence of 25
μM KUSs or 25 μM esculetin, and then further incubated with 10 μM MPP+ for 48 h. Then, neurons were doubly stained with an anti-tyrosine hydroxylase (TH) antibody (green) for
dopaminergic neurons and an anti-NeuN antibody (red) for matured neurons. Representative images captured with a BZ-X700 fluorescence microscope (KEYENCE), are shown. Scale
bar, 200 μm. (b) Quantification of TH-positive neurons and NeuN-positive neurons in (a). Mean values of relative neuron numbers are shown, with values for DMSO alone set at 100%.
Error bars indicate standard deviations. Statistical significances are shown among MPP+-treated groups and control (DMSO). ***P b 0.001, ANOVA with Games-Howell post-hoc test,
vs. MPP+ alone (-). (c) Quantification of neurite lengths in TH-positive neurons in images captured with a BZ-X700 fluorescence microscope (KEYENCE). Neurite lengths were
analyzed for each condition, as follows: DMSO, 182 neurites; KUS121, 175 neurites; KUS187, 175 neurites; esculetin, 128 neurites; MPP+, 86 neurites; MPP+ KUS121, 159 neurites;
MPP+ KUS187, 142 neurites; MPP+ esculetin, 125 neurites. Box-and-whisker plots of neurite lengths are shown. The black bars indicate the medians, boxes are 25th–75th quartiles,
and whiskers indicate the minimum and maximum values. Statistical significances are shown among MPP+-treated groups and control (DMSO). ***P b 0.001, ANOVA with Games-
Howell post-hoc test, vs. MPP+ alone (-).
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3.6. KUS121 and Esculetin Mitigate MPTP-induced α-Synuclein Accumula-
tion, ATP Depletion, and ER Stress

Next, we examined the link betweenα-synuclein and ATP decrease.
In the dopaminergic neurons of the substantia nigra of no drug-treated
control (NT) mice and KUS121- or esculetin-treated mice, we were not
able to detect the expression of α-synuclein proteins. However, MPTP
treatment dramatically provoked elevated α-synuclein levels, and
KUS121 or esculetin treatment almost completely abrogated the accu-
mulation of α-synuclein protein (Fig. 9).

We then measured ATP levels in brain sections of control and MPTP
mice. Consistent with the results from PC12 cells and themouse pheno-
types mentioned above, ATP levels in themidbrain extracts were signif-
icantly decreased in MPTP mice, as compared with NT mice, and the
reductionwas prevented by the administration of KUS121 and esculetin
(Fig. 10a). These results were confirmed by the FRET signals inmidbrain
slices of Go-ATeam2 mice (Fig. 10b).

Finally, we analyzed ER stress levels in these mice by immunohisto-
chemical analyses using an anti-CHOP antibody. In NT mice, approxi-
mately 10% of dopaminergic neurons (tyrosine hydroxylase-positive
cells) in the substantia nigra showed CHOP expression. As expected, in
the substantia nigra from MPTP mice, approximately 80% or more of
the extant dopaminergic neurons were CHOP-positive, and the admin-
istration of KUS121 and esculetin reduced the relative abundance of
CHOP-positive cells among dopaminergic neurons to approximately
30% or less (Fig. 10c, d, Fig. S16).
4. Discussion

In many incurable human diseases, including neurodegenerative
diseases (e.g. Alzheimer's disease, Parkinson's disease, Amyotrophic lat-
eral sclerosis (ALS), polyglutamine diseases, etc.), themost common pa-
thology is early cell death in the affected organs, or specific brain areas
in the case of neurodegenerative diseases. ATP levels would be one of
the most important parameters representing overall health conditions
of the individual cell, and an ATP decrease appears as themost common
phenotype of dying cells. Nutrients aremajor sources of ATP, and among
them glucose is known to be the most potent ATP-producing nutrient.
However, high levels of glucose in serum, by themselves, do not raise
or even maintain ATP levels in cells, especially in certain pathological
conditions, e.g. in diabetes mellitus and in the Parkinson's disease
model shown in this study. It is notable that diabetes mellitus is a risk
factor for Alzheimer's disease, indicating that high serum glucose levels
do not prevent or might even promote neuronal cell death in
Alzheimer's disease (Cheng et al., 2012; Stewart and Liolitsa, 1999).

