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Since impaired mitochondrial ATP production in cardiomyocytes is thought to lead to heart failure, a drug that
protects mitochondria and improves ATP production under disease conditions would be an attractive treatment
option. In this study, we identified small-molecule drugs, including the anti-parasitic agent, ivermectin, that
maintain mitochondrial ATP levels under hypoxia in cardiomyocytes. Mechanistically, transcriptomic analysis
and gene silencing experiments revealed that ivermectin increased mitochondrial ATP production by inducing
Cox6a2, a subunit of themitochondrial respiratory chain. Furthermore, ivermectin inhibited the hypertrophic re-
sponse of human induced pluripotent stem cell-derived cardiomyocytes. Pharmacological inhibition of importin
β, one of the targets of ivermectin, exhibited protection against mitochondrial ATP decline and cardiomyocyte
hypertrophy. These findings indicate that maintainingmitochondrial ATP under hypoxia may prevent hypertro-
phy and improve cardiac function, providing therapeutic options for mitochondrial dysfunction.
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1. Introduction

Despite recent progress in medical therapies, heart failure remains
one of the leading causes of death and healthcare burden worldwide
(Ziaeian and Fonarow, 2016). Cardiomyocytes contain numerous mito-
chondria to support the heart's demand for adenosine triphosphate
(ATP), and studies have implicated mitochondrial dysfunction in
human patients and animal models of heart diseases, as demonstrated
by reduced ATP levels (Beer et al., 2002), decreased enzymatic activity
in the oxidative phosphorylation (OXPHOS) system (Ahuja et al.,
2013), and enhanced reactive oxygen species (ROS) production
(Borchi et al., 2010; Ide et al., 2000). Associations of mitochondrial dys-
function with heart diseases are also supported by previous studies, in
which cardiomyopathywas observed in patients withmutations in crit-
ical mitochondrial proteins (Meyers et al., 2013). Since the heart
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becomes vulnerable to hypoxia in patients with heart disease andmito-
chondria require oxygen to synthesize ATP, hypoxia may be one of the
key pathogenic factors causing impaired OXPHOS in heart diseases
(Krishnan et al., 2009). Although targeting mitochondria has garnered
increasing attention (Brown et al., 2017), there is no currently approved
therapy that targets this organelle. Therefore, it would be valuable to
identify novel therapeutic approaches for heart diseases based onmito-
chondrial ATP generation under pathological conditions, such as hypox-
ia. Although it had been challenging to directly measure mitochondrial
ATP, a fluorescence resonance energy transfer (FRET)-based ATP bio-
sensor, ATeam, has been recently reported, which made it possible to
monitor spatiotemporal changes in ATP levels in a specific organelle, in-
cluding mitochondria, in living cells (Imamura et al., 2009).

In this study, we identified small-molecule drugs, including the anti-
parasitic drug, ivermectin, which maintain mitochondrial ATP levels
under hypoxia in cardiomyocytes, through high-throughput phenotypic
screens of a drug library using the aforementionedmitochondrial FRET-
based ATP biosensor. We also assess the antihypertrophic effects of
these mitochondrial modulators in human induced pluripotent stem
cell (iPSC)-derived cardiomyocytes. Moreover, the transcriptomic anal-
yses providemechanistic insights into how thesemodulators exert their
effects onmitochondrial ATP. This study provides previously unappreci-
ated insights into the regulation of mitochondrial ATP, and has thera-
peutic implications for diseases involving mitochondrial dysfunction.
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2. Materials and Methods

2.1. Chemicals and Compounds

The Prestwick Chemical Library was purchased from PerkinElmer.
Dimethyl sulfoxide (DMSO), 2-deoxy-D-glucose (2-DG), diazoxide, cy-
closporin A (CsA),N-acetyl cysteine (NAC), IPA-3, bifonazole, verapamil,
tunicamycin, and thapsigargin were purchased from Wako. Carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), deferoxamine
mesylate, importazole, ivermectin, and oligomycin A were purchased
from Sigma-Aldrich. Mito-TEMPO was purchased from Enzo Life Sci-
ences. Compound 968 was purchased from Calbiochem. Dexrazoxane
was purchased from TCI Chemicals. Cariporide was purchased from
Cayman Chemical. Nifuroxazide was purchased from MP Biomedicals.
2-Methylthioadenosine triphosphate (2-meSATP) was purchased from
Tocris. Azoramide was purchased from Ark Pharm, Inc.

2.2. Plasmids and siRNA

The plasmid vectors expressing ATeam (AT1.03 and mitAT1.03-
YEMK in pcDNA3.1) (Imamura et al., 2009) were obtained under
license to Osaka University. Control siRNA (ON-TARGETplus siRNA-
SMARTpool, Non-targeting pool, D-001810-10-05) and Cox6a2 siRNA
(ON-TARGETplus siRNA-SMARTpool, L-043169-01-0005) were pur-
chased from Dharmacon/Thermo Fisher Scientific.

2.3. Cell Culture

HL-1 cardiomyocytes, obtained from William Claycomb (Louisiana
StateUniversity, NewOrleans, LA, USA), were cultured as previously de-
scribed (Claycomb et al., 1998). In brief, Claycomb medium (Sigma-
Aldrich), supplemented with 2 mM L-glutamine, 100 U/mL penicillin/
streptomycin, 100 μM norepinephrine in 30 mM L-ascorbic acid, and
10% fetal bovine serum (FBS), was replaced every other day. The culture
flasks and plates were precoated with a solution of 0.02% (weight/vol-
ume) gelatin containing 5 μg/mL fibronectin (Sigma-Aldrich). HeLa
cells (ECACC, 93021013) were purchased from DS Pharma Biomedical,
and cultured in DMEM (Gibco) containing 10% FBS and 100 U/mL
penicillin/streptomycin. Human iPSC-derived cardiomyocytes (CMC-
100-010-001) were purchased from Cellular Dynamics International
(CDI) and cultured in maintenance medium (CDI, CMM-100-120-001)
according to the manufacturer's instructions. Cells were maintained at
37 °C in a humidified 5% CO2 incubator.

