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Aims: As heart failure (HF) progresses, ATP levels in myocardial cells decrease, and myocardial contractility also
decreases. Inotropic drugs improve myocardial contractility but increase ATP consumption, leading to poor
prognosis. Kyoto University Substance 121 (KUS121) is known to selectively inhibit the ATPase activity of
valosin-containing protein, maintain cellular ATP levels, and manifest cytoprotective effects in several patho-
logical conditions. The aim of this study is to determine the therapeutic effect of KUS121 on HF models.

Methods and results: Cultured cell, mouse, and canine models of HF were used to examine the therapeutic effects
of KUS121. The mechanism of action of KUS121 was also examined. Administration of KUS121 to a transverse
aortic constriction (TAC)-induced mouse model of HF rapidly improved the left ventricular ejection fraction and
improved the creatine phosphate/ATP ratio. In a canine model of high frequency-paced HF, administration of
KUS121 also improved left ventricular contractility and decreased left ventricular end-diastolic pressure without
increasing the heart rate. Long-term administration of KUS121 to a TAC-induced mouse model of HF suppressed
cardiac hypertrophy and fibrosis. In H9C2 cells, KUS121 reduced ER stress. Finally, in experiments using primary
cultured cardiomyocytes, KUS121 improved contractility and diastolic capacity without changing peak Ca?"
levels or contraction time. These effects were not accompanied by an increase in cyclic adenosine mono-
phosphate or phosphorylation of phospholamban and ryanodine receptors.

Conclusions: KUS121 ameliorated HF by a mechanism totally different from that of conventional catecholamines.
We propose that KUS121 is a promising new option for the treatment of HF.

1. Introduction

Heart failure (HF) is a debilitating disease that has a major clinical
and economic impact on people around the world, and it is increasingly
prevalent with the increase of the aging population [1]. Despite signif-
icant advances in diagnosis and treatment over the past 20 years,
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patients with HF still have a poor long-term prognosis. Catecholamines,
e.g. isoproterenol or other p-agonists, can improve cardiac output, but
these drugs have serious adverse effects on the heart, such as increasing
the heart rate, increasing cardiac oxygen consumption, and often exac-
erbating heart failure. Thus, novel therapeutic targets are urgently
needed to improve heart function in patients with heart failure, as well
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as the elderly population.

Because the heart has a very high energy demand, it must continu-
ously produce large amounts of ATP to maintain its function [2]. The
heart accomplishes this by metabolizing various fuels (fatty acids,
glucose, lactate, ketone bodies, pyruvate, amino acids, etc.), primarily
through oxidative phosphorylation in the mitochondria. Because this
process requires a large amount of oxygen, the heart consumes more
oxygen per unit weight than any other organ in the body. Therefore, any
disruption in the energy metabolism pathways that produce ATP or the
oxygen supply to the heart can have devastating effects on cardiac
muscles and functions. Moreover, HF itself is known to alter cardiac
energy metabolism, insidiously leading to more severe HF [3].

Pharmacological targeting of energy metabolic pathways is an
emerging therapeutic approach to increase cardiac energy efficiency,
eliminate energy deficit, and improve cardiac function in failing hearts.
Current methods being attempted include ketone body oxidation [4],
glycolytic hyperglycemia [5], fatty acid oxidation [6] and increased
oxidation of branched-chain amino acids [7]. However, strategies to
maintain ATP levels by reducing ATP consumption have never been
clinically attempted or even devised [8].

Valosin-containing protein (VCP) is a member of the ATPase family
associated with diverse cellular activities (AAA) and is abundantly
expressed in all cells. Accordingly, in addition to its function as an
ATPase, VCP has been reported to be involved in a variety of cellular
functions, including proteasome-mediated proteolysis, endoplasmic re-
ticulum (ER)-associated degradation, lysosomal proteolysis, autophagy,
cell cycle progression, and membrane fusion [9]. Recently, toxic
gain-of-function mutations in VCP have been reported to cause inclusion
body myopathy associated with Paget’s disease of bone and fronto-
temporal dementia (IBMPFD) [10], and mutations in VCP that cause
IBMPFD result in increased ATPase activities [11]. The main clinical
phenotypes of IBMPFD are myopathy, bone lesions, and dementia;
however, in some IBMPFD patients, cardiac phenotypes such as dilated
cardiomyopathy also appear [12].

Kyoto University Substance 121 (KUS121) was developed to selec-
tively inhibit the ATPase activity of VCP without affecting its other
cellular functions [13]. In fact, KUS121 has been shown to maintain
cellular ATP levels, reduce ER stress, and prevent cell death in vitro
without showing any toxicity [13]. We reported previously that KUS121
preserved ATP levels and mitochondrial function in H9C2 rat car-
diomyocyte cells after tunicamycin treatment. Furthermore, in murine
and porcine ischemia reperfusion injury models, KUS121 ameliorated
cardiac damage and preserved cardiac function [14]. Considering the
cardiac phenotype of IBMPFD patients and the cytoprotective effect of
KUS121 in vivo, we predicted that KUS121 might be effective in the
treatment of heart failure.

