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BACKGROUND AND PURPOSE

The Ca?" sensitizer pimobendan is a unique inotropic agent that improves cardiac contractility with less of an increase in
oxygen consumption and potentially fewer adverse effects on myocardial remodelling and arrhythmia, compared with
traditional inotropes. However, clinical trials report contradictory effects of pimobendan in patients with heart failure (HF). We
provide mechanistic experimental evidence of the efficacy of pimobendan using a novel mouse model of progressive HF.

EXPERIMENTAL APPROACH

A knock-in mouse model of human genetic dilated cardiomyopathy, which shows a clear transition from compensatory to
end-stage HF at a fixed time during growth, was used to evaluate the efficacy of pimobendan and explore the underlying
molecular and cellular mechanisms.

KEY RESULTS

Pimobendan prevented myocardial remodelling in compensated HF and significantly extended life span in both compensated
and end-stage HF, but dose-dependently increased sudden death in end-stage HF. In cardiomyocytes isolated from end-stage
HF mice, pimobendan induced triggered activity probably because of early or delayed afterdepolarizations. The L-type Ca?*
channel blocker verapamil decreased the incidence of triggered activity, suggesting that this was from over-elevated
cytoplasmic Ca?" through increased Ca?" entry by PDE3 inhibition under diminished sarcoplasmic reticulum Ca?" reuptake and
increased Ca*" leakage from sarcoplasmic reticulum in end-stage HF.

CONCLUSIONS AND IMPLICATIONS

Pimobendan was beneficial regardless of HF stage, but increased sudden cardiac death in end-stage HF with extensive
remodelling of Ca®* handling. Reduction of cytoplasmic Ca*" elevated by PDE3 inhibition might decrease this risk of sudden
cardiac death.

Abbreviations

CaMKII, Ca*/calmodulin-dependent protein kinase II; CaT, Ca*" transients; CSQ, calsequestrin; ¢cTnC, cardiac troponin
C; ¢Tnl, cardiac troponin I; ¢TnT, cardiac troponin T; DCM, dilated cardiomyopathy; EADs/DADs, early or delayed
afterdepolarizations; EF, ejection fraction; HF, heart failure; LV, left ventricle; MyHC, myosin heavy chain; NCX1,
Na*/Ca?* exchanger 1; PLB, phospholamban; RyR2, ryanodine receptor 2; SERCA2a, sarcoplasmic/endoplasmic reticulum
Ca* transport ATPase 2a; SL, sarcomere length; SR, sarcoplasmic reticulum; WT, wild-type
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Transporters’

NCX1, sodium-calcium exchanger (SLC8AT),
Enzymes®

CaMKIl, calmodulin-dependent kinase Il
PDE3, phosphodiesterase 3

PKA, protein kinase A

SERCA2a

lon channels®

L-type Ca2+ channel, Cav1.x channels

RyR2, ryanodine receptor 2

Candesartan

Cilostazol
Metoprolol
Verapamil

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guideto PHARMACOLOGY 2013/14 (*>“Alexander et al., 2013a,b,c).

Introduction

Symptomatic heart failure (HF) is an end-stage condition of
cardiovascular diseases, occurring after the progressive break-
down of the homeostatic mechanisms of the body. Com-
plete recovery remains an elusive goal even after recent
advances in medical technology. One major cause of HF is
dilated cardiomyopathy (DCM), which develops as a com-
pensatory response to a variety of insults to the myocar-
dium. These insults include coronary artery disease,
alcoholism, thyroid disease, diabetes mellitus, viral infec-
tions and genetic mutations.

Mutations in more than 30 genes account for approxi-
mately 25-30% of all DCM cases (Burkett and Hershberger,
2005; Morimoto, 2008) and cause congenital myocardial sys-
tolic dysfunction, often leading to premature death from HF
or sudden cardiac death. We previously created a knock-in
mouse model of genetic DCM to explore the molecular
mechanisms of its pathogenesis and potential therapies (Du
etal.,, 2007; Zhan et al., 2009; Wang et al., 2010; Li etal.,
2012). In this model, using a gene targeting technique (Du
et al., 2007), a causative deletion mutation (AK210) in cardiac
troponin T (cTnT) found in humans has been incorporated
into the mouse endogenous c¢TnT gene. This mutation
decreases cardiac myofilament sensitivity to cytoplasmic Ca?*
by causing a malfunction in the troponin-tropomyosin
system, which regulates cardiomyocyte contraction/
relaxation in a Ca*-dependent manner (Morimoto et al.,
2002). These knock-in mice develop DCM as a compensatory
response to impaired myocardial contractility caused by
decreased myofilament Ca*" sensitivity and die in distinct
ways depending on the genetic background before reaching
the age of 2 months (Du et al., 2007; Li et al., 2012). C57B16/]
background DCM mice develop a stable compensated HF, but
suffer mostly from sudden cardiac death because of lethal
arrhythmia before reaching 2 months. This resembles a
human family with a high incidence of sudden cardiac death
before 30 years of age (Kamisago et al., 2000). Conversely,
BALB/c background DCM mice die mostly from congestive
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HF before reaching 2 months, resembling a human family
with a high incidence of congestive HF death before 20 years
of age (Kamisago et al., 2000).