2.4. Generation of HL-1 Cardiomyocytes Stably Expressing ATeam

HL-1 cardiomyocytes were reverse-transfected with plasmids ex-
pressing either mitAT1.03-YEMK (mito-ATeam) for mitochondrial ATP
measurement or AT1.03 (cyto-ATeam) for cytosolic ATP measurement
using Lipofectamine LTX (Invitrogen) in Opti-MEM (Gibco), according
to the manufacturer's instructions. Four days after transfection, selec-
tion using 0.25 mg/mL geneticin (Gibco) was started. Populations of
cells expressing ATeam at moderate levels were then selected using
FACS Aria II cell sorter (Becton Dickinson) based on YFP fluorescence.
The enriched ATeam stable cells were cultured as described above in
the presence of geneticin.

2.5. Animals

The care and use of the animals and the experimental protocols used
in this study were approved by the Experimental Animal Care and Use
Committee of Takeda Pharmaceutical Company Limited. All experi-
ments were performed in accordance with the guidelines and regula-
tions of Takeda Pharmaceutical Company Limited (Shonan Research
Center IACUC Guidelines). C57BL/6J mice were purchased from CLEA
Japan, Inc. All mice used in this study were maintained in pathogen-
free barrier animal facilities.
2.6. Generation of Mito-ATeam Knock-in Mice

The targeting vector pROSA26-mitAT1.03-YEMKwas constructed, in
which a CAG-loxP-Neo cassette-loxP-mitAT1.03-YEMK unit was
inserted into the ROSA26 locus by the Red/ET recombination system
(Gene Bridges) to modify the bacterial artificial chromosome with the
mouse ROSA26 gene (Advanced Geno Techs Co., RP23-184A7), as
shown in Fig. 3a. pROSA26-mitAT1.03-YEMK was electroporated into
embryonic stem cells (ESCs) derived from C57BL/6J mice. Clones with
the inserted allele were screened by genomic PCR after G418 selection.
The Neo cassette was removed by transient expression of pCAG-Cre
plasmids in recombinant ESCs. Chimeric mice were generated by the
tetraploid complementation method described previously (Yamamoto
et al., 2013). The chimeric mice were crossed with C57BL/6J mice to ob-
tain mice heterozygous for the mutant allele. Heterozygous mice were
intercrossed to obtain animals homozygous for the mutant allele and
wild-type littermates.
2.7. Isolation of Primary Neonatal Cardiomyocytes

Neonatal murine cardiomyocytes were isolated from mito-ATeam
knock-in mice andwild-type littermates at 1 day of age andmaintained
as described previously (Sreejit et al., 2008). Isolated primary
cardiomyocytes were cultured for up to 5 days for subsequent studies.
2.8. Imaging

All confocal images were acquired with a high-content screening
system, Cell Voyager 7000 (CV7000; Yokogawa), which was equipped
with a confocal scanner unit, live-cell incubator (maintained at 37 °C
and 5% CO2) with a customized lid for hypoxia experiments, and built-
in liquid handler. Hypoxic gas (1% O2, 5% CO2, and 94% air) was supplied
using a gas mixer (Tokken, Inc.).
2.8.1. Live-Cell Imaging of ATP in HL-1 Cardiomyocytes
ATeam stable cells were seeded at a density of 10,000 cells per

well into 96-well imaging plates and treated with compounds
typically for 24 h. DMSO (0.1%) was used as a negative control. ATeam
biosensors were excited at 445 nm, and emission was recorded at
480/17 nm for CFP and543/22nm for YFP at×20 (0.75NAUPLSAPO ob-
jective, 37 °C) or ×60 (1.2 NA UPLSAPO objective, 37 °C) magnification.
Images were acquired before and after adding 10 μM oligomycin A, or
under normoxia (21% O2) followed by hypoxia (1% O2) and reoxygena-
tion (21% O2) for the indicated times at 5- to 10-min intervals. Image
analysis was performed using CV7000 analysis software (Yokogawa);
a region of interest (ROI) was defined based on CFP fluorescence inten-
sity; fluorescence intensity of YFP (as well as that of CFP) in the ROI was
quantified. The YFP/CFP emission ratio (FRET ratio) per ROI was then
calculated by dividing YFP fluorescence intensity by CFP fluorescence
intensity using TIBCO Spotfire (TIBCO). Ratiometric FRET images were
obtained using ImageJ software (National Institutes of Health).
2.8.2. Live-Cell Imaging of Mitochondrial ATP in Primary Cardiomyocytes
Neonatal cardiomyocytes were seeded at a density of 200,000 cells

per well into 96-well imaging plates and treated with compounds for
24 h in Dulbecco's modified Eagle's medium (DMEM)/F-12 (Gibco)
supplemented with 0.2% bovine serum albumin (BSA) and 100 U/mL
penicillin/streptomycin. Live-cell imaging experiments and image anal-
ysis were performed as described above.
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2.9. Phenotypic Screening of the Prestwick Chemical Library

Themito-ATeam stable HL-1 cardiomyocyteswere plated at a densi-
ty of 8000 cells per well in 384-well imaging plates (Greiner Bio-One)
using a Multidrop dispenser (Thermo Fisher Scientific). In the primary
screening round, the cells were treated with 1256 Prestwick com-
pounds at a final concentration of 10 μM (n = 1 well) by adding a 5×
concentration of compounds (8 μL/well) using a BioMek liquid handling
automationworkstation (Beckman Coulter). DMSO (0.1%)was used as a
negative control and 30 μMMito-TEMPO as a positive control. The next
day, ATP imaging using a CV7000 system was performed as described
above under normoxia (for initial ratio) followed by hypoxia (1% O2)
for 1.5 h. The FRET ratio was calculated as described above and normal-
ized by the initial value; positive hits were selected from wells with
N0.931 of normalized ratio (average + 3 standard deviations [SDs] of
negative control) at the time point showing the best z-score per plate.
To confirm primary hits, compounds were re-screened using 96-well
plates, and dose-dependency was examined at lower concentrations.
DMSO (0.1%) was used as a negative control and 30 μM deferoxamine
as a positive control. Primary hits were also evaluated based on
oligomycin A response (selected at b0.9 of normalized FRET ratio),
mitochondrial membrane potential (selected at N80%), cell viability
(selected at N80%), and caspase-3/7 activity.

