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HIGHLIGHTS

� KUS121 was developed to selectively inhibit the adenosine triphosphatase activity of valosin-containing protein without

affecting other cellular functions of valosin-containing protein.

� KUS121 preserved adenosine triphosphate levels, reduced endoplasmic reticulum stress, and suppressed cell death in H9C2

rat cardiomyoblast cells, treated with tunicamycin or hydrogen peroxide, or cultured in glucose-free medium.

� In murine ischemia and reperfusion injury models, KUS121 treatment after reperfusion attenuated the infarcted size and

preserves cardiac function by maintaining adenosine triphosphate levels and reducing ER stress.

� In porcine ischemia and reperfusion injury models, intracoronary administration of KUS121 also attenuated the infarcted

area in a dose-dependent manner.

� These results indicated that KUS121 is a promising novel therapeutic agent for myocardial infarction.
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ABBR EV I A T I ON S

AND ACRONYMS

AAR = area at risk

ATP = adenosine triphosphate

ATPase = adenosine

triphosphatase

BiP = immunoglobulin heavy

chain-binding protein

CHOP = C/EBP homologous

protein

CMR = cardiac magnetic

resonance

EF = ejection fraction

ER = endoplasmic reticulum

FRET = fluorescence resonance

energy transfer

FS = fractional shortening

H2O2 = hydrogen peroxide

HF = heart failure

I/R = ischemia and reperfusion

IBMPFD = inclusion body

myopathy associated with

Paget’s disease of bone and

frontotemporal dementia

IHD = ischemic heart disease

KUS121 = Kyoto University

Substance 121

LAD = left anterior descending

artery

LV = left ventricular/ventricle

MI = myocardial infarction

PCI = percutaneous coronary

intervention

TTC = triphenyltetrazolium

chloride

TUNEL = terminal

deoxynucleotidyl transferase

dUTP nick-end labeling

VCP = valosin-containing

protein
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No effective treatment is yet available to reduce infarct size and improve clinical outcomes after acute

myocardial infarction by enhancing early reperfusion therapy using primary percutaneous coronary inter-

vention. The study showed that Kyoto University Substance 121 (KUS121) reduced endoplasmic reticulum

stress, maintained adenosine triphosphate levels, and ameliorated the infarct size in a murine cardiac

ischemia and reperfusion injury model. The study confirmed the cardioprotective effect of KUS121 in a porcine

ischemia and reperfusion injury model. These findings confirmed that KUS121 is a promising novel therapeutic

agent for myocardial infarction in conjunction with primary percutaneous coronary intervention.

(J Am Coll Cardiol Basic Trans Science 2019;4:701–14) © 2019 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
SEE PAGE 715
I schemic heart disease (IHD) is a leading
cause of death worldwide. Of the 17.5
million cardiovascular deaths in 2012,

an estimated 7.4 million deaths were due to
IHD (1). In the United States, more than
360,000 people died of IHD in 2015, and
IHD accounted for 43.8% of deaths from car-
diovascular disease (2). In Japan, IHD
accounted for 35.6% of deaths from heart dis-
ease in 2016 (3).

In patients with acute myocardial infarc-
tion (MI), early reperfusion therapy using
primary percutaneous coronary intervention
(PCI) is performed to reduce the infarct size
and improve outcomes (4). However, when a
larger infarct size remains after primary PCI,
the rates of all-cause mortality and hospital-
ization for heart failure (HF) are still high (5).
High mortality from HF and rehospitalization
for HF are becoming serious concerns from
both health care and medical cost perspec-
tives (2,6).