We have long been searching for chemicals that could prevent such
cell death in vivo. For this purpose, we have hypothesized that such
chemicals would maintain cellular ATP levels under these pathological
conditions. In order to address this hypothesis, we developed KUSs as
specific inhibitors of the ATPase activity of VCP, the most abundant sol-
uble ATPase in essentially all types of cells. Indeed, KUSs could prevent
ATP decreases provoked by several cell death-inducing insults, e.g. glu-
cose or serum deprivation, mitochondrial respiratory chain inhibition,



Fig. 8. Efficacies of KUS121 and esculetin onMPTP-induced Parkinson's diseasemodelmice. (a) Schematic drawing of experimental schedules for creation and treatment of chronicMPTP-
induced Parkinson's diseasemodel mice. See details in “Materials andMethods”. (b) The results of the rotarod test performed at 20weeks. Mean times (s) to fall with standard deviations
are shown. No drug-treated control (NT; n= 7), KUS121-treated (KUS121; n= 6), esculetin-treated (esculetin; n= 6), GSK4716-treated (G47; n= 5), GSK5182-treated (G51; n= 5).
MPTP-treated (MPTP; n=7), MPTP+KUS121-treated (MPTP+KUS121; n=7),MPTP+ esculetin-treated (MPTP+esculetin; n=7), MPTP+GSK4716-treated (MPTP+G47; n=7),
and MPTP + GSK5182-treated (MPTP +G51; n= 7). Error bars indicate standard deviations. Statistical significances are shown among MPTP-treated and no drug-treated control (NT)
groups. *P b 0.05, ANOVA with Games-Howell post-hoc test, vs. MPTP alone (MPTP). The results of the rotarod test performed at 0, 4, 8, 12, and 16 weeks are shown in Fig. S19. (c)
Immunohistochemical analyses of coronal sections of the mouse substantia nigra, stained with an anti-tyrosine hydroxylase (TH) antibody, followed by the ABC method.
Representative images are shown. Scale bar, 400 μm. (d) Quantification of TH-positive neurons in (c). Error bars indicate standard deviations. Statistical significances are shown among
MPTP-treated and no drug-treated control (NT) groups. *P b 0.05, **P b 0.01, ANOVA with Games-Howell post-hoc test (n = 3), vs. MPTP alone (MPTP). (e) Immunohistochemical
analyses of coronal sections of the mouse striatum, stained by an anti-TH antibody, followed by the ABC method. Representative images are shown. Scale bar, 400 μm. (f)
Quantification of TH-positive signals in (e). Relative intensities of the TH-positive signals are shown, with values for no drug-treated control (NT) group set at 100%. Error bars indicate
standard deviations. Statistical significances are shown among MPTP-treated and no drug-treated control (NT) groups. *P b 0.05, **P b 0.01, ANOVA with Games-Howell post-hoc test
(n = 4), vs. MPTP alone (MPTP).
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etc., leading to the suppression of ER stress and cell death in cultured
cells (Ikeda et al., 2014; Nakano et al., 2016). Furthermore, KUS admin-
istration was able to inhibit in vivo retinal neuronal cell death and mit-
igate disease phenotypes in several mouse models of retinal diseases,
e.g. retinitis pigmentosa, glaucoma, and ischemic retinal disease
(Hasegawa et al., 2016b; Hata et al., 2017; Ikeda et al., 2014; Nakano
et al., 2016). On the other hand, our previous results indicated that acti-
vation of nuclear receptors, specifically ERRs, would lead to increased
ATP production in the targeted cells or organs (Kamei et al., 2003).
We, thus, searched for synthetic agonistic ligands of ERRs and showed
in this study that esculetin could function as an ERR agonist. To the
best of our knowledge, this is the first small chemical that functions as
an ERR agonist for all three ERRs. As expected, esculetin treatment
dose-dependently induced an increase in glucose and oxygen consump-
tion in neuronally differentiated PC12 cells, eventually leading to high
ATP levels, up to 180% relative to the non-treated cells (Fig. 2b, c, e,
Fig. S1). We thus call these chemicals, as a whole, “ATP regulators”.

Pathological hallmarks of Parkinson's disease are the loss of dopami-
nergic neurons in the substantia nigra and the presence of Lewy bodies,
protein aggregates of α-synuclein, in the extant dopaminergic neurons.