2.10. Human Cardiomyocyte Hypertrophy Model

Cardiac hypertrophy assays in human iPSC-derived cardiomyocytes
were conducted as previously reported with some modifications
(Carlson et al., 2013). In brief, cardiomyocytes were plated at a density
of 20,000 viable cells per well on Cellmatrix Type I-C-coated 96-well
plates or at 5000 viable cells per well on Cellmatrix Type I-C-coated
384-well imaging plates (Greiner Bio-One). On day 3 post-plating, the
mediumwas replaced withWilliams' Medium E (Gibco) supplemented
with Cocktail B from the Hepatocyte Maintenance Supplement Pack
(Gibco). On day 6 post-plating, the medium was replaced with supple-
mented Williams' Medium E containing 10 nM human endothelin-1
(ET-1; Peptide Institute) and test compounds for 18 h. For immunocyto-
chemistry of brain natriuretic propeptide (proBNP), 10 μg/mL of
Brefeldin Awere added for the last 3 h. Eighteen hours after stimulation
with ET-1 and test compounds, quantitative reverse transcription poly-
merase chain reaction (RT-qPCR) was performed as described in the
Supplemental information.

2.11. Immunocytochemistry, Imaging, and Quantification

Eighteen hours after stimulation of iPSC cardiomyocytes with ET-1
and test compounds, an equal volume of 4% paraformaldehyde (PFA)
was added to themedium (resulting in 2% PFA); the cells were incubat-
ed for 10min at room temperature, followed by fixationwith 4% PFA for
10 min at room temperature. After rinsing twice with phosphate-
buffered saline (PBS), cells were incubated with a primary antibody
against proBNP (Abcam; ab13115) at 1:500 in permeabilization buffer
containing 0.1% Triton X-100 (Sigma-Aldrich, T8787-100ML) and 5%
donkey serum (Abcam, ab7475) in PBS at 4 °C overnight. After rinsing
twice with PBS, the samples were incubated with Alexa Fluor 568-
labelled donkey anti-mouse IgG (Molecular Probes, A10037) at 1:1000
in permeabilization buffer at room temperature for 2 h. Hoechst
33342 was added to the samples and incubated at room temperature
for 20 min. After rinsing twice with PBS, confocal images were acquired
with a CV7000 system at ×20 magnification. Hoechst 33342 was excit-
ed at 405 nm and fluorescence recorded at 445/45 nm; Alexa Fluor 568
was excited at 561 nm and fluorescence recorded at 617/73 nm. Cells
were defined using CV7000 analysis software based on Hoechst
33342, and fluorescence intensities of proBNP in the ROIs around nuclei
(expand distance of 17 μm) were quantified.
2.12. RNA-Seq and Analyses

Library preparation, RNA-seq data processing, and pathway/up-
stream analyses using IPA (Ingenuity® Pathway Analysis, Qiagen) are
described in the Supplemental information. The raw and processed
data reported in this paperwere deposited in the NCBI Gene Expression
Omnibus (GEO) database under accession number GSE96989.

2.13. Statistical Analysis

Statistical analysis was carried out using EXSUS version 8.0 (CAC
Croit Corp.). Statistical differences were analyzed using two-tailed un-
paired Student's t-test or Alpin-Welch's t-test to compare two groups,
or one-way ANOVA with Dunnett's multiple-comparison test to
compare more than two groups. p b 0.05 was considered statistically
significant. Data are presented as means ± SD. All experiments were
performed with at least three biological replicates (unless noted other-
wise). Panels in Figs. 1a, c; 2d, e; 3b; 6a, and Fig. S1c show a representa-
tive image of at least three independent experiments.

Additional methods, including Live-Cell Imaging of Mitochondrial
ATP in HeLa Cells, Mitochondrial Membrane Potential Measurement,
Calcium Imaging in Primary Cardiomyocytes, Cell Viability Assay,
Caspase-3/7 Activity Assay, RNA-seq and Analyses, SDS-PAGE and
Western Blotting, Crude Mitochondrial Isolation, Complex IV Activity,
Mitochondrial ATP Production in Permeabilized Cells, and RT-qPCR are
available in Supplemental Materials and Methods.

3. Results

3.1. Live-Cell Imaging of Mitochondrial ATP Under Hypoxia

Tomonitor ATP levels in the cytosol andmitochondria of living cells,
HL-1 cardiomyocyte cell lines stably expressing either cyto-ATeam
(Fig. 1a, upper image) or mito-ATeam (Fig. 1a, lower image) were
established. The decrease in the FRET ratio was confirmed in the cytosol
(Fig. 1b, upper panel) and the mitochondrial matrix (Fig. 1b, lower
panel) upon ATP depletion by oligomycin A (OA), an inhibitor of com-
plex V of the mitochondrial respiratory chain, and by 2-deoxyglucose
(2-DG), a glycolysis inhibitor. Although ATeam FRET can be reduced as
pH lowers in a cell-free system (Imamura et al., 2009), a mitochondrial
uncoupler, which induces acidification of the mitochondrial matrix
(Yang et al., 2016), did not decrease the FRET ratio in living cells
(Fig. S1a), suggesting that intramitochondrial acidification has little im-
pact on ATeam FRET. Collectively, these results indicate that ATeam
serves as an ATP indicator in living cells. Of note, mitochondrial ATP de-
creasedmore rapidly than cytosolic ATP did in response to OA and 2-DG
(Fig. 1b). We next compared changes in mitochondrial and cytosolic
ATP in response to hypoxia (1% O2), using a customized lid for 96- and
384-well plates equipped with a high content analyzer CV7000. As pre-
viously reported (Kioka et al., 2014), mitochondrial ATP decreased ro-
bustly with hypoxia in HL-1 cardiomyocytes, whereas cytosolic ATP
did not (Fig. 1c and d). These results suggest that mitochondrial ATP is
more sensitive to hypoxia than cytosolic ATP is, and that cytosolic ATP
may be compensated by anaerobic metabolism under stress conditions.