In this study, we investigated the effects of KUS121 at the cellular
level, in a mouse heart failure model, and in a canine heart failure
model.

2. Methods

Detailed experimental methods are described in the Supplementary
Material section.

2.1. Animals

All animal experiments were approved by the Animal Research
Committee, Graduate School of Medicine, Kyoto University (Med-
Ky023515), and were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals (National Academies Press, 2011).

ICR mice were purchased from Charles River Laboratory. Mice were
maintained in temperature-controlled rooms with a 14:10 h light:dark
cycle in specific pathogen-free conditions at the Institute of Laboratory
Animals of Kyoto University Graduate School of Medicine. Beagle dogs
were purchased from Kitayama Labs Co., Ltd. and bred at the Shiga
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Research Laboratory of Nissei Bailis Co. At the end of each experiment,
mice and dogs were euthanized by removing their hearts after anes-
thesia with the anesthetic used during surgery and catheterization,
respectively.

2.2. Cell culture experiments

H9C2 rat cardiomyocyte cells were cultured in Dulbecco’s modified
Eagle’s medium (1% glucose; Nacalai Tesque, 08459-64) supplemented
with 10% fetal bovine serum and antibiotics (penicillin-streptomycin-
glutamine; Gibco™, 10378016). In the in vitro experiments on cardiac
hypertrophy, HOC2 cells were serum-starved overnight and then treated
with vehicle (dimethyl sulfoxide [DMSO]) or isoproterenol (Sigma
Aldrich, 16504) (50-100 uM) in the presence or absence of KUS121 at
the indicated concentrations for 24 h. H9C2 cells were fixed in 4%
paraformaldehyde at room temperature for 30 min and then washed 3
times in phosphate-buffered saline (PBS). After staining with Phalloidin-
iFluor 488 Reagent (Abcam, ab176753) and 4’,6-diamidino-2-phenyl-
indole (DAPI; Dojindo, D523), images were captured using an Axio
Observer7 inverted microscope system (Zeiss). Cell size measurement
was performed using ImageJ64 software (NIH).

2.3. Adult mouse cardiomyocyte (AMCM) isolation and primary culture

Primary cultures of AMCMs were established in accordance with
previous reports [15]. The thoracic cavity of anesthetized 8-week-old
mice was opened, the descending aorta and inferior vena cava of the
heart were excised, and the heart was washed with EDTA buffer. The
heart was removed by clamping the ascending aorta with forceps and
transferred to a 60-mm dish; EDTA buffer, perfusion buffer, and colla-
genase buffer were infused until completely absorbed, and the
myocardial tissue was perfused. Next, 30-40 mL of collagenase buffer
was injected, the clamp was removed, and tissue was harvested from the
left ventricle. The tissue was divided into 1 mm? pieces, stop buffer was
added, and cardiomyocytes were sedimented and isolated while the
calcium concentration was returned to physiological extracellular
levels. Cardiomyocytes were plated at 30,000-80,000 cells per well in
96-well plates precoated with mouse laminin solution (Gibco™,
23017015, washed after 1 h with PBS, and incubated with M199 me-
dium (Sigma-Aldrich, M4530).

2.4. Pressure-overload cardiac hypertrophy/heart failure model

Transverse aortic constriction (TAC) was performed as described
previously [16]. Briefly, 8- to 10-week-old mice were anesthetized with
anesthetic (0.3 mg/kg, medetomidine (DOMITOR®, NIPPON ZENYAKU
KOGYO Co.,Ltd.), 4-0 mg/kg midazolam (SANDOZ), and 5-0 mg/kg
butorphanol (Meiji Animal Health Co., Ltd.)) administered intraperito-
neally, and the proximal portion of the sternum was cut open to visualize
the aorta. A 7-0 silk suture was placed around the aortic arch distal to
the brachiocephalic artery. The suture was tightened firmly around a
blunt 26-gauge needle placed adjacent to the aorta. The needle was then
removed, and the chest and overlying skin were closed. Sham-operated
mice underwent an identical surgical procedure without ligation of the
aortic arch. At the end of the operation, 0-3 mg/kg of atipamezole
(ANTISEDAN ®, NIPPON ZENYAKU KOGYO Co.,Ltd.) was administered
subcutaneously to reverse the medetomidine.