To further reduce infarct sizes and improve
clinical outcomes, new treatments in addition
to early reperfusion therapy are needed. Indeed, drugs
such as an inhibitor of Naþ/Hþ exchanger and
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cyclosporine A were reported to have cardioprotective
effects in animal experiments (7) or in small clinical
trials (8). However, these effects were not confirmed
in multicenter, randomized, double-blind clinical tri-
als (9,10). Although many other clinical trials of novel
therapies for acute MI are ongoing, there are currently
no therapeutic agents available to reduce infarct size
and improve clinical outcomes (11).
Valosin-containing protein (VCP) is a member of
the adenosine triphosphatase (ATPase) associated
with diverse cellular activities family, and it is
expressed ubiquitously in almost all cell types. As
reported previously, in addition to ATPase activity,
VCP is involved in various cellular functions,
including proteasome-mediated protein degradation,
endoplasmic reticulum (ER)–associated degradation,
lysosomal protein degradation, autophagy, cell cycle
progression, membrane fusion, and so on (12). Gain-
of-function mutations in VCP have been reported to
cause inclusion body myopathy associated with
Paget’s disease of bone and frontotemporal dementia
(IBMPFD) (13), and IBMPFD-causing mutations in VCP
result in elevated ATPase activity (14). The major
clinical phenotypes of IBMPFD are myopathy, bone
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lesions, and dementia, but it is notable that cardiac
phenotypes, such as dilated cardiomyopathy, are also
manifested in certain IBMPFD patients (15).

Kyoto University Substance 121 (KUS121) was
developed to selectively inhibit the ATPase activity of
VCP without affecting other cellular functions of VCP.
Indeed, KUS121 has been shown to maintain cellular
adenosine triphosphate (ATP) levels, reduce ER
stress, and prevent cell death in vitro without
showing any toxic effects (16). KUS121 has also been
shown to elicit neuroprotective effects in murine
retinitis pigmentosa models, murine glaucoma
models, rat retinal ischemic injury models, and mu-
rine Parkinson’s disease models (16–19).

Considering the cardiac phenotype in IBMPFD pa-
tients and the neuroprotective effect of KUS121
in vivo, we anticipated that KUS121 may produce a
cardioprotective effect in IHD. In this study, we found
that KUS121 preserved ATP levels, reduced ER stress,
and suppressed cell death in H9C2 rat cardiomyoblast
cells. Furthermore, in murine and porcine ischemia
and reperfusion (I/R) injury models, KUS121 amelio-
rated cardiac damage and preserved cardiac function.
These results indicated that KUS121 is a promising
novel therapeutic agent for MI.
METHODS

This study was approved by the Kyoto University
Ethics Review Board. Additional detailed methods are
available in the Supplemental Appendix.

I/R INJURY MODELS IN MICE. In 8-week-old mice,
the left anterior descending (LAD) coronary artery
was ligated with a PE-10 tube. After 45 min of
ischemia, reperfusion was induced by untying the
knot and removing the tube. At 7 days after reperfu-
sion, Masson’s trichrome staining was performed to
evaluate the infarcted area.

For quantification of heart ATP levels, I/R injury
protocols using GO-ATeam2 mice were performed.
ATeam biosensors are a series of fluorescence reso-
nance energy transfer (FRET)–based indicators for
ATP, which are able to estimate relative ATP levels in
live cells in real time (20). Go-ATeam2 mice were
developed by genetically integrating the GO-ATeam
expression cassette into mice (M. Yamamoto,
unpublished data, July 2019) (19); thus, the in vivo
orange fluorescent protein and green fluorescent
protein FRET ratio depends on the relative cellular
ATP levels (21).

Analysis in murine IR injury models was performed
by an experimenter who was blinded to treatment
groups.
I/R INJURY MODELS IN PIGS. In 3-month-old pigs,
the LAD was occluded using a 3.0 � 20-mm balloon
(Terumo, Tokyo, Japan). After 60 min of occlusion,
reperfusion was induced by deflation of the balloon.

At 7 days after reperfusion, to evaluate the
infarcted area, gadolinium enhanced cardiac mag-
netic resonance (CMR) and double staining with tri-
phenyltetrazolium chloride (TTC) and Evans blue
were performed, and analyzed by an experimenter
who was blinded to treatment groups.

STATISTICAL ANALYSIS. Measured data are pre-
sented as mean � SEM. For statistical comparisons
between 2 groups, unpaired Student’s t test was used.
For statistical analysis of 3 or more groups, 1-way
analysis of variance was used. In 1-way analysis of
variance, Sidak’s post hoc test was performed to
compare all pairs of groups and Dunnett’s post hoc
test to compare 1 group as a control with the other
groups. A p value of <0.05 was considered as statis-
tically significant. Statistical analyses were performed
using GraphPad Prism 6 (GraphPad Software, San
Diego, California).