3.2. Effects of Small-Molecule Compounds on Mitochondrial ATP Decline in
Hypoxia

Using mito-ATeam stable HL-1 cardiomyocytes, we assessed the ef-
fects of compounds reported to exhibit protective effects on mitochon-
dria and/or cardioprotective effects on mitochondrial ATP levels during
hypoxia (Fig. 1e). Mitochondrial ATP decline was substantially
prevented by the mitochondrial permeability transition pore (mPTP)
inhibitor CsA (Hausenloy et al., 2012), mitochondria-targeted antioxi-
dant mito-TEMPO (Gelvan et al., 1991; Luo et al., 2013), iron chelator
deferoxamine (Paraskevaidis et al., 2005), and mitochondrial

ncbi-geo:GSE96989


150 H. Nagai et al. / EBioMedicine 24 (2017) 147–158
glutaminase inhibitor Compound 968 (Gao et al., 2015) (Fig. 1f). These
compounds had a minimal effect on mitochondrial ATP decline caused
by OA and onmitochondrial membrane potential (Fig. S1b–d), suggest-
ing that these compounds did not compromise mitochondrial
function. Other compounds, including the topoisomerase II inhibitor
dexrazoxane (Cvetković and Scott, 2005), K+ ATP channel opener
diazoxide (Flagg et al., 2010), Na+/H+ exchange inhibitor cariporide
(Avkiran andMarber, 2002; Ruiz-Meana et al., 2003), and Ca2+ channel
blocker verapamil (Nayler et al., 1980), did not display protective effects
(Fig. 1f), suggesting that these compounds exert their effects through



Fig. 2. Identification of ivermectin and nifuroxazide as mitochondrial ATP modulators under hypoxia by phenotypic screens. (a) Assay workflow to identify small molecules that maintain
mitochondrial ATP levels under hypoxia with cardiac anti-hypertrophic effects. (b) Stacked histogram of the primary screen. Thirty-four primary hits (orange) were identified by the hit
criteria (vehicle average + 3 SD = 0.931) indicated by dashed line and other parameters. (c) Scatter plot of results of mito-ATeam assays (protection against hypoxia- or oligomycin A
[OA]-mediated mitochondrial ATP decrease). Each data point represents the average of three independent experiments, normalized to initial values (OA) or negative and positive controls
(hypoxia) (initial value was set to 1). Grey dashed lines indicate the thresholds (N80% for x axis and b0.9 for y axis). Blue dashed line indicates OA response in vehicle group. Twenty-six
compounds shown in black were excluded based on the counter-assays (cell viability and mitochondrial membrane potential) (Fig. S2a). Out of eight selected compounds, ivermectin and
nifuroxazide (shown in orange) exhibited protective effects on mitochondrial ATP under hypoxia, but not in response to OA, without activating caspase-3/7 (Fig. S2b). Source data are
available online for this figure (Table S1). (d and e) Representative images of fluorescence resonance energy transfer (FRET) signal in mito-ATeam stable HL-1 cardiomyocytes treated with
ivermectin (d, upper panel) or nifuroxazide (e, upper panel) for 24 h under hypoxia (1% O2), followed by reoxygenation (21% O2). Scale bars, 20 μm. Quantified FRET ratios of mito-ATeam
in HL-1 cardiomyocytes treated with ivermectin (0, 1, 3, 10 μM, d, lower panel) or nifuroxazide (0, 1, 3, 10 μM, e, lower panel) under hypoxia/reoxygenation are shown. Data are presented
as means ± SD (n= 3 biologically independent samples).
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different mechanisms. Given that NAC did not prevent mitochondrial
ATP decline (Fig. 1f), mitochondria-localized superoxide and free radi-
cals may modulate mitochondrial ATP levels. These results indicate
Fig. 1. Live-cell imaging of mitochondrial ATP under hypoxia and effects of small-molecule com
in HL-1 cardiomyocytes stably expressing either cyto-ATeam (upper image) or mito-ATeam (l
oligomycin A (OA) and 10 mM 2-deoxyglucose (2-DG) treatment in HL-1 cardiomyocytes sta
presented as means ± SD (n = 3 biologically independent samples). The arrow heads indica
FRET signal in HL-1 cardiomyocytes stably expressing either cyto-ATeam (upper panel) or m
Scale bars, 20 μm. (d) Quantified FRET ratio in HL-1 cardiomyocytes stably expressing either c
2-h reoxygenation (21% O2). Data are presented as means ± SD (n = 3 biologically independ
compounds typically for 24 h, and subjected to FRET imaging under hypoxia followed by re
Compound 968, N-acetyl cysteine (NAC), dexrazoxane, diazoxide, cariporide, or verapamil on
biologically independent samples).
that known mito-protective compounds may have unappreciated ef-
fects on mitochondrial ATP; our study could identify compounds that
protect mitochondrial ATP selectively under hypoxia.
pounds. (a) Representative images of fluorescence resonance energy transfer (FRET) signal
ower image). Scale bars, 20 μm. (b) Quantified FRET ratio (YFP/CFP) in response to 10 μM
bly expressing either cyto-ATeam (upper panel) or mito-ATeam (lower panel). Data are
te the time point when vehicle or OA + 2-DG was added. (c) Representative images of
ito-ATeam (lower panel) under hypoxia (1% O2) followed by reoxygenation (21% O2).

yto-ATeam (black line) or mito-ATeam (red line) under 2-h hypoxia (1% O2) followed by
ent samples). (e) HL-1 cardiomyocytes stably expressing mito-ATeam were treated with
oxygenation as shown in (d). (f) Effects of cyclosporin A, mito-TEMPO, deferoxamine,
mitochondrial ATP under hypoxia are shown. Data are presented as means ± SD (n = 3