2.5. Pacing-induced canine heart failure model

After induction of general anesthesia with thiopental sodium (20
mg/kg, i.v.: 0-5 g of Labonal injection, Nipro ES Pharma Corporation) in
10- to 12-month-old male beagle dogs (9-80-11-50 kg), a tracheal can-
nula was inserted into the airway, and artificial respiration was per-
formed with an Acoma veterinary ventilator (PRO-45Va, Acoma
Medical Corporation). Anesthesia was maintained by inhalation of a gas
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mixture (Air: Oy = 3: 0-2) and 1-0-2-5% isoflurane (isoflurane inhala-
tion solution [Pfizer], Mylan Seiyaku Co., Lid.) using an Acoma animal
anesthesia machine (NS-5000A, Acoma Medical Industry Co., Ltd.) to
maintain a constant depth of anesthesia. After local anesthesia with
lidocaine, an incision was made in the right side of the neck of the an-
imal, and an animal intravital cardiac pacemaker (SIP-501, Star Medical
Corporation) was implanted under X-ray guidance (BV Pulsera, Philips).
Pacing was started at 244-251 beats/min on postoperative day 1. Dogs
with EF decreasing to 30-50% at 4 weeks after pacemaker activation
were subjected to analysis.

2.6. Statistical analysis

Measurements are presented as means + standard error of the mean
(SEM). For other statistical comparisons, unpaired Student’s t-test (two
groups, parametric), Mann-Whitney test (two groups, non-parametric),
or one-way analysis of variance (ANOVA) with Bonferroni’s post hoc test
(three or more groups) were used as indicated in the figure legends. A p-
value of < 0-05 was considered as statistically significant. Statistical
analyses were performed using GraphPad Prism 7 (GraphPad Software,
Inc.).

3. Results

3.1. Analyses of immediate effects of KUS121 on pressure overload-
induced heart failure in mice

KUS121 preserves cardiac ATP levels after ischemia-reperfusion,
reduces myocardial infarct size, and improves cardiac function [16].
During the analyses, we noticed that KUS121 appeared to enhance
contraction of the heart immediately. Thus, KUS121 would likely be
able to improve reduced cardiac function in heart failure. After deter-
mining the dose in preliminary experiments (Supplementary Figure 1),
KUS121 was administered intraperitoneally at 50 mg/kg to mice with
reduced cardiac function after 8 weeks of TAC, and cardiac function was
analyzed by echocardiography before and 10 min after administration.
As expected, the LVEF was significantly increased, but the LVDd was
decreased by KUS121 administration (Supplementary Movie, Fig. la
and b). Unexpectedly, the heart rate (HR) did not increase, or stayed
within the normal range after KUS121 administration (Fig. 1c). Next, we
measured the creatine phosphate (PCr) /ATP ratio in the heart. The
region of interest for measuring the 3!P-MR spectrum of the left ven-
tricular anterior wall and its 'H-MR image are shown in Fig. 1d. Fig. le
shows the representative spectra of myocardial energetics measured by
31p_MR spectroscopy before and 10 min after KUS121 administration
(50 mg/kg) in mice 5 weeks after TAC. KUS121 significantly increased
the PCr/BATP ratios and PCr/yATP ratios (Figs. 1f and 1g). Although
SGLT2 inhibitors have also been shown to increase myocardial ATP
production associated with increased ketones, KUS121 treatment did
not increase urine output. (Supplementary Figure. 2). Next, to analyze
the comprehensive metabolite changes in the heart, metabolomics
analysis was performed in sham and TAC hearts with or without
KUS121. Metabolomics analyses showed no obvious changes in fatty
acid metabolism or the TCA cycle (Supplementary Figs. 3a and 3b).
These results indicate that KUS121 promptly increases cardiac ATP
levels within 10 min after administration and improves left ventricular
contractility with no apparent metabolic change or increase of HR.

3.2. KUS121 effects on acute heart failure

Next, to examine the efficacy of KUS121 for acute uncompensated
pressure overload, and whether it can be used for acute heart failure, we
tested the protocol shown in Fig. 2a using the heart immediately after
TAC. In this experiment, 50 mg/kg of KUS121 or 5% Tz (glucose) was
administered intraperitoneally at the same time as the transverse aorta
was constricted, and the results were analyzed 3 h later. It is known that
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immediately after TAC, there is an increase in lung weight and a tran-
sient increase in LVEDP [17], which was used as a model for the path-
ogenesis of acute pressure overload-induced heart failure [18].

As aresult, there was no effect on heart weight (HW) per body weight
(HW/BW) (Fig. 2b). On the other hand, the lung weight per body weight
was increased by TAC, and KUS121 appeared to completely prevent the
increase (Fig. 2c). In addition, brain natriuretic peptide (BNP) mRNA
expression in the heart was increased by TAC, but its increase was
suppressed by KUS121 (Fig. 2d). KUS121 improved LVEF, ascertained
by echocardiography 3 h after TAC (Fig. 2e). These results suggest that
KUS 121 has a positive impact on acute heart failure.