RESULTS

VCP MESSENGER RNA IS EXPRESSED IN HUMAN AND

MURINE HEARTS, ESPECIALLY IN CARDIOMYOCYTES. We
first analyzed the expression levels of VCP messenger
RNAs in various human organs (Figure 1A) and mice
(Figure 1B). VCP expression levels in the human heart
were comparable to that in central nervous tissues.
VCP expression was also confirmed in the mouse
heart and its expression in cardiomyocytes was 2-fold
higher than in fibroblasts (Figure 1C).

KUS121 PRESERVES ATP LEVELS, REDUCES ER STRESS,

AND SUPPRESSES CELL DEATH IN CULTURED H9C2

CELLS. To examine the cell protective effect of
KUS121 on cardiomyocytes, H9C2 rat cardiomyoblast
cells were treated with tunicamycin or cultured in
glucose-free medium to induce cell death. KUS121
suppressed cell death and maintained ATP levels in
tunicamycin-treated H9C2 cells in a dose-dependent
manner (Figures 2A to 2C). KUS121 also preserved
ATP levels and protected H9C2 cells against cell
death when the cells were cultured in glucose-free
medium (Figures 2D and 2E). KUS121 reduced ER
stress, which was determined by the reduction in
C/EBP homologous protein (CHOP) and immuno-
globulin heavy chain-binding protein (BiP) levels in
these conditions, without changing VCP expression
levels (Figures 2F and 2G). In addition, KUS121
reduced hydrogen peroxide (H2O2)–induced H9C2 cell
death (Figure 2H). KUS121 itself did not affect cell
growth or cellular ATP levels, or CHOP, BiP, or VCP

https://doi.org/10.1016/j.jacbts.2019.06.001


FIGURE 1 VCP Is Expressed in Human and Murine Hearts, Especially in Cardiomyocytes
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Expression levels of valosin-containing protein (VCP) in various (A) human organs and

(B)mouse organs (n¼ 4). The human samples were from various sources, pooled from 1 or

more healthy adults (Human Total RNA Master Panel II, Clontech Laboratories, Mountain

View, California). Expression of b-actinwas used as an internal control.Black bars indicate

expression in hearts. (C) Comparison of VCP expression in cardiomyocytes (n ¼ 4) with

that in fibroblasts (n¼ 4). ***p< 0.001, using unpaired 2-tailed Student’s t test. Data are

presented as mean � SEM. BAT ¼ brown adipose tissue; WAT ¼ white adipose tissue.
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expression levels (Supplemental Figures 1A to 1C) in
normal culture conditions.

KUS121 PRESERVES MITOCHONDRIAL FUNCTION

AFTER TUNICAMYCIN TREATMENT. It is known that
ER stress and ischemia affect mitochondrial functions
(22–24); therefore, we examined mitochondrial func-
tions using an XF96 extracellular flux analyzer (Agi-
lent Technologies, Santa Clara, California). H9C2 cells
were treated with tunicamycin in the absence or
presence of KUS121 for 6 h, and the oxygen con-
sumption rate was measured (Figure 3A). The
numbers of H9C2 cells in these conditions were
similar to that in normal culture (Supplemental
Figure 2A). The parameters of mitochondrial respira-
tion, such as basal respiration, ATP production–linked
respiration, maximal respiration, spare respiratory
capacity, and proton leak were calculated, as shown
in Supplemental Figure 2B. The parameters of mito-
chondrial respiration were lower in H9C2 cells treated
with tunicamycin than in control cells (Figures 3B to
3F). However, the parameters of mitochondrial
respiration were preserved in tunicamycin and
KUS121-treated cells, similar to those in normal cells
without tunicamycin treatment. KUS121 also signifi-
cantly increased mitochondrial respiration in normal
culture conditions (Supplemental Figures 2C to 2H).
Thus, the protective effects of KUS121 against H9C2
cell death are most likely mediated by ATP preser-
vation, ER stress reduction, and conservation of
mitochondrial functions.
KUS121 PRETREATMENT ATTENUATES CARDIAC