Fig. 3.Effects of ivermectin andnifuroxazide onmitochondrial ATP levels under hypoxia in
primary cardiomyocytes. (a) A schematic of mito-ATeam knock-in animals for the
isolation of primary cardiomyocytes. (b) Representative images of mito-ATeam in
primary cardiomyocytes isolated frommito-ATeam knock-in neonatal hearts stained for
mitochondria (red) and nuclei (blue); mito-ATeam is in green. Scale bar, 10 μm.
(c) Quantified FRET ratios of mito-ATeam knock-in primary cardiomyocytes pre-treated
with vehicle (V), ivermectin (2 or 5 μM; I2 or I5), or nifuroxazide (10 μM, N10) for 24 h
followed by hypoxia/reoxygenation. Data are presented as means ± SD (n = 3
biologically independent samples).
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3.3. Identification of Ivermectin as a Mitochondrial ATP Modulator by
Phenotypic Screening

To screen for drugs thatmay preventmitochondrial ATP decline dur-
ing hypoxia, we performed phenotypic screening of the Prestwick
Chemical Library (Fig. 2a). Primary screens of 1256 compounds identi-
fied 34 primary hits (Fig. 2b and Table S1); eight compounds exhibited
N80% mitochondrial membrane potential retention and N80% cell via-
bility (Fig. S2a). Importantly, ivermectin and nifuroxazide did not affect
OA-mediated mitochondrial ATP decrease (Fig. 2c and Table S1), indi-
cating that their protective effects on mitochondrial ATP levels are spe-
cific to hypoxic conditions. In addition, ivermectin and nifuroxazide
demonstrated concentration-dependent mitochondrial ATP protection
(Fig. 2d and e), without affecting caspase-3/7 activity (Fig. S2b).

To determine the drug effects in primary cardiomyocytes,
we established mito-ATeam knock-in mice and isolated primary
cardiomyocytes from neonates (Fig. 3a). Mitochondrial localization of
mito-ATeam in these cells was confirmed (Fig. 3b). Mitochondrial ATP
levels decreased during hypoxia; this decline was prevented by iver-
mectin and nifuroxazide (Fig. 3c).

3.4. Identification of Importin β as a Potential Molecular Target of
Ivermectin's Action

Nifuroxazide is an anti-diarrheal agent that inhibits signal transduc-
er and activator of transcription 3 (STAT3) (Nelson et al., 2008), a tran-
scription factor that plays well-described roles in cardiac hypertrophy
and failure (Haghikia et al., 2011). Although ivermectin shows anti-
tumor activity (Hashimoto et al., 2009; Liu et al., 2016; Nishio et al.,
2016), enhances cardiomyocyte contractility (Yang et al., 2014), and is
neuroprotective (Andries et al., 2007), few reports have addressed its ef-
fects on mitochondrial function in cardiomyocytes or cardiac hypertro-
phy. Therefore, we focused on ivermectin and its mechanism of action
by assessing the effects of known ivermectin molecular targets on mito-
chondrial ATP under hypoxia. Among such targets, includingα7 nicotinic
acetylcholine receptor (Krause et al., 1998), P2X4 receptor (Khakh et al.,
1999), GABAA receptor (Adelsberger et al., 2000), importin α/β (Kosyna
et al., 2015; Wagstaff et al., 2012), PAK1 (Hashimoto et al., 2009), and
YAP1 (Nishio et al., 2016), we selected targets that are expressed in HL-
1 cardiomyocytes and can be pharmacologically modulated. From RNA-
seq analysis, P2rx4 (P2X4), Kpna2 (importin α1), and Kpnb1 (importin
β1) were expressed in HL-1 cardiomyocytes; Pak1, Chrna7 (α7 nAChR),
and Gabra (GABAA receptor) expressions were low (Fig. 4a). We tested
commercially available modulators for importin β (importazole as an in-
hibitor) and P2X4 (2-meSATP as a positive allosteric modulator) and
found that importazole, but not 2-meSATP, prevented mitochondrial
ATP decline, suggesting that importin β is involved (Fig. 4b).

3.5. Critical Role of Cox6a2 in Increased Mitochondrial ATP Production by
Ivermectin

To understand how ivermectin affects HL-1 cardiomyocytes, we ex-
amined whether ivermectin displayed any acute treatment effect. A
shorter treatment period resulted in weaker protection against mito-
chondrial ATP decline during hypoxia (Fig. 5a), indicating that ivermec-
tin may affect transcription levels rather than acting directly on the
target(s). We thus performed RNA-seq analysis in HL-1 cardiomyocytes
treated with ivermectin or importazole to identify overlapping genes
between the treatment groups. Surprisingly, there was no overlapping
downregulated gene. Of note, hypoxia inducible factor (HIF)-1α target
genes such as Bnip3 and Egln3 were downregulated in the ivermectin
treatment group (Fig. 5b), consistent with a previous report (Kosyna
et al., 2015). These results suggest that 1) ivermectin and importazole
exert differential effects on HIF-1α pathways presumably because iver-
mectin inhibits importin α/β heterodimers (Wagstaff et al., 2012),
whereas importazole specifically inhibits importin β (Soderholm et al.,
2011), and 2) the action of ivermectin on mitochondrial ATP was not
due to HIF-1α pathway activation, which plays a major role in precon-
ditioning (Prabhakar and Semenza, 2012). However, eight upregulated
genes overlapped, including Trib3, Aldh1l2, Cox6a2, and Atf5, with
p values b0.01 (Fig. 5b). Cox6a2, a heart/muscle-specific isoform of
Cox6, is one of the subunits of Complex IV, and important for the activity
of cytochrome c oxidase (COX) (Quintens et al., 2013; Radford et al.,
2002). Intriguingly, the induction was specific to Cox6a2 among other
mitochondrial respiratory chain complex subunits (Fig. 5c and
Fig. S3a). Cox6a2 protein levels were also increased by ivermectin
(Fig. 5d). Accordingly, COX activity significantly increased in the mito-
chondria isolated from ivermectin-treated HL-1 cardiomyocytes
(Fig. 5e). To confirm whether ivermectin enhances ATP production via
Complex IV, we directly measured ADP-to-ATP conversion driven by
Complex IV substrates (ascorbate and N,N,N′,N′-tetramethyl-p-
phenylenediamine [TMPD]) in the presence of the Complex III inhibitor,