Current standard therapy for HF is a combination of car-
dioprotective agents, including B-adrenoceptor antagonists,
vasodilators (ACE inhibitors or angiotensin AT; receptor
blockers) and diuretics. These can retard the progression of
myocardial remodelling in compensatory HF by reducing
oxygen consumption in the heart (CIBIS-II, 1999; MERIT-HE,
1999; Packer et al., 2001; McAlister et al., 2009). However,
patients with end-stage HF, who are refractory to standard
therapy, require specialized interventions, including experi-
mental surgery or drugs, heart transplantation, and chronic
positive inotropes.

Positive inotropic agents, such as PDE inhibitors and
B-adrenoceptor agonists, improve cardiac contractility
through increasing cellular cAMP. This is followed by an
elevation of systolic intracellular Ca** via phosphorylation of
Ca*-handling proteins with PKA. These drugs are considered
beneficial for the acute treatment of patients with severe
myocardial systolic dysfunction. However, long-term treat-
ment with these drugs exacerbates HF by facilitating mala-
daptive myocardial remodelling because of increased oxygen
consumption in Ca* handling and increases the risk of
arrhythmic death from Ca?" overload in cardiomyocytes
(Amsallem et al., 2005; Endoh, 2013).

Pimobendan is a unique positive inotrope that directly
increases cardiac myofilament sensitivity to cytoplasmic Ca**
by making the troponin-tropomyosin system respond to
lower Ca* by enhancing the Ca* binding affinity of cardiac
troponin C (cTnC). This makes it possible to improve cardiac
contractility with less of an increase in oxygen consumption
compared with traditional positive inotropes although it also
increases cellular cAMP through PDE3 inhibition (Fujino
et al., 1988; Scheld et al., 1989; Solaro et al., 1989; Ovaska and
Taskinen, 1991; Endoh, 2013). The PICO trial (Pimobendan
in Congestive Heart Failure trial) in Europe reported that
pimobendan improved exercise duration (bicycle ergometry),
but showed a trend towards increased mortality, although not
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of statistical significance, largely because of an increased inci-
dence of sudden cardiac death in HF patients (Lubsen et al.,
1996). However, the EPOCH study (Effects of Pimobendan on
Chronic Heart Failure study) in Japan reported that long-term
treatment with pimobendan resulted in a significantly
decreased incidence of adverse cardiac events and improved
physical activity based on the Specific Activity Scale question-
naire in HF patients (EPOCH Study, 2002). As a result,
pimobendan is currently approved only in Japan for patients
with HF refractory to standard therapy (Murai et al., 2013).
These clinical studies examined the effects of pimobendan on
patients with mild to moderate HF (New York Heart Associa-
tion classes II-11I), and no evidence has been provided for the
efficacy of pimobendan in severe end-stage HF.

We previously reported on studies using C57B1/6 back-
ground DCM mice that cardioprotective drugs widely used
for HF as standard therapy (i.e., the f-adrenoceptor antago-
nist metoprolol and the AT, receptor antagonist candesartan)
have beneficial effects on compensated HF (Zhan et al., 2009;
Odagiri et al., 2014). The beneficial effect of pimobendan has
also been reported in the compensated HF model (Du et al.,
2007). As there is no reported systematic study investigating
the efficacy of pimobendan for the treatment of decompen-
sated end-stage HF despite its promising nature, the present
study examined the therapeutic effects of pimobendan on the
BALB/cJ background DCM mouse model of refractory end-
stage HF.