DAMAGE AND PRESERVES CARDIAC FUNCTION IN

MURINE ISCHEMIA AND REPERFUSION INJURY

MODELS. Based on the in vitro cell protective effects
on H9C2 cardiomyoblast cells, we next investigated
whether KUS121 had protective effects on ischemic
hearts by use of a murine I/R injury model. KUS121
was injected intraperitoneally at a dose of 160 mg/kg,
which was followed by LAD coronary artery occlusion
for 45 min (Supplemental Figure 3A). Subsequently,
KUS121 was reinjected at the same dose once every
24 h for 6 days after reperfusion. Using Masson’s tri-
chrome staining at 7 days after reperfusion, the
infarcted area-to-left ventricular (LV) area ratios in
KUS121-treated mice were significantly lower than
those in nontreated mice (control mice hereafter)
(Supplemental Figures 3B and 3C). We also measured
the infarcted area-to-area at risk (AAR) and AAR-to-
LV ratios by double staining with TTC and Evans
blue (Supplemental Figure 3D). The infarcted area-to-
AAR ratios of KUS121-treated mice were significantly
lower than were those in control mice, whereas the
AAR-to-LV ratios were indistinguishable, compared
with control mice (Supplemental Figures 3E and 3F).
The expression of CHOP was significantly reduced in
the border and remote zone, but not in the ischemic
zone (Supplemental Figure 3G).

By echocardiographic analysis, both ejection frac-
tion (EF) and fractional shortening (FS) in mice with
I/R injury without KUS121 were reduced, compared
with sham-operated mice, at 7 days after reperfusion.
However, the systolic function of KUS121-treated
mice was preserved at almost the same level as that
in sham-operated mice (Supplemental Figures 4A to
4E). We also performed serial echocardiography at 1,
3, 7, 14, and 28 days after reperfusion (Supplemental
Figure 3A). EF, FS, and LV systolic diameters were
significantly preserved throughout the time course in
KUS121-treated I/R mice, compared with I/R control
mice (Supplemental Figures 4F to 4I).
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FIGURE 2 KUS Preserves ATP Levels, Reduces Endoplasmic Reticulum Stress, and Suppresses Cell Death in Cultured Cells
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(A) Representative images of H9C2 rat cardiomyoblast cells cultured with tunicamycin (Tm) (0.1 mg/ml) for 48 h with different concentrations of Kyoto University

Substance 121 (KUS) (50, 100, and 200 mM). (B to E) Number and adenosine triphosphate (ATP) levels of H9C2 cells (B, C) cultured with Tm (0.1 mg/ml) for 48 h or

(D, E) cultured in glucose-free medium (Glu�) for 48 h, with different concentrations of KUS (25, 50, 100, and 200 mM) (n ¼ 3). (B, C) **p < 0.01 vs. Tm (0.1 mg/ml)

without KUS; (D, E) **p < 0.01, ***p < 0.001 vs. Glu� without KUS using 1-way analysis of variance with Dunnett’s post hoc test. (F, G) Western blotting analysis of

H9C2 cells (F) cultured with Tm (0.1 mg/ml) for 12 h or (G) cultured in Glu� for 24 h, with and without KUS (200 mM, n ¼ 3). (G) Relative viability of H9C2 cells

treated with hydrogen peroxide (H2O2) (750 mM) for 24 h with different concentrations of KUS (25, 50, and 100 mM) (n ¼ 7). Viability of cells in normal culture

conditions was the reference, indicated as 1. *p < 0.05, **p < 0.01, ***p < 0.001 vs. H2O2 (750 mM) without KUS using 1-way analysis of variance with Dunnett’s post

hoc test. All data are presented as mean � SEM. BiP ¼ immunoglobulin heavy chain-binding protein; CHOP ¼ C/EBP homologous protein; VCP ¼ valosin-containing

protein.
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FIGURE 3 KUS Preserves Mitochondrial Function After Tm Treatment
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F) Parameters of mitochondrial respiration: (B) basal respiration, (C) adenosine triphosphate (ATP) production–linked respiration, (D) maximal respiration, (E) spare

respiratory capacity, and (F) proton leak. **p < 0.01, ***p < 0.001, using 1-way analysis of variance with Sidak’s post hoc test. Data are presented as mean � SEM.