Fig. 9. Efficacies of KUS121 and esculetin onα-synuclein levels in the substantia nigra ofMPTP-induced Parkinson's diseasemodelmice. (a) Triple labeling of dopaminergic neurons of the
mouse substantia nigrawith an anti-tyrosine hydroxylase (TH) antibody (green), an anti-α-synuclein antibody (red), andDAPI (blue). Representative images are shown. Scale bar, 50 μm.
(b) Immunohistochemical analyses of coronal sections of themouse substantia nigra, stainedwith an anti-α-synuclein antibody, followedby theABCmethod.Nucleiwere counter-stained
with hematoxylin. α-Synuclein-positive cells are indicated by black arrowheads. Mouse brains were dissected at 5 months after the start of MPTP treatment. Scale bar, 50 μm.
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To date, 18 genetic loci have been linked to familial human Parkinson's
disease, and are named PARK1 to PARK18 (Klein and Westenberger,
2012; Lin and Farrer, 2014). PARK1 is the α-synuclein gene itself.
These causative genes have been overexpressed, in the case of dominant
inheritance, or knocked out, in the case of recessive inheritance, to
produce mouse models for Parkinson's disease. However, no such
mice have yet successfully manifested either the loss of dopaminergic
neurons or Parkinson's disease-like phenotypes. On the other hand,
there are established chemically induced Parkinson's disease rodent
models, using MPTP, rotenone, 6-hydroxydopamine, etc. (Dauer and
Przedborski, 2003; Lindholm et al., 2016). As contrasted with
genetically manipulated models, these models did manifest prominent
loss of dopaminergic neurons. Since we are interested in the death of
dopaminergic neurons and their protection, we used chemically in-
duced Parkinson's disease models in this study.

Beyond our expectations, it was evident that KUSs and esculetin be-
have very similarly in preventingATPdecrease, ER stress, and cell death,
in cell culture as well as in a mouse model of Parkinson's disease
brought on by administration of MPTP. In neuronally differentiated
PC12 cells and in primary cultures of dopaminergic neurons, MPP+
treatment led to decreased ATP levels, induction of CHOP expression
(ER stress), and eventually cell death; yet both KUSs and esculetin



Fig. 10. Efficacies of KUS121 and esculetin on ER stress and ATP depletion in the substantia nigra ofMPTP-induced Parkinson's diseasemodel mice. (a) Quantitation of ATP levels inmouse
midbrains containing the substantia nigra and striatum. No drug-treated control mice (NT; n=15), KUS121-treated (n=14), esculetin-treated (n=14),MPTP-treated (MPTP; n=15),
MPTP + KUS121-treated (MPTP +KUS121; n= 15), and MPTP + esculetin-treated (MPTP +esculetin; n= 15) mice were dissected one month after the start of MPTP treatment. ATP
levels and protein amounts were determined, and values (luciferase activities) of ATP levels, normalized by protein levels, were calculated and are shown as box-and-whisker plots. The
black bars indicate themedians, boxes are 25th–75th quartiles, andwhiskers indicate theminimumandmaximumvalues. Statistical significances are shown amongMPTP-treated and no
drug-treated control (NT) groups. *P b 0.05, ANOVA with Games-Howell post-hoc test, vs. MPTP alone (MPTP). (b) Representative ratiometric pseudocolor FRET images of coronal slice
sections of midbrains of Go-ATeam2 mice. Mouse brains were dissected from non-treated Go-ATeam2 control mice (NT), and Go-ATeam2 mice treated with MPTP alone (MPTP), with
MPTP + KUS121 (MPTP +KUS121), or with MPTP + esculetin (MPTP +esculetin), at 1 month after starting MPTP treatment. OFP/GFP emission ratios of Go-ATeam2 in the slices of
midbrains were then calculated from captured images. Representative images are shown. Areas marked by black dots indicate the substantia nigra. Scale bar, 400 μm. (c) Triple
labeling of dopaminergic neurons of the mouse substantia nigra with an anti-tyrosine hydroxylase (TH) antibody (green), an anti-CHOP antibody (red), and DAPI (blue). Mouse brains
were dissected from non-treated control mice without additional treatment (NT), or mice treated with KUS121 (KUS121) or esculetin (esculetin), and MPTP mice without additional
treatment (MPTP) or treated with KUS121 (MPTP +KUS121) or esculetin (MPTP +esculetin), at 5 months after the start of MPTP treatment. CHOP expression increased in the
dopaminergic neurons in the substantia nigra pars compacta of MPTP-treated mice (white arrowheads). Representative images are shown. Scale bar, 50 μm. (d) Quantitation of the
percentage of TH-positive cells with CHOP-positive nuclei in (c). Error bars indicate standard deviations. Statistical significances are shown among MPTP-treated and no drug-treated
control (NT) groups. *P b 0.05, **P b 0.01, ANOVA with Games-Howell post-hoc test (n = 3), vs. MPTP alone (MPTP).
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suppressed all of these (Figs. 3–5g–i, 7, Figs. S2–S5). Moreover, admin-
istration of KUS121 or esculetin concurrently with MPTP maintained
ATP levels and prevented ER stress in dopaminergic neurons in the
substantia nigra, and ultimately suppressed the manifestation of
Parkinson's disease phenotypes, as seen with the rotarod test (Figs. 8,
10). We confirmed very similar efficacies of KUS121 and esculetin in
protecting dopaminergic neurons in the substantia nigra of a rote-
none-induced mouse Parkinson's disease model (Fig. S15). We also ob-
served that administration of GSK4716, an ERRγ-specific agonist, could
mitigate the Parkinson's disease phenotypes. On theother hand,with an
ERRγ-specific inverse-agonist, GSK5182, Parkinson's disease features
were either unchanged or exacerbated (Fig. 8).
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Themost surprising data for uswas the behavior ofα-synuclein pro-
tein; it accumulated in the dopaminergic neurons of the substantia
nigra in response to MPTP treatment, and it failed to accumulate during
the treatment with KUSs and esculetin (Fig. 9). Related with this, very
recently it has been reported that ATP itself has chaperone activities
(Patel et al., 2017); ATPmay help to preventmisfolding or accumulation
of α-synuclein. It has also been reported that α-synuclein acts on mito-
chondria and stimulates ATP synthesis (Ludtmann et al., 2016). These
lines of evidence emphasize a close link between α-synuclein protein
levels and ATP levels. It is tempting to speculate that Lewy bodies
might be a marker of a prior drop in ATP levels.