Fig. 4. Identification of importin β as a potential molecular target of ivermectin. (a) Expression levels of genes involved in ivermectin action were determined by RNA sequencing (RNA-
seq) of HL-1 cardiomyocytes. Data are presented asmeans± SD (n=3biologically independent samples). FPKM, fragments per kilobase of transcript permillionmapped reads. (b)mito-
ATeam stable HL-1 cardiomyocytes were treated with vehicle, the importin β inhibitor importazole (3 or 10 μM), or the P2X4 positive allosteric modulator 2-meSATP (10 or 25 μM) for
24 h. Quantified FRET ratios of mito-ATeam under hypoxia/reoxygenation are shown. Data are presented as means ± SD (n = 3 biologically independent samples).
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antimycin A, in permeabilized HL-1 cardiomyocytes; ivermectin signif-
icantly increased mitochondrial ATP production (Fig. 5f), and this in-
crease was abolished by Cox6a2 knockdown (Fig. 5g and Fig. S3b).
These results suggest that ivermectin enhances ATP production in the
mitochondria by upregulating the Cox6a2 transcript.

3.6. Antihypertrophic Effects of Ivermectin in Human iPSC-derived
Cardiomyocytes

To assess translatability to humans, we assessed the effects on a car-
diac hypertrophy model using human iPSC-derived cardiomyocytes
stimulated with ET-1 (Carlson et al., 2013). ET-1 enhanced proBNP
levels, a pathological hypertrophy marker (Fig. 6a), which were signifi-
cantly suppressed not only by ivermectin, but also by the importin β in-
hibitor, importazole, and the PAK1 inhibitor, IPA-3, (both ivermectin
molecular targets were expressed in iPSC-derived cardiomyocytes)
(Fig. 6b and c). ET-1-induced mRNA expression of BNP was also sup-
pressed by these compounds (Fig. 6d), suggesting that ivermectin may
act by inhibition of importin β and/or PAK1.

3.7. Induction of the Unfolded Protein Response (UPR) and Mitochondrial
UPR (UPRmt) by Ivermectin in Human iPSC-derived Cardiomyocytes

To examine how ivermectin affects iPSC cardiomyocytes, we ana-
lyzed transcriptomes in iPSC cardiomyocytes untreated or treated
with ivermectin, importazole, IPA-3, or verapamil in the presence of
ET-1. We identified 572 upregulated and 274 downregulated overlap-
ping genes among the ivermectin, importazole, and IPA-3 treatment
groups, but not in the verapamil or untreated groups (Fig. 7a). To iden-
tify specific pathways, we performed the IPA, which revealed that the
genes commonly enriched in the ivermectin, importazole, and IPA-3
groups were involved in OXPHOS, tRNA charging, and UPR (Fig. 7b).
Comparison analysis of differentially expressed genes also revealed
that these pathways were enriched in the ivermectin, importazole,
and IPA-3 groups (Fig. 7c). Upstream regulator analysis also identified
the UPR regulators, activating transcription factor 4 (ATF4) and X-box
binding protein 1 (XBP1) (Fig. 7d). UPRmt-related genes, such as ATF5
andmtHSP70 (Fiorese et al., 2016),were also upregulated by ivermectin,
importazole, and IPA-3 (Fig. 7e). Expression levels of these genes were
unchanged by ET-1 alone (Fig. 7e), suggesting that additional activation
of UPR and/or UPRmt plays a protective role in ET-1-induced hypertro-
phic responses.

Somegenes involved inUPR andUPRmtwere also upregulated inHL-
1 cardiomyocytes treated with ivermectin and importazole (Fig. 7f and
Fig. S3c). It is noteworthy that the induction of C/EBP homologous pro-
tein (Chop) mRNA by ivermectin and importazole was less than that in-
duced by known ER stressors, thapsigargin and tunicamycin (Fig. S3d),
suggesting that ivermectin and importazole did not simply induce ER
stress. These transcriptional profiles, therefore, strongly suggest that
ivermectin and related compounds induce UPRmt and UPR. We then
assessed the effect of azoramide, which increases chaperone capacity
and improves ER function without inducing ER stress (Fu et al., 2015).
Azoramide prevented mitochondrial ATP decline during hypoxia in a
concentration-dependent manner (Fig. 7g), suggesting that enhanced
ER function improves mitochondrial ATP homeostasis under hypoxic
conditions. As ER-sarcoplasmic reticulum (SR) are important for
calcium homeostasis and cardiomyocyte function, and ER-SR
dysfunction is implicated in heart failure (Dorn and Scorrano, 2010),
we tested whether ivermectin affects Ca2+ transients in beating prima-
ry cardiomyocytes. Indeed, ivermectin increased the peak of intracellu-
lar Ca2+ oscillations (Fig. S4). Together, these results suggest that
ivermectin potentiates ER function via pro-survival UPR functions,
preventing mitochondrial ATP decline under hypoxia and hypertrophic
responses.