Methods

Animal models
All animal care and experimental procedures complied with
the Guidelines for Animal Experiments of the Faculty of
Medicine, Kyushu University, and the Law (No. 105) and
Notification (No. 6) of the Japanese Government and were
approved by the Committee of Ethics on Animal Experiments
of the Faculty of Medicine, Kyushu University. Studies involv-
ing animals are reported in accordance with the ARRIVE
guidelines for reporting experiments involving animals
(Kilkenny et al., 2010; McGrath et al., 2010). A total of 137
animals were used in the experiments described here.
Knock-in mice on the genetic background of BALB/cJ, in
which three base-pairs coding for K210 in ¢TnT was deleted
from the endogenous Tnnt2 gene, were created by backcross-
ing a knock-in mouse with the same mutation on the genetic
background of C57Bl/6] (Du et al., 2007) to BALB/cJ line for at
least 12 generations. Homozygous mutant mice and wild-
type (WT) mice were obtained by crossing heterozygous
mutant mice. Homozygous mutant mice and WT mice of
nearly equally mixed gender from the same colony were used
as DCM and healthy models respectively. The mice were
housed in a temperature- and humidity-controlled (22.9-
23.2°C and 30-50%, respectively) room on a 12 h light/dark
cycle. They were provided with a normal chow diet and water
ad libitum.

Measurements of body temperature and

locomotor activity
Body (rectal) temperature was measured once daily at 09:00 h
under conscious conditions using TH-5 Thermalert Monitor-

ing Thermometer (Physitemp, Clifton, NJ, USA). Locomotor
activity was measured using ACTIMO system (Shinfactory,
Fukuoka, Japan).

Echocardiography

Transthoracic echocardiography (M-mode) was measured
under conscious conditions using a 14 MHz linear array
probe with a diagnostic ultrasound system (Nemio SSA-550A,
Toshiba Medical Systems, Ohtawara, Tochigi, Japan).

Histochemistry

The hearts excised from mice after killing by cervical disloca-
tion were fixed in a 10% formalin neutral buffered solution as
described previously (Du et al., 2007) and cut transversely at
the mid-ventricular level, embedded in paraffin, sectioned at
5 um and stained with Masson trichrome. The extent of the
fibrosis in left ventricular (LV) myocardium was quantified
using the ImageJ (National Institutes of Health, Bethesda,
MD, USA).

Mpyosin isoform contents

Myosin heavy chain (MyHC) isoforms in the LV myocardium
were separated on SDS-PAGE and relative B-isoform expres-
sion (percentage of total MyHC) was determined as described
previously (Du et al., 2007).

Western blot analysis

Ventricles were dissected from the heart excised from mice after
being killed by cervical dislocation and homogenized in
Laemmli’s sample buffer as described previously (Du et al.,
2007). To determine the phosphorylation levels of cardiac tro-
ponin I (cTnl), isolated cardiomyocytes in a thermostatically
controlled chamber containing continuously oxygenated
Krebs-Henseleit solution (in mM: 118 NaCl, 4.7 KCIl, 1.2
MgSO,, 1.2 KH,PO,, 25 NaHCO;3, 2.5 CaCl,, 0.5 EDTA-Na,, 10
HEPES, 11 D-glucose) with 0.1 uM noradrenaline and 0, 3 or
10 uM pimobendan were electrically stimulated at 1 Hz for
10 min at 37°C. Cardiomyocytes were then added into Laemm-
li’s sample buffer. LV homogenate and cardiomyocyte samples
were subjected to Western blot analysis as described previously
(Nakaura et al., 1999), using an anti-sarcoplasmic/endoplasmic
reticulum Ca?" transport ATPase 2a (SERCA2a) monoclonal
antibody (ab2861) (Abcam, Tokyo, Japan); an anti-Na‘/Ca?*
exchanger 1 (NCX1) monoclonal antibody (ab6495) (Abcam);
an anti-calsequestrin (CSQ) polyclonal antibody (ab3516)
(Abcam,); an anti-GAPDH monoclonal antibody (ab9484)
(Abcam); an anti-phospholamban (PLB) monoclonal antibody
(A010-14) (Badrilla, Leeds, UK); an anti-PLB phospho Ser'®
polyclonal antibody (A010-12) (Badrilla); an anti-PLB phospho
Thr'” polyclonal antibody (A010-13) (Badrilla); an anti-
ryanodine receptor 2 (RyR2) polyclonal antibody (Chugun
et al., 2003); an anti-RyR2 phospho Ser®®* polyclonal antibody
(A010-30) (Badrilla); an anti-RyR2 phospho Ser?'* polyclonal
antibody (A010-31) (Badrilla); an anti-cTnl monoclonal anti-
body (8E10) (HyTest, Turku, Finland); and anti-cTnl phospho
Ser?”?* monoclonal antibody (ab8291) (Abcam).

Drug administration
Pimobendan and UD-CG 212 CL were supplied by Nippon
Boehringer Ingelheim Co., Ltd. (Tokyo, Japan). Pimobendan
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suspended in 0.25% methylcellulose solution was adminis-
tered p.o. once daily at 09:00 h in two doses, 10 (low dose)
and 100 (high dose) mg-kg™!, to DCM mice.

Blood plasma concentrations of pimobendan
and its metabolite UD-CG 212 CL

Blood plasma concentrations of pimobendan and UD-CG 212
CL were quantified using an HPLC (Alliance 2695 Separations
Module, Waters, Milford, MA, USA). Pimobendan was admin-
istered p.o. 10 or 100 mg-kg™ to 8-week-old BALB/c] WT male
fasted mice (three mice per group), and about 40 pL of blood
was taken from the caudal vein under anaesthesia with 1.5%
isoflurane before and after pimobendan administration.
Plasma was separated by centrifugation at 2300x g for 15 min
at room temperature and stored at —20°C for 30 min. Three
volumes of cold ethanol (-20°C) and 1/100 volume of 3 M
NaOAc (pH 4.9) were added to plasma and stored at —20°C for
3 h. The samples were then centrifuged at 16 500x g for
30 min at -10°C, and the supernatant was weighed and
evaporated to dryness for 2 h. Evaporated samples were
reconstituted with 40 puL of methanol and 40 uL of a mobile
phase of acetonitrile/methanol/ammonium acetate (0.6%
w/v) (1:3:4 v/v/v). Pimobendan and UD-CG 212 CL were
separated on a reverse-phase column (Inertsil ODS-2, 4.6 x
150 mm, GL Sscience, Tokyo, Japan) at a flow rate of
1.3 mL-min™' and monitored at a wavelength of 330 nm.

Isolation of cardiomyocytes and simultaneous
measurements of sarcomere shortening and
Ca?* transients (CaT)

Cardiomyocytes were isolated from LVs by collagenase treat-
ment as described previously (Du et al., 2007), with 5 uM ACh
being added to all solutions to reduce the cell excitability
during preparation. Isolated cardiomyocytes suspended in
Krebs-Henseleit solution containing 5 uM ACh were plated
onto laminin-coated glass coverslips and incubated for
15 min at 37°C with 5% CO,. The cardiomyocyte-attached
coverslips were then kept in oxygenated Krebs-Henseleit
solution containing 0.1 uM noradrenaline at 37°C until
measurements.

The cardiomyocyte-attached coverslip was mounted on a
thermostatically controlled chamber with a capacity of 1 mL,
which was located on the stage of an inverted microscope
and perfused with oxygenated Krebs-Henseleit solution con-
taining 0.1 uM noradrenaline at 37°C at a flow rate of
2.8 mL-min™. Cardiomyocytes were loaded with fura-2 AM
(1 uM) for 10 min at 37°C in oxygenated Krebs-Henseleit
solution containing 0.1 uM noradrenaline. Contraction was
evoked by bipolar electrical field stimulation of 5 ms duration
with a voltage about 30% above the threshold at 1 Hz via
platinum wire electrodes. CaT and sarcomere shortening in a
single cardiomyocyte were simultaneously monitored
through a 20x objective lens using a fluorescence and con-
tractility recording system (MyoCam and Photo-Multiplier
System with Galvo-Driven HyperSwitch Dual Excitation
Light Source, IonOptix, Milton, MA, USA). Effects of
pimobendan, cilostazol (Sigma-Aldrich, St. Louis, MO, USA)
and verapamil (Research Biochemical International, Natick,
MA, USA) on isolated cardiomyocytes were determined by
dissolving these agents into the perfusate with final concen-
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tration of DMSO being 0.01 and 0.1% in the cases of
pimobendan and cilostazol respectively. The peak amplitude
of CaT induced by rapid application of 10 mM caffeine after
steady-state electrical stimulation at 1 Hz was used as an
index of sarcoplasmic reticulum (SR) Ca** content. Note that
noradrenaline was added to the Krebs-Henseleit solution
during these experiments because the intracellular cAMP
level should be increased to detect the effect of the inhibition
of PDE3 by pimobendan (Bohm et al., 1991).