3.3. Invivo effects of KUS121 on hemodynamics in a canine heart failure
model with high-frequency right ventricular pacing

Since we have found that KUS121 has a therapeutic effect when
administered during chronic heart failure in mice, we next evaluated its
detailed hemodynamic effects in a canine heart failure model. In this
model, high-frequency right ventricular pacing (240-250/min) was
performed for 4 weeks, which leads to severe systolic dysfunction [19].
The HR decreased after the 15 min administration at 40 mg/h (i.e.,
45 min after initiation of KUS121 administration), but there was no
significant change in systolic blood pressure in this setting (Fig. 3b and
c). In contrast, mean pulmonary artery (mPA) pressure decreased after
the 15 min administration at 40 mg/h, and left ventricular end-diastolic
pressure (LVEDP) significantly decreased after the 15 min administra-
tion at 20 mg/h and 40 mg/h (Fig. 3d and e). On the other hand,
adjusted left ventricular dp/dt (dp/dt divided by LVEDP) significantly
increased after the 15 min administration at 20 mg/h and 40 mg/h, and
pulmonary artery vascular resistance (PVR) decreased after the 15 min
administration at 40 mg/h (Fig. 3f and g). Next, end-systolic pressur-
e-volume relation (ESPVR) and end-diastolic pressure-volume relation
(EDPVR) were measured by PV-loop analysis during occlusion tests
((Fig. 3h (before administration) and Fig. 3i (after the 15 min admin-
istration at 40 mg/h). ESPVR and EDPVR are shown in red and blue,
respectively). Comparing the baseline and the line after the 15 min
administration at 40 mg/h, ESPVR showed an increasing trend and
EDPVR showed a decreasing trend (Fig. 3j and k). In addition, LVEF in
echocardiography was significantly increased by the 40 mg/h adminis-
tration (Fig. 31). These results indicate that KUS121 improves left ven-
tricular contractility and improves indices of congestion in a heart
failure model in medium-sized animals promptly after administration,
without increasing HR.

3.4. KUS121 attenuates hypertrophy and reduces ER stress, which are
induced by isoproterenol, in HIC2 cardiomyocytes

To further investigate the cardioprotective effect against cardiac
hypertrophic stimuli, H9C2 cells were treated with KUS121 and/or
isoproterenol. As shown in Supplementary Figures 4a and 4b, treatment
with 50 pM isoproterenol for 24 h significantly increased the cell area of
HOC2 cells, and the addition of 50 pM KUS121 reversed the
isoproterenol-mediated increase in cell area, which was comparable to
non-treated cells (far left column). Moreover, 100 pM isoproterenol
decreased intracellular ATP levels, whereas the concomitant addition of
KUS121 prevented the decrease (Supplementary Fig. 4c). Furthermore,
100 uM isoproterenol increased BNP mRNA expression, whereas co-
treatment with KUS121 prevented the increase of BNP mRNA expres-
sion in a dose-dependent manner (Supplementary Fig. 4d). Recent
studies have revealed that UPR and ER-induced apoptosis is involved in
the pathophysiology of various cardiovascular diseases, including heart
failure [20]. Therefore, effects on ER stress were examined: 100 pM
isoproterenol increased CHOP mRNA expression, but co-treatment with
high doses of KUS121 (50 and 75 uM) decreased its level significantly
(Supplementary Fig. 4e). Consistently, 100 uM isoproterenol increased
the abundance of CHOP protein, and co-treatment with 50 uM
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Fig. 1. Analysis of acute effects of KUS121 on pressure overload induced heart failure in mice. (a-c) Changes in left ventricular ejection fraction (LVEF) (a), left
ventricle end-diastolic diameter (LVDd) (b), and heart rate (HR) (c) assessed by echocardiography before (Pre) and 10 min after (Post) KUS121 injection (50 mg/kg)
in mice 8 weeks after TAC surgery that was performed at 8 weeks of age. n = 6. (d-g) Assessment of myocardial energetics using >!P-magnetic resonance (MR)
spectroscopy. (d) '"H MR image to define the region of interest to measure a >'P MR spectrum of the LV anterior wall (red square). (e) Representative spectra of
myocardial energetics measured by 31p.MR spectroscopy before (Pre) and 10 min after (Post) KUS121 injection (50 mg/kg) in mice 5 weeks after TAC surgery that
was performed at 8 weeks of age (f) PCr/BATP ratios and (g) PCr/yATP ratios in left ventricles of mice subjected to TAC, assessed before (Pre) and 10 min after (Post)
KUS121 injection (50 mg/kg) in mice 5 weeks after TAC surgery that was performed at 8 weeks of age. n =11. *, p < 0-05; * *, p < 0-01.
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Fig. 3. Analysis of effects of KUS121 on hemodynamics in canine heart failure model with high-frequency right ventricular pacing. (a) Schematic diagram showing
the experimental protocol of KUS121 injection to treat rapid ventricular pacing induced heart failure in beagle dogs. PV; pressure-volume. (b-h) Serial changes in (b)
heart rate (HR), (c) systolic blood pressure (SBP), (d) mean pulmonary artery pressure (mPA), (e) left ventricle end-diastolic pressure (LVEDP), (f) adjusted dp/dt,
and (g) pulmonary vascular resistance (PVR) to different KUS121 injection speeds. n = 4. (h, i) Representative PV loop shift by preload reductions through an inferior
vena cava occlusion at (j) baseline and (k) during KUS121 injection (40 mg/h). (1) Changes from baseline in the end-systolic PV relationship (ESPVR) obtained by PV
loop shift during KUS121 injection (40 mg/h) from baseline. n = 3. (m) Changes from baseline in the end-diastolic pressure-volume relationship (EDPVR) obtained
by PV loop shift during KUS121 injection (40 mg/h). n = 3. (n) Changes due to KUS121 injection speed in left ventricular ejection fraction (LVEF) assessed by