Fig. 5. Increased Cox6a2 levels, Complex IV activity, andmitochondrial ATP production following ivermectin treatment inHL-1 cardiomyocytes. (a) Fluorescence resonance energy transfer
(FRET) ratio of mito-ATeam stable HL-1 cardiomyocytes treated with ivermectin for various time periods. Data are presented as means ± SD (n = 3 biologically independent samples).
(b) Venn diagrams of the comparative analysis of differentially expressed genes identified fromRNA-seq data on ivermectin (5 μM, 24 h) and importazole (10 μM, 24 h) treatment inHL-1
cardiomyocytes (n = 3 biologically independent samples for each condition, fold change [log2] ≥1, p b 0.05 vs. vehicle treatment). Numbers in red indicate the total number of genes
common to two conditions. Genes in red signify p b 0.01. (c) Heatmap of RNA-seq data of genes encoding subunits of mitochondrial respiratory chain complexes following compound
treatment in HL-1 cardiomyocytes as in b (n = 3 biologically independent samples for each condition). Red, upregulated genes; green, downregulated genes; fold change (log2) ≥1.
(d) Western blot analysis of the indicated proteins in HL-1 cardiomyocytes treated with 5 μM ivermectin for 24 h. Data are presented as means ± SD (n = 3 biologically independent
samples). ⁎p b 0.05 vs. vehicle by two-tailed unpaired Aspin-Welch's t-test. (e) Complex IV activity of isolatedmitochondria isolated fromHL-1 cardiomyocytes treatedwith 5 μM ivermectin
for 24 h. Data are presented asmeans±SD (n=4or 6 biologically independent samples). ⁎p b 0.05 vs. vehicle by two-tailed unpaired Aspin-Welch's t-test. (f)Mitochondrial ATP production
in digitonin-permeabilized HL-1 cardiomyocytes treated with 5 μM ivermectin for 24 h. OA, oligomycin A (10 μM). Data are presented as means ± SD (n = 3 biologically independent
samples). ⁎⁎p b 0.01, ⁎⁎⁎p b 0.001 vs. vehicle by two-tailed unpaired Student's t-test. (g) Mitochondrial ATP production rate in digitonin-permeabilized HL-1 cardiomyocytes transfected
with control siRNAor Cox6a2 siRNA followedby treatmentwith 5 μMivermectin for 24 h. Data are presented asmeans±SD (n=6biologically independent samples). ⁎⁎⁎pb 0.001 vs. vehicle
by two-tailed unpaired Student's t-test.
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Fig. 6. Antihypertrophic effects of mitochondrial ATP modulators in human induced pluripotent stem cell (iPSC)-derived cardiomyocytes. (a) Representative images of human iPSC-derived
cardiomyocytes stimulatedwithout (upper image) orwith 10 nMhumanendothelin1 (ET-1, lower image) for 18 h and stainedwith antibodies against proBNP (red); nuclei are in blue. Scale
bar, 50 μm. (b) Gene expression levels of known ivermectin targets by AmpliSeq analysis in iPSC cardiomyocytes (untreated). Data are presented as means ± SD (n = 4 biologically
independent samples). CPM, counts per million. (c and d) (c) Quantified proBNP intensities (arbitrary unit, a.u.) and (d) RT-qPCR of the canonical hypertrophy marker BNP normalized to
18S in iPSC cardiomyocytes untreated (white bar), or treated with vehicle, ivermectin (3 μM), importazole (10 μM), IPA-3 (10 μM), or verapamil (1 μM) in the presence of ET-1, is shown.
Data are presented as means ± SD (n = 4 biologically independent samples). ⁎p b 0.05, ⁎⁎⁎p b 0.001 vs. vehicle (ET-1 alone) by one-way ANOVA with Dunnett's multiple-comparison test.
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4. Discussion

Our unique phenotypic assays of mitochondrial ATP identified small
molecules that maintain mitochondrial ATP levels under hypoxia with
anti-hypertrophic effects in human iPSC cardiomyocytes, and that con-
trol ER homeostasis mediated by UPR. This study provides previously
unappreciated insights into the regulation of mitochondrial ATP
(Koopman et al., 2013; Schwarz et al., 2014) and mitochondrial-ER
communication (Eisner et al., 2013), and has therapeutic implications
for diseases involving mitochondrial dysfunction (Wang et al., 2016).

Mitochondrial dysfunctionmay be an underlyingmechanismof cardi-
ac remodeling and pathological cardiac hypertrophy in heart disease.
Emerging evidence suggests that mitochondrial dysfunction causes car-
diomyopathy and heart failure. During heart disease development and
progression, oxygen supply to the heart decreases, leading to HIF-1α sta-
bilization in patients with pathological hypertrophy (Krishnan et al.,
2009). Hypoxia can reduce electron transport and proton pumping, lead-
ing to mitochondrial inner membrane depolarization and impaired ATP
synthesis, causing generation of ROS (Giordano, 2005; Solaini et al.,
2010). With the expectation that maintaining mitochondrial ATP
production under hypoxia may improve cardiac function, we performed
phenotypic screens in cardiomyocytes expressing a biosensor for mito-
chondrial ATP and identified small molecules, including ivermectin,
with such effects. Although there have been reported drug screens
based on mitochondrial function (Andreux et al., 2014) and protection
against ischemia-reperfusion-induced cell death (Guo et al., 2012), none
of these screens identified our hits, highlighting the uniqueness of our
screening system that combined the mitochondrial ATP biosensor, mito-
ATeam, and hypoxia in a high-throughput method.

Sincemito-ATeam is expressed and detects ATP in themitochondrial
matrix, there are several possible mechanisms to maintain mitochon-
drial ATP levels under hypoxia: 1) Enhancedmitochondrial ATP synthe-
sis, 2) increased ATP import and/or impaired ATP export, and
3) inhibition of ATP consumption. We found that small-molecule com-
pounds, including approved drugs such as CsA (mPTP inhibitor) and de-
feroxamine (iron chelator), maintain mitochondrial ATP levels under
hypoxia (Fig. 1f), suggesting that multiple mechanisms of action can
modulate mitochondrial ATP levels. For instance, by binding to
cyclophilin D and inhibiting the mPTP opening, CsA may prevent ATP
export from the matrix to cytosol, resulting in the maintenance of