Abbreviations as in Figure 2.
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KUS121 TREATMENT AFTER REPERFUSION ALSO

ATTENUATES THE INFARCTED SIZE AND PRESERVES

CARDIAC FUNCTION. Next, we examined whether
KUS121 could produce therapeutic benefits even
when administered after I/R injury. Immediately after
reperfusion, 80 mg/kg of KUS121 was injected intra-
venously, and the same amount was administered
intraperitoneally (Figure 4A). Subsequently, KUS121
was repeatedly injected intraperitoneally at a dose of
160 mg/kg daily until 4 days after reperfusion. As a
result, the infarcted area-to-LV area ratios were
significantly reduced in KUS121-treated mice at 7 days
after reperfusion compared with control mice
(Figures 4B and 4C). The expression of CHOP was
significantly reduced in the border zone (Figure 4D).
In addition, to investigate the protective effects of
KUS121 on cardiomyocyte apoptosis induced by I/R
injury, we performed terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assays.
The rate of apoptotic cardiomyocytes, defined as
TUNEL-positive nuclei surrounded by troponin I, was
significantly lower in KUS121-treated mice compared
with control mice (Figures 4E and 4F).

Echocardiographic analysis at 7 days after reper-
fusion showed that both the EF and FS of KUS121-
treated mice were better preserved than those of
control mice (Figures 5A to 5E). Similar results were
obtained in serial echocardiographic analyses of car-
diac functions (Figures 4A and 5F to 5I).

KUS121 MAINTAINS ATP LEVELS IN ISCHEMIA AND

REPERFUSION INJURY MODELS. To investigate
whether KUS121 preserved ATP levels in vivo, we
created I/R injury models using GO-ATeam2 mice. In



FIGURE 4 KUS121 Treatment After Reperfusion Attenuates Infarct Size and Reduces Cardiomyocyte Apoptosis
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(A) Schematic diagram of ischemia and reperfusion (I/R) injury procedures and schedules of Kyoto University Substance 121 (KUS121) administration. (B) Representative

images of Masson’s trichrome staining in the short axis of left ventricles (LVs) at 7 days after I/R injury. Black bars indicate 1,000 mm. (C) Quantification of infarcted

area in LVs at 7 days after I/R injury (control group, n ¼ 7; KUS121 group, n ¼ 10). *p < 0.05, using unpaired 2-tailed Student’s t test. (D) Expression levels of CHOP in

LVs at 1 h after I/R injury. LVs were divided into 3 parts: ischemic zone, border zone, and remote zone (sham group, n ¼ 6; control group, n ¼ 6; KUS121 group, n ¼ 8).

The expression level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. *p < 0.05, using unpaired 2-tailed Student’s t-test. (E)

Representative images of terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining in LVs at 4 h after reperfusion. White bars indicate 100 mm.

(F) Quantification of apoptotic cardiomyocytes (CMs), defined as TUNEL-positive cells surrounded by troponin I (control group, n ¼ 6; KUS121 group, n ¼ 6). *p < 0.05,

using unpaired 2-tailed Student’s t-test. All data are presented as mean � SEM. i.p. ¼ intraperitoneal; i.v. ¼ intravenous; other abbreviations as in Figure 2.
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the images, high FRET ratios (i.e., higher ATP levels)
were pseudo-colored using warmer colors and low
FRET ratios (i.e., lower ATP levels) using cooler colors
(Supplemental Figure 5A). ATP levels in infarcted
areas of KUS121-treated mice were significantly
higher from 0 to 60 min after reperfusion
(Supplemental Figures 5A and 5B) than were those of
control I/R mice, when KUS121 was administered
before ischemia, as shown in Supplemental Figure 3A.
In noninfarcted areas of the LV, ATP levels in

https://doi.org/10.1016/j.jacbts.2019.06.001
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FIGURE 5 KUS121 Treatment After Reperfusion Preserves Cardiac Function in I/R Injury Models
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(A) Representative images of M-mode echocardiogram of control group and KUS-treated animals at 1 week after I/R injury. (B to E) Echo-

cardiographic data 1 week after I/R injury. (B) Ejection fraction (EF), (C) fractional shortening (FS), (D) LV diastolic diameter, and (E) LV

systolic diameter were measured (sham group, n ¼ 4; control group, n ¼ 6; KUS121 group, n ¼ 6). *p < 0.05, **p < 0.01, ***p < 0.001, using