echocardiography, compared with baseline. n = 4. *, p < 0-05; **, p < 0-01.

KUS121prevented the increase (Supplementary Fig. 4f). Protein levels of
another ER stress marker, inositol-requiring enzyme 1la (IREla), also
tended to be attenuated by KUS121 (Supplementary Fig. 4g). However,
this is a non-significant trend. Also suggestive, phosphorylation of
IRE1-a tended to normalize with KUS121 treatment. In light of previous
reports, collectively, these results suggest that KUS121 suppresses
multiple pathways of ER stress [21].

3.5. KUS121 attenuates cardiac hypertrophy, heart failure which is
induced by TAC

Since the cytoprotective effects of KUS121 on cardiac hypertrophic
stimuli were confirmed, we next examined the effects of KUS121 in mice
from immediately after TAC to the cardiac hypertrophic phase. After
TAC, 50 mg/kg KUS121 or 5% Tz was administered intraperitoneally
once daily, and the mice were analyzed 14 days later (Fig. 4a). KUS121
administration significantly prevented the increases of both HW and
HW/BW (Supplementary Fig. 5a and Fig. 5b). Histological analysis
showed that the increase in cell cross-sectional area induced by TAC was
significantly inhibited by KUS121, consistent with the H9C2 experi-
ments (Figs. 4¢, and 4d and Supplementary Fig. 5b). Furthermore, in
echocardiographic analyses, intraventricular septal thickness in diastole
(IVSd) and LV mass were increased by TAC, and KUS121 significantly
attenuated the increases (Supplementary Figs. 5¢ and 5d). KUS121
significantly ameliorated the TAC-induced decrease in LVEF. (Fig. 4e).
These results indicated that daily administration of KUS121 can sup-
press cardiac hypertrophy and prevent deterioration of the cardiac
function in the TAC model.

Since KUS121 was found to inhibit cardiac hypertrophy, we
wondered if it could also ameliorate fibrosis, so we investigated the ef-
fect of KUS121 once the heart failure had progressed to fibrosis. More-
over, we investigated the effects of multidose KUS121 administration on
an in vivo heart failure model in mice. After confirming a decrease in
LVEF 5 weeks after TAC, 50 mg/kg KUS121 or 5% Tz was administered
intraperitoneally once daily for an additional 3 weeks (8 weeks post
TAC) (Fig. 4f). Administration of KUS121 significantly reduced the in-
crease in HW/BW (Supplementary Fig. 6a). The ratio of lung weight to
body weight increased with TAC, and KUS121 marginally prevented the
increase (Supplementary Fig. 6b). The expression of Collal and Postn,
indicators of fibrosis, was significantly suppressed by KUS121. (Sup-
plementary Fig. 6¢ and Fig. 4g). Histological analysis showed that the
area of fibrosis (blue colored area by Masson trichrome staining) was
reduced by KUS121 treatment (Figs. 4h and 4i). Furthermore, echo-
cardiographic analysis at 5 weeks post-TAC showed that IVSd and LVEF
increased and decreased, respectively, compared to sham surgery; IVSd
continued to increase at 5-8 weeks post-TAC, but KUS121 significantly
suppressed the increase (Supplementary Fig. 6d); LVEF continued to
decrease at 5-8 weeks post-TAC, but KUS121 significantly inhibited its
decrease (Fig. 4j). Taken together, these results indicate that even after
the onset of cardiac hypertrophy and deterioration of cardiac function 5
weeks after TAC, administration of KUS121 can reduce or prevent
further cardiac hypertrophy and fibrosis and prevent or delay the pro-
gressive worsening of cardiac functions.