In addition to the activities shown in this study, esculetin has recently
been shown to have cell-protective effects, and tomitigateMPTP-induced
Parkinson's disease phenotypes in mice (Subramaniam and Ellis, 2013).
These effects were proposed to bemediated by the reduction of oxidative
stress caused by reactive oxygen species or nitrosylation (Kim et al., 2008;
Subramaniam and Ellis, 2013, 2016). These results further support a ther-
apeutic potential of esculetin for the treatment of Parkinson's disease. Es-
culetin has also been shown to possess cell death-inducing activities in
several cultured cancerous cells (Arora et al., 2016; Jeon et al., 2015;
Wang et al., 2015), and thus long-term esculetin treatment, if approved,
may have the added benefit of reducing cancer occurrence.

We have shown that KUSs can protect retinal neurons from death in
mouse models of retinitis pigmentosa, glaucoma, and ischemic retinal
disease, andwe also have repeatedly discussedmechanisms that under-
lie the profound links between ATP decrease, ER stress, and cell death in
these eye diseases (Hasegawa et al., 2016b; Hata et al., 2017; Ikeda et al.,
2014; Nakano et al., 2016). In this study, we further showed that KUSs
and esculetin can protect dopaminergic neurons from MPTP- or rote-
none-induced toxicity in the respective mouse models of Parkinson's
disease (Figs. 8, 10, Figs. S14, S15, S19). From these results, we propose
a model for the pathological features of these disorders, in which ATP
decrease or depletion is a common central phenomenon, even though
each disease has a unique etiology. An ATP decrease in early stages
would diminish the functions of affected cells or organs, and then in
later stages it would result in cell death or organ failure, culminating
in overt disease phenotypes. Furthermore, thismodel suggests potential
therapeutic strategies commonly applicable to these disorders. Namely,
maintenance of ATP levels, by either inhibiting ATP consumption or
enhancing ATP production, or both, would slow or stop the disease pro-
gression. Functional recovery of the remaining cells might even amelio-
rate the disease phenotypes.

In conclusion, ATP maintenance by “ATP regulators”, i.e., KUSs and
esculetin (or ERR agonists), showed significant efficacies for neuropro-
tection in the MPTP- and rotenone-induced Parkinson's disease model
mice. Given that many incurable human disorders, e.g. neurodegenera-
tive diseases, ischemic diseases, etc., alsomanifest early cell death in the
affected organs, ATP maintenance by ATP regulators could also provide
a strategy for cell protection in these disorders.
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