1-way analysis of variance with Sidak’s post hoc test. (F to I) Echocardiographic data at the indicated time points after I/R injury. *p < 0.05,

using unpaired 2-tailed Student’s t-test. All data are presented as mean � SEM. Abbreviations as in Figures 2–4.
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FIGURE 6 KUS121 Treatment After Reperfusion Also Maintains ATP Levels in Ischemia and Reperfusion Injury Models
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(A) Representative pseudocolor ratiometric fluorescence resonance energy transfer (FRET) images of whole hearts in I/R injury models of Go-
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ratio (control group, n ¼ 7; KUS121 group, n ¼ 8). *p < 0.05, using unpaired 2-tailed Student’s t-test. Data are presented as mean � SEM.

Abbreviations as in Figures 2 to 4.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 6 , 2 0 1 9 Ide et al.
O C T O B E R 2 0 1 9 : 7 0 1 – 1 4 Cardioprotective Effect of KUS121

709
KUS121-treated mice were also higher than those of
control I/R mice (Supplemental Figure 5C). Although
ATP levels in the right ventricle of KUS121-treated
mice were similar to those of control mice
(Supplemental Figure 5D), the relative ATP ratio in
the infarcted area to that in the right ventricle was
higher in KUS121-treated mice than in control mice
(Supplemental Figure 5E).

Next, we examined whether KUS121 administration
after reperfusion could also preserve ATP levels. As
shown in Figure 4A, we administered the same
amount of KUS121 immediately after reperfusion in
I/R injury models of GO-ATeam2 mice. ATP levels in
infarcted areas of KUS121-treated mice were the same
as those of control mice during ischemia. However,
ATP levels of KUS121-treated mice recovered
immediately and significantly after KUS121 adminis-
tration compared with control mice (Figures 6A and
6B). These data indicate that KUS121 was able to
preserve ATP levels in I/R models in vivo.

BENEFICIAL EFFECTS ARE OBSERVED WITH A SINGLE

ADMINISTRATION OF KUS121 AFTER REPERFUSION. We
further examined whether a single KUS121 adminis-
tration after reperfusion could benefit the infarcted
area or not. As shown in Figure 7A, 25 mg/kg of KUS121
was injected intravenously, and the same amount
was injected intraperitoneally immediately after
reperfusion. The infarcted area-to-LV area ratio was
significantly reduced in KUS121-treated mice at 7 days
after reperfusion compared with control mice
(Figures 7B and 7C). However, a dose of 16 mg/kg

https://doi.org/10.1016/j.jacbts.2019.06.001
https://doi.org/10.1016/j.jacbts.2019.06.001
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FIGURE 7 Beneficial Effect of a Single Administration of KUS121 After Reperfusion
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(A) Schematic diagram of I/R injury procedures and schedules of KUS121 administration. (B) Representative images of Masson’s trichrome

staining in the short axis of LVs at 7 days after I/R injury. Black bars indicate 1000 mm. (C) Quantification of infarcted area in LVs at 7 days

after I/R injury (control group, n ¼ 14; KUS121 group, n ¼ 15). *p < 0.05, using unpaired 2-tailed Student’s t-test. Data are presented as mean

� SEM. Abbreviations as in Figures 2–4.
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KUS121 (Supplemental Figure 6A), failed to produce a
beneficial effect (Supplemental Figures 6B and 6C).