3.6. AMCMS contractile motion indicates that KUS121 possibly changes
contractility by increasing or decreasing intracellular ATP

These results suggest that KUS121 improves cardiac function
through a mechanism different from that of conventionally used cate-
cholamines. We compared KUS121 to isoproterenol, the most typical
beta-stimulant drug. Also, isoproterenol has been used as a positive
control since many experiments have been conducted so far. The motion
waveforms of AMCMs before and after isoproterenol or KUS121 stimu-
lation were also measured. For this purpose, high-speed video micro-
scopy with motion vector analysis was used.

Motion waveforms, representing peaks of contraction and relaxation
at baseline and after treatment with isoproterenol or KUS121, were
calculated from single AMCMs. (Fig. 5a and b). Four parameters related
to contractile motion were extracted from the two peak kinetic wave-
forms before and after isoproterenol or KUS121 stimulation: average
deformation distance (ADD), maximum contraction speed (MCS),
maximum relaxation speed (MRS), and contraction relaxation time
(CRD), before and after isoproterenol or KUS121 stimulation. Isopro-
terenol and KUS121 significantly increased ADD, MCS, and MRS (Fig. 5¢
and d). However, KUS121 did not affect CRD. These results indicate that
isoproterenol has both positive inotropic and chronotropic effects, while
KUS121 has only positive inotropic effects and does not increase heart
rate, unlike catecholamines.

Since KUS121 promotes the conservation of intracellular ATP by
inhibiting the ATPase activity of VCP, we further explored the possible
association between intracellular ATP levels and contractility. To this
end, we examined how contractility changes when the amount of
intracellular ATP is simply decreased (Fig. 5e). We modified an exper-
imental procedure from a previous report [22] to confirm that the
amount of intracellular ATP is decreased by antimycin in a
dose-dependent manner; moreover, motion analysis under these con-
ditions showed that MSV and MRV were significantly decreased
(Fig. 5f). This is consistent with a previous report showing that a
decrease in intracellular ATP content decreases contractility [22,23].
This suggests that fluctuations in ATP utilization may affect cardiac
contractility.

3.7. Profiles of the Ca?" transient of adult mouse cardiomyocytes
stimulated by isoproterenol and KUS121

Ca?" entering cardiac cells via L-type Ca?" channels control the
release of Ca?* from the sarcoplasmic reticulum (SR), leading to cell
contraction in the process known as excitation-contraction coupling
[24].

The Ca®" transients in AMCMS were then quantitatively measured
before and after isoproterenol (100 nM) or KUS121 (50 uM) stimulation.
Representative figures are shown below (Figs. 6a and 6b). The time to
50% decay and time to 75% decay were significantly shortened for both
drugs (Fig. 6¢c and d). However, isoproterenol significantly increased the
peak amplitude of Ca?* transients compared to baseline conditions;
KUS121 did not increase the peak amplitude of Ca®" transients
compared to baseline conditions (Fig. 6¢ and d). These results suggest
that KUS121 improves cardiac contractility without mobilizing intra-
cellular Ca®*, and it activates intracellular Ca®" reuptake to the sarco-
plasmic reticulum (SR).

Caffeine administration was used to estimate Ca®" in the SR. AMCMs
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Fig. 4. KUS121 attenuates cardiac hypertrophy, heart failure which is induced by TAC. (a) Schematic diagram showing the experimental protocol of KUS121 or 5%
Tz injection in mice with pressure overload induced cardiac hypertrophy. TAC: transverse aortic constriction. Tz: glucose. (b) ratio of heart weight to body weight of
Sham, 5% Tz injected mice subjected to TAC, and KUS121 (50 mg/kg/day) injected mice subjected to TAC. n = 8-10. (c) Representative images of wheat germ
agglutinin (WGA) staining of the heart of Sham, 5% Tz injected mice subjected to TAC, and KUS121 (50 mg/kg/day) injected mice subjected to TAC. Scale bar
= 50 um. (d) Quantification of the cross-sectional area of cardiomyocytes in Sham, 5% Tz injected mice subjected to TAC, and KUS121 (50 mg/kg/day) injected mice
subjected to TAC. n = 4-6. (e) Left ventricular ejection fraction (LVEF) assessed by echocardiography. n = 4-6. (f) Schematic diagram showing the experimental
protocol for KUS121 or 5% Tz injection in mice with pressure overload induced heart failure. TAC: transverse aortic constriction. Tz: glucose. (g) mRNA levels of
Postn. n = 6-10. (h) Representative images of Masson’s trichrome staining of the heart of 5% Tz injected mice subjected to TAC, and KUS121 (50 mg/kg/day)
injected mice subjected to TAC. Scale bar = 100 pym. (i) Quantification of the fibrosis area. n = 6. (j) Left ventricular ejection fraction (LVEF) changes assessed by

echocardiography. n = 6-10. *, p < 0-05; **, p < 0-01, *** *, p < 0-0001.