Fig. 7. Induction of mitochondrial unfolded protein response (UPR) following mitochondrial ATP modulator treatment in human iPSC-derived cardiomyocytes. (a) Venn diagram of
differentially expressed genes identified from AmpliSeq data in iPSC-derived cardiomyocytes untreated [ET-1 (−)], or treated with 3 μM ivermectin, 10 μM importazole, 10 μM IPA-3,
or 1 μM verapamil in the presence of 10 nM ET-1 for 18 h (n = 4 biologically independent samples for each condition, fold change ≥1.5, p b 0.05 vs. ET-1 treatment). Red, the number
of upregulated genes; green, the number of downregulated genes for each treatment. (b) Pathways enriched in commonly overlapped genes only among ivermectin, importazole, and
IPA-3 were identified by Ingenuity Pathway Analysis (IPA). (c) The gene expression signature was subjected to the pathway association analysis (IPA pathways) and hierarchical
cluster analysis. The heatmap shows representative IPA pathways enriched in two clusters (ivermectin, importazole, and IPA-3 groups, and all five groups). (d) Upstream analysis was
performed using IPA and was subjected to hierarchical cluster analysis. The heatmap shows the top nine upstream regulators clustered into ivermectin, importazole, and IPA-3 groups.
(e) Heatmap of AmpliSeq data of genes involved in mitochondrial UPR (UPRmt) and UPR in iPSC cardiomyocytes treated with the indicated compounds as in A. Red, upregulated
genes; green, downregulated genes; fold change (log2) ≥1.6. (f) Relative mRNA levels of genes involved in UPRmt and UPR in HL-1 cardiomyocytes treated with the indicated
compounds. Data are presented as means ± SD (n = 3 biologically independent samples). ⁎p b 0.05, ⁎⁎p b 0.01, ⁎⁎⁎p b 0.001 vs. vehicle by one-way ANOVA with Dunnett's multiple-
comparison test. (g) FRET ratio of mito-ATeam stable HL-1 cardiomyocytes treated with azoramide. Data are presented as means ± SD (n = 3 biologically independent samples).
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mitochondrial matrix ATP levels during hypoxia. Since deferoxamine is
known to stabilizeHIF-1α, we tested FG-4592,which inhibits HIF-prolyl
hydroxylases and thereby stabilizes HIF-1α. However, we found that
FG-4592 did not prevent mitochondrial ATP decline (unpublished
data), suggesting that deferoxamine's action does not result from HIF-
1α stabilization. Given that a mitochondria-specific radical scavenger
mito-TEMPO, but not NAC, protected mitochondrial ATP (Fig. 1f), we
speculate that deferoxamine exerts its effect by chelating iron and
blocking Fenton reactions, thereby inhibiting hydroxyl radical
production (Xie et al., 2016). These results suggest that mitochondrial
ROS is involved in mitochondrial ATP reduction under hypoxia.

Through the high-content phenotypic screening of the drug library,
we identified ivermectin, which increases Cox6a2 expression levels
and enhances Complex IV activity and mitochondrial ATP production
(Fig. 5), thereby maintaining mitochondrial ATP levels under hypoxia
(Fig. 2). Although ivermectin was shown to exert antitumor activities
in various tumor types (Hashimoto et al., 2009; Liu et al., 2016; Nishio
et al., 2016), ivermectin did not affect proliferation or activate caspase-
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3/7 in HL-1 cardiomyocytes (Fig. S2), indicating that the effects of iver-
mectinmaybe context-specific. Currently, the precise transcriptional reg-
ulation of Cox6a2 is not fully understood, and it remains to be determined
how ivermectin and importazole induce the Cox6a2 transcript specifically
among other subunits of the mitochondrial respiratory chain. Since
Cox6a2 is a heart/muscle-specific isoform, heart/muscle-specific tran-
scription factors, such as myocyte enhancer factor-2 (Mef2) (Wan and
Moreadith, 1995), and/or transcriptional regulation may be involved. In
addition, our transcriptomic analysis demonstrated upregulation of
UPR-related transcription factors (Fig. 7). Indeed, gene promotor predic-
tions (SABiosciences) indicate that, in addition to Mef2, Atf6 and Xbp1
may have binding sites in the mouse Cox6a2 promoter, but not in the
Cox6a1 promotor, raising the possibility that these UPR-related transcrip-
tion factors may be involved in the specific upregulation of Cox6a2 by
ivermectin.

Among ivermectin'smammalian targets, associations of P2X4 recep-
tor (Yang and Liang, 2012), PAK1 (Liu et al., 2011), and importin α/β
(Cortés et al., 2010) with heart failure have been reported. We found
that chemical inhibition of importin β by importazole also inhibitedmi-
tochondrial ATP reduction under hypoxia (Fig. 4b) and attenuated path-
ological cardiac hypertrophy (Fig. 6). It has been shown that importin
α/β expression levels in the hearts of patientswith ischemic and dilated
cardiomyopathy were higher than those in healthy controls (Cortés
et al., 2010). These findings indicate that importin β inhibition could
be a promising target for the treatment of heart failure with hypertro-
phy. Due to the limited availability of specific compounds for other
mammalian ivermectin targets, we could not conclude the degree to
which those targets are involved in the effects of ivermectin on mito-
chondrial ATP modulation. Further investigations via knockdown or
knockout of these genes are warranted.

Our results indicate that the anti-hypertrophic effects of ivermectin
and its related compounds are associated with the pro-survival UPR
that potentiates ER functions. UPRmt activation may also be involved;
however, questions remain regarding the precise mechanisms by
which these compounds induce UPRmt and by which UPRmt activation
suppresses cardiomyocyte hypertrophy. For the former, a possibility in-
cludes importin α/β inhibition affecting nuclear-cytoplasmic shuttling
regulators of UPRmt, such as CHOP and ATF5 (Chung et al., 2017; Fiorese
et al., 2016). Although CHOP is known to mediate cardiomyocyte death
and subsequent cardiac hypertrophy when highly expressed (Fu et al.,
2010), a recent report sheds light on a critical role of CHOP in UPRmt

and protection against muscle mitochondrial dysfunction (Chung et al.,
2017). Moreover, it is not known whether ATF5 affects cardiac hypertro-
phy. Knockout or knockdown of these genes to assess their pathophysio-
logical roles in cardiomyocytes is necessary. Given that azoramide
prevents mitochondrial ATP decline under hypoxia, enhanced ER func-
tion, as demonstrated by elevated calcium transient amplitudes in
cardiomyocytes (Fig. S4), may affect mitochondrial function.

In conclusion, we identified ivermectin, the approved anti-parasitic
drug, using our unique phenotypic screen based on assessingmitochon-
drial ATP in cardiomyocytes under hypoxia. We found that ivermectin
and its related compounds induce Cox6a2 expression, which may in-
crease ATP production via OXPHOS, leading to anti-hypertrophic re-
sponses in human iPSC-derived cardiomyocytes. Our results provide
therapeutic options for diseases with mitochondrial dysfunction, in-
cluding heart failure.
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