KUS121 ATTENUATES THE INFARCTED AREA IN

PORCINE I/R INJURY MODELS. Finally, we examined
whether KUS121 could produce therapeutic effects in
porcine I/R injury models. Reperfusion was induced
after 60 min of endovascular LAD coronary artery
occlusion, and KUS121 was administered by intra-
coronary injection at a dose of 0.64, 2.5, or 5.0 mg/kg
for 3 min through the wire lumen of a balloon catheter
immediately after reperfusion (Figure 8A). Using
double-staining with TTC and Evans blue, the
infarcted area-to-AAR ratios of KUS121-treated pigs
were found to be significantly lower than were those
of the control pigs in a dose-dependent manner,
although the AAR-to-LV ratios of KUS121-treated pigs
were the same as those of control pigs (Figures 8B to
8D). In addition, we confirmed that the appearance
of infarcted areas, as determined using Masson’s
trichrome staining, was almost the same as that
evaluated using TTC staining (Supplemental
Figures 7A and 7B). We also evaluated the infarcted
area by late gadolinium enhancement with CMR
(Figure 8E). The infarcted area-to-LV area ratios in
KUS121-treated pigs were also significantly lower than
were those of control pigs (Figure 8F). These data
demonstrate that KUS121 intracoronary administra-
tion provides significant benefits in the presence of
cardiac damage in porcine I/R injury models.

DISCUSSION

In this study, we investigated the cardioprotective
effects of KUS121 using murine I/R injury models that
mimic reperfusion therapy for MI, and we showed
that KUS121 administration even after reperfusion
was able to maintain ATP levels and attenuate the
infarcted area. Echocardiographic evaluation

https://doi.org/10.1016/j.jacbts.2019.06.001
https://doi.org/10.1016/j.jacbts.2019.06.001
https://doi.org/10.1016/j.jacbts.2019.06.001
https://doi.org/10.1016/j.jacbts.2019.06.001


FIGURE 8 KUS121 Attenuates Infarcted Areas in Porcine I/R Injury Models
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(A) Schematic diagram of I/R injury procedures in pigs. (B) Representative images of double-staining with triphenyltetrazolium chloride (TTC) and Evans blue in the

short axis of LVs at 7 days after reperfusion. (C, D) Quantification of infarcted area-to-area at risk (AAR) ratio and AAR-to-LV ratio in double-staining with TTC and

Evans blue (control group, n ¼ 7; KUS121 group at 0.64 mg/kg, n ¼ 4; at 2.5 mg/kg, n ¼ 5; at 5.0 mg/kg, n ¼ 5). *p < 0.05, **p < 0.01 vs. control group, using 1-way

analysis of variance with Dunnett’s post hoc test. (E) Representative images of late gadolinium enhancement on cardiac magnetic resonance (CMR) at 7 days after

reperfusion. (F) Quantification of the infarcted area-to-LV ratio using CMR. *p < 0.05 vs. control group, using 1-way analysis of variance with Dunnett’s post hoc test.

All data are presented as mean � SEM. Abbreviations as in Figures 2 and 4.
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revealed that KUS121 administration preserved car-
diac function at levels similar to those of normal
mice. Notably, similar beneficial effects of KUS121
were also confirmed in a porcine I/R injury model
using a single administration into the coronary artery
in a dose-dependent manner.

This study demonstrated that KUS121 had car-
dioprotective effects in vivo by the same mechanisms
as in in vitro analyses. Additionally, we also
confirmed that the immediate cardio-protective ef-
fects of KUS121 within 24 h after IR injury were
responsible for reducing the infarct size. Using Go-
ATeam2 mice, we found that KUS121 treatment even
after reperfusion maintained ATP levels in an I/R
injury model, most likely due to the inhibition of ATP
consumption by VCP or preservation of mitochondrial
function observed in H9C2 cells. As reported previ-
ously (25), we examined the expression of CHOP in
I/R injury and demonstrated that KUS121 treatment
after reperfusion significantly reduced CHOP expres-
sion in border zone. This also suggested that KUS121
reduced ER stress in vivo and rescued the injured
myocardium from cell death. KUS121 treatment also
reduced cardiomyocyte apoptosis induced by I/R
injury. In our in vitro experiment, KUS121 protected
H9C2 cells from H2O2-induced cell death. As reported
previously (26), H2O2 is considered to induce necrotic
cell death rather than apoptotic cell death. Moreover,
ER stress was also reported to induce necrotic cell
death (27). This indicates that KUS 121 may protect
cardiomyocytes from necrotic cell death by reducing
ER stress. Thus, KUS121 is presumed to attenuate the
infarct size by reducing both apoptotic and necrotic
cell death.