were stimulated to record systolic Ca?* transients, and SR Ca®" content
was quantified after the addition of caffeine. SR Ca®* loading was also
quantified indirectly by measuring the amplitude of caffeine induced
Ca2" transients. This method assumes that the relationship between cell
volume and surface area is unchanged [25-30]. A representative figure
is shown (Fig. 6e). As expected, isoproterenol significantly increased the
amplitude of the caffeine-induced Ca?" transient, signifying an
increased SR Ca2' load (Fig. 6e and f). Interestingly, KUS121 also
enhanced the amplitude of caffeine induced Ca* transients (Fig. 6e and
f). This is probably due to the enhancement of SR Ca" uptake by the
supply of ATP, and its effect on Ca?* transients appears to be different
from that of isoproterenol.

3.8. KUS121 does not alter signaling molecules downstream of
p-adrenergic receptors

We further investigated the difference in the signaling mechanism of
KUS121 and p-stimulants. p-stimulants increase intracellular cAMP
levels via p-adrenergic receptors [31]. Therefore, we measured intra-
cellular cAMP levels after stimulation with isoproterenol or KUS121. As
is well known, isoproterenol stimulation markedly increased intracel-
lular cAMP levels. In contrast, KUS121 stimulation did not increase
intracellular cAMP levels (Fig. 7a). Increased cAMP activates protein
kinase A (PKA), and activated PKA is known to phosphorylate several
proteins including phospholamban (PLB), which is an inhibitor of sar-
coplasmic/endoplasmic reticulum calcium ATPase 2a (SERCA2a) [32],
and ryanodine receptor 2 (RyR2), leading to the release of Ca?* from the
SR/ER into the cell [33].

The actual capacity of SR is determined by the dynamic balance
between SR Ca-ATPase, uptake via SERCA2a and release via ryanodine
receptors. PLB, a regulatory protein of SERCA, binds to SERCA in its
unphosphorylated state and reduces its activity.

We therefore examined PLB and RyR2 phosphorylation after stimu-
lation with isoproterenol or KUS121. Increased phosphorylation of these
proteins was observed with isoproterenol but not with KUS121 treat-
ments (Fig. 7b-d). As the Ca" content of SR increases, the Ca?t avail-
able upon release becomes greater; from the behavior of PLB and RyR2,
we infer that KUS121 increases Ca?* uptake by providing ATP to SER-
CA2a without acting on them.

These results clearly demonstrate that KUS121 acts on car-
diomyocytes via a mechanism totally different from that of isoproterenol
(Supplementary Fig. 7).

4. Discussion

In this study, we first showed that KUS121 dramatically improved
cardiac contraction without increasing heart rate; these effects occurred
just after the administration of KUS121. Then, in vitro and in vivo
therapeutic effects of KUS121 were examined in cardiac hypertrophy
and heart failure models. In these experiments, we found that KUS121
can increase the amount of ATP, which is decreased in heart failure, and
KUS121 can also increase contractility and improve congestion in vivo.
Notably, KUS121 improved not only the contractility of the heart but
also its diastolic properties immediately after its administration.
Consistent with these results, long-term administration of KUS121 could

suppress cardiac hypertrophy and improve myocardial fibrosis. These
effects were supported by observations of Ca?" transients and kinetic
analysis in primary cardiomyocyte cultures. Initially, we considered that
KUS121’s actions would partially overlap with those of catecholamines,
but KUS121 exerted its effects without increasing HR, and experiments
on intracellular signaling indicated that KUS121 acts through a
completely different mechanism than catecholamines.

KUS121 was developed to selectively inhibit the ATPase activity of
VCP without affecting other cellular functions of VCP. As a result,
KUS121 has a positive effect on various diseases by maintaining intra-
cellular ATP levels [34-37]. In our previous study, we demonstrated the
effect of KUS121 in reducing myocardial infarction size and improving
cardiac function [14]. Those results and the fact that ATP levels in the
heart decrease with the progression of heart failure prompted the cur-
rent experiments reported here.

Our experiments confirmed that immediate and long-term adminis-
tration of KUS121 compensated for pressure overload without causing
cardiac hypertrophy. This increase in EF was consistent with an increase
in myocardial PCr/ATP, namely an increase in the myocardial energy
source. Furthermore, KUS121 is characterized by its rapid effect in the
heart after administration. In a mouse heart failure model, KUS121 was
able to improve myocardial contractility within 10 min after adminis-
tration, suggesting its beneficial use as a therapeutic agent for acute
heart failure. In a pacing-induced canine heart failure model, continuous
administration of KUS121 reduced mPA, LVEDP, and PVR without
increasing HR. The trend of increased ESPVR and improved EF was
similar to that observed in the mouse model, while the trend of
decreased EDPVR was also observed in the canine model. Thus, these
data indicate that KUS121 may provide a favorable therapeutic benefit
for acute exacerbations of chronic heart failure.

B-stimulants activate PKA from the direct stimulation of beta re-
ceptors, and PKA is known to phosphorylate L-type Ca?* channels and
RyR2 [31-33]. As a result, the intracellular Ca?* concentration in-
creases, and myocardial contractility improves. However, cardiac hy-
pertrophy and cardiac fibrosis are inevitable because of enhanced Ca?*
signaling [38]. Consequently, p-stimulants are predominantly used to
preserve hemodynamics in acute heart failure. In experiments with adult
mouse cardiomyocytes, KUS121, in contrast to the adrenergic agonist
isoproterenol, increased cardiomyocyte contractility without producing
a Ca®" load on cardiomyocytes. This lack of calcium loading may be the
reason why KUS121 did not cause cardiac hypertrophy or cardiac
fibrosis, but rather reduced them, even after long-term use. It is also
possible that KUS121 reduces CHOP protein levels and inhibits cell
death that occurs in pressure-overloaded hearts, as shown in in vitro
experiments. Thus, it is conceivable that KUS121 could also be used for
catecholamine-dependent end-stage heart failure since its mechanism of
action is totally different from that of catecholamines. It is also possible
that beta receptor downregulation may be eliminated while KUS121 is
administered. This possibility still needs to be tested.

Other inotropic agents that differ from catecholamines include Lev-
osimendan. Levosimendan acts quite differently from KUS121; it exerts
its inotropic effect by increasing the sensitivity of myocardial troponin C
to calcium, and it increases cAMP abundance through PDE-3 inhibition.
And it has been suggested that Levosimendan has a risk of arrhythmias
and other risks due to the increased cAMP levels [39].
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Omecamtiv mecarbil, a direct myosin activator, has also been shown
to inhibit calcium overload to cardiomyocytes [40]. Based on this
promising property, the randomized, placebo-controlled phase 3 Global
Approach to Lowering Adverse Cardiac Outcomes Through Improving
Contractility in Heart Failure (GALACTIC-HF) trial was conducted.
However, add-on omecamtiv mecarbil for heart failure with reduced EF
did not reduce cardiovascular death or all-cause mortality [41].
Importantly, we note that KUS121 differs from omecamtiv mecarbil in
that it increases the intracellular ATP concentration and also reduces ER
stress, acting in a cytoprotective manner, and thus its effects may be
even more promising.

SGLT2 inhibitors (SGLT2i) are drugs that lower blood glucose levels
by inhibiting glucose reabsorption in the kidneys [42]. The first SGLT2i
cardiovascular outcomes trial was the EMPA-REG OUTCOME (Empa-
gliflozin, Cardiovascular Outcomes, and Mortality in Type 2 Diabetes)
trial, in which major adverse cardiovascular events (MACE) were
significantly reduced, by 14% [43]. Likely modes of action of SGLT2
inhibitors on heart failure include natriuretic and osmotic diuresis, and
improvement of myocardial efficiency through increased myocardial
ATP production associated with increased ketone bodies. In the present
study, we examined whether KUS121 also produces diuretic and meta-
bolic effects and found that KUS121 improves cardiac function through
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a different mechanism of action from SGLT2i.

In this study, in addition to the therapeutic effects of KUS121 on
heart failure models, we examined its mechanism of action using pri-
mary cultured cardiomyocytes, and found that KUS121 does not lead to
increased cAMP levels or phosphorylation of PLB and RyR2, which oc-
curs after binding of p agonists, e.g., isoproterenol, to the receptor in the
cardiac membrane. Therefore, the effects of KUS121 are most likely due
to increased ATP supply to myosin ATPase and SERCA2a (Supplemen-
tary Fig. 6).

Based on these results, we propose KUS121 as a novel promising
therapeutic agent for heart failure that does not cause cardiac hyper-
trophy or fibrosis and can be used in both the acute and chronic phases
of the disease.

5. Study limitations

In this study, we examined the mechanism using cardiomyocytes
from normal hearts, but further experiments using cardiomyocytes in
heart failure are needed. For clinical application, the pharmacokinetics
and pharmacodynamics of KUS121 and its detailed safety profile need to
be confirmed. Once these are confirmed, we can proceed to evaluate the
effectiveness of KUS121 in improving heart failure in clinical trials.

6. Conclusions

KUS121 is an agent that maintains intracellular ATP and reduces ER
stress. Experimental administration to heart failure models and analysis
of intracellular signaling indicate that KUS121 ameliorates cardiac hy-
pertrophy or myocardial fibrosis and may be a novel heart failure
therapeutic agent that can be used in both acute and chronic stages of
the disease.
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