Data analysis

Data are shown as the mean + SEM. Differences between two
mean values were analysed with unpaired or paired t-test. If
the data did not conform to a normal distribution, mean
values were analysed with Welch'’s correction. Mean values
for more than three groups were compared by one-way ANOva,
followed by a post hoc Dunnett’s or Tukey’s multiple compari-
son test. Survival data utilized the standard Kaplan-Meier
analysis. P < 0.05 was considered to be statistically significant.

Results

Baseline characteristics of mice with
compensated or end-stage HF

BALB/c background knock-in mice with the AK210 mutation
in cTnT develop symptomatic HF gradually after reaching the
age of 4 weeks, as shown by a progressive decrease in loco-
motor activity as well as body temperature, an index of HF
severity (Ahmed et al., 2010), and usually die before reaching
8 weeks (Supporting Information Figure S1). Therefore, DCM
mice in the present study were allocated to two groups: (i) the
compensated HF group of 4-week-old mice, with an ejection
fraction (EF) > 45% and body temperature >36°C; and (ii) the
end-stage HF group of 6- to 9-week-old mice, with an EF <30%
and body temperature <35°C.

Body weight significantly decreased in the end-stage HF
group, but not in the compensated HF group, compared with
age-matched, healthy WT controls (Table 1). LV internal
dimension in end-diastole were markedly enlarged in both
groups, with significant increases in heart weight normalized
to tibia length by 97% in the compensated HF group and
125% in the end-stage HF group, compared with age-matched
WT controls (Table 1, Figure 1A). Lung weight normalized to
tibia length, indicative of congestive HF, did not increase in
the compensated HF group, but significantly increased (by
102%) in the end-stage HF group (Table 1). Myocardial fibro-
sis was found in both groups with a greater extent in the
end-stage HF group (Figure 1A and B). The expression of
B-cardiac MyHC (B-MyHC), known to be up-regulated in HF
(Miyata et al., 2000), also increased in both groups with a
greater extent in the end-stage HF group (Figure 1C).

Figure 2 shows expression levels of Ca** handling proteins
in cardiomyocytes. SERCA2a, which plays a critical role in
cardiomyocyte relaxation through reuptake of cytoplasmic
Ca* into SR, was markedly down-regulated in the end-stage
HF group; with no significant changes in the compensated HF
group (Figure 2A and B). In contrast, NCX1, which also plays
an important role in cardiomyocyte relaxation through
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Table 1
Echocardiography, and heart and lung weight in DCM mice

WT Compensated HF WT End-stage HF
Age (days old) 28 56 55+4
Echocardiography
Number of mice 5 5 5
HR, bpm 635+ 32 579 + 39 677 £ 14 399 £ 75*
IVST, mm 0.92+£0.02 0.58 £ 0.02** 0.96 £0.12 0.42 + 0.04*TT
LVESD, mm 1.14+0.07 3.94 +0.34* 1.06 +0.10 6.14 + 0.23**1f
LVEDD, mm 2.10£0.19 5.10 £ 0.39** 2.36+£0.11 6.74 £ 0.27*11
LVPWT, mm 0.70£0.10 0.60 +0.03 0.70 £0.03 0.44 £ 0.02*+
FS, % 68 +2 22 £ 1% 70+1 9 + *f
EF, % 96 £ 1 51 £ 2** 97 £0.4 PEEN el
Heart and lung weight
BT, °C 37.2+0.15 36.6 +0.18* 37.1£0.30 34.4 + 0.2**1t
BW, g 17.7£1.6 129+1.4 233+1.2 14.8 £1.2**
TL, mm 17.0£0.5 16.7£0.6 18.6 £0.4 18.3+£0.7
HW, mg 114.5+4.0 218.9 + 23.5* 134.0+5.0 308.2 £ 35.7**
HW/TL, mg-mm" 6.2+0.1 12.2+1.7* 6.3+0.2 14.2+£1.5*
LW/TL, mg-mm"" 6.9+0.4 8.2+0.7 6.3+0.2 12.7 £ 0.7**1t

bpm, beats per min; BT, body temperature; BW, body weight; EF, ejection fraction; FS, fractional shortening; HR, heart rate; HW, heart weight;
IVST, intraventricular septal wall thickness; LVEDD, LV end-diastolic dimension; LVESD, LV end-systolic dimension; LVPWT, LV posterior wall
thickness; LW, lung weight; TL, tibia length. *P < 0.05. **P < 0.01 versus age-matched WT (unpaired t-test). TP < 0.05. 71 P < 0.01 versus

compensated HF (unpaired t-test).

extrusion of cytoplasmic Ca* into the extracellular space,
showed a 20-fold up-regulation in the end-stage HF group,
with no significant changes observed in the compensated HF
group (Figure 2A and C). CSQ, which plays an important role
in Ca®" storage and release as a Ca*" sensor in SR (Terentyev
etal., 2003; Kubalova et al., 2004), was up-regulated over
twofold in the end-stage HF group owing to a marked
increase in CSQ1 isoform; with no significant changes
observed in the compensated HF group (Figure 2A and D).
PLB, which inhibits SERCA2a in its unphosphorylated form,
was down-regulated in the end-stage HF group; with no sig-
nificant changes observed in the compensatory HF group
(Figure 2E and F). The fraction of PLB phosphorylated at Ser'®
(PKA site), but not at Thr'” [Ca**/calmodulin-dependent PK II
(CaMKII) site], in total PLB greatly decreased in both stages.
RyR2, which plays an important role in Ca* release into the
cytoplasm as an SR Ca* release channel, was down-regulated
in both stages (Figure 2E and F). The fractions of RyR2 phos-
phorylated at Ser*®*® (PKA site) and Ser®®* (CaMKII site) in
total RyR2 were greatly increased in both stages. In human
failing myocardium, PKA phosphorylation has been reported
to be decreased in PLB, but increased in RyR2, suggesting the
presence of local signalling causing distinct phosphorylation
levels of PKA substrates in cardiomyocytes of HF patients
(Schwinger et al., 1999; Marx et al., 2000). The present data
support this concept and suggest that this local signalling
becomes more evident as HF progresses into the decompen-
sated stage.

Therapeutic effects of pimobendan on DCM
mice in different stages of HF

Pimobendan dose-dependently improved life expectancy in
the compensated HF group, with a greater effect at a high
dose of 100 mg-kg'-day"' (Figure 3A). Pimobendan also
improved life expectancy in the end-stage HF group, but to a
lower extent at the high dose, compared with a low dose of
10 mg-kg'-day ' (Figure 3A). Maximum blood plasma con-
centrations of pimobendan were 1.6 and 18 uM at the doses
of 10 and 100 mg-kg™ respectively (Supporting Information
Figure S2). DCM mice died from HF only during low-dose
pimobendan treatment in both stages (Table 2). In contrast,
mice died from sudden cardiac death only during high-dose
treatment, with a much higher incidence in the end-stage HF
group. High-dose pimobendan increased the body weight of
DCM mice in the compensated HF group to the level of
healthy WT mice while not changing the body weight in the
end-stage HF group; whereas low-dose pimobendan had no
effect in either stage (Figure 3B). High-dose pimobendan also
prevented the decrease of body temperature in the compen-
sated HF group and returned temperature levels to normal in
the end-stage HF group; whereas low-dose pimobendan was
not able to prevent the decrease of body temperature in either
stage (Figure 3B). Additionally, high-, but not low-dose
pimobendan prevented the progressive decrease in locomotor
activity in the compensated HF group, and markedly
improved locomotor activity, as well as dyspnoea, in
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Morphological and histological changes in the heart of DCM mice during progression of HF. (A) Gross morphology of the heart (top images) (scale
bar, 5 mm) and histology of the LV (bottom images). Connective tissues were stained blue with Masson trichrome. (B) Quantitative analysis of
the fibrosis area in the LV (n = 3 mice per group). (C) Protein expression level of MyHC isoforms in the LV (n =5 mice per group). *P < 0.05; **P
< 0.01; significantly different as indicated; one-way anova and post hoc Tukey’s multiple comparison test.

end-stage HF  (Supporting Information  Figure S3).
Pimobendan treatment did not improve LV systolic function
in either stages, but dose-dependently prevented the progres-
sive decrease in EF in the compensated stage of HF (Figure 3C,
Supporting Information Table S1). Pimobendan treatment
also prevented the progressive increase in heart and lung
weights (Figure 4A), and markedly decreased myocardial
fibrosis to levels lower than those before treatment in both
stages of HF (Figure 4B and C). Consistent with these thera-
peutic effects of pimobendan, down-regulation of SERCA2a
and up-regulation of NCX1 and B-MyHC were dose-
dependently prevented in the compensated HF group by
pimobendan treatment, but were not reversed in the end-
stage HF group (Figure 5).

These results indicate that pimobendan is beneficial in
the treatment of DCM mice in both the compensated and
end-stage HF groups. However, the treatment with
pimobendan at a high dose may increase the risk of lethal
arrhythmia, especially with end-stage HF, despite