KUS121 was developed to selectively inhibit the
ATPase activity of VCP without affecting its other
cellular functions, and previous studies demon-
strated that KUS121 can maintain cellular ATP levels,
reduce ER stress, and prevent cell death in vitro when
challenged with many cell-death-inducing insults in
many cell types (16–19). Consistent with the ability of
KUS121 to maintain ATP levels and reduce ER stress,
KUS121 has been reported to have neuroprotective
effects in vivo (e.g., in models of murine retinitis
pigmentosa, murine glaucoma, rat retinal ischemic
injury, and murine Parkinson’s disease) (16–19). In
this study, we further demonstrated the close link
among ER stress, decreased ATP levels, and cell death
in the heart.

To the best of our knowledge, the cardioprotective
mechanisms of KUS121 are quite different from other
drugs that have been tested for the treatment of MI
(7,28–30), making KUS121 virtually unique in its
ability to maintain ATP levels in animal I/R injury
models. Recently, LV mechanical support using
Impella (Abiomed, Danvers, Massachusetts) was re-
ported to reduce infarct size after I/R injury (31). This
was possibly due to a reduction in excessive
myocardial energy demand relative to supply, which
would be similar in principle to KUS121 administra-
tion in our in vivo models.

It is especially noteworthy that KUS121 is able to
reduce infarct size by administration even after
reperfusion, especially through intracoronary injec-
tion. This can be easily performed after primary PCI in
everyday clinical practice. Thus, we concluded that
KUS121 is a promising compound that could be used
in conjunction with primary PCI for the treatment
of MI.
STUDY LIMITATIONS. We showed that KUS121
reduced the infarct size in murine and porcine I/R
injury models by maintaining ATP levels and reducing
ER stress, but the detailed mechanism of the link
among ER stress, decreased ATP levels, and cell death
remains to be elucidated. Further investigations are
needed to fully explore the complex signaling mech-
anisms that are at play during MI and reperfusion.

In porcine models, we evaluated the infarct size
only at 7 days after reperfusion, but we did not
evaluate the effect of KUS121 at later time points.
Moreover, we did not confirm the detailed safety of
KUS121, although no obvious toxicity of KUS121 was
observed in our study. We need to perform further
studies with long-term follow-up to confirm the car-
diac protective efficacy and safety of KUS121.

As previously reported (16,32), KUS121 was
confirmed to inhibit the ATPase activity of recombi-
nant VCP in vitro with half-maximal inhibitory con-
centration value of 330 nM, which is much lower than
that of a VCP inhibitor, DBeQ (1 mM). However, we did
not evaluate the specificity and off-target effects of
KUS 121 in vivo. Further studies are need to elucidate
them in vivo by analysis of the pharmacokinetics and
pharmacodynamics of KUS121.

CONCLUSIONS

Here, we have shown that in I/R injury models,
KUS121 reduced infarct size and preserved cardiac
function by maintaining ATP levels and reducing ER
stress. We also showed that this effect can be ach-
ieved by the administration of KUS121 only once
after reperfusion, which was confirmed in porcine
I/R models. Our study indicates that KUS121 is a
promising therapeutic agent for MI in conjunction
with primary PCI. Progression of studies leading to a



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Although pri-

mary PCI is the only therapy for MI to reduce infarct size and

improve outcomes, a larger infarction, even after primary PCI,

results in a poorer prognosis. However, there are currently no

therapies additional to primary PCI to further reduce infarct size

and improve clinical outcomes. Our study demonstrated that

KUS121 attenuated the infarct size in murine and porcine I/R

injury models. These results indicate that KUS121 may be a novel

therapy for MI in conjunction with primary PCI.

TRANSLATIONAL OUTLOOK: We expect that KUS121 will

one day be used in clinical practice. However, further studies are

needed to investigate the pharmacokinetics and pharmacody-

namics of KUS121, especially those after intracoronary KUS121

administration. Additionally, we need to verify the detailed

safety of KUS121. If these are confirmed, the cardioprotective

effects of KUS121 may be evaluated in clinical trials.
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clinical trial of KUS121 is expected in the near
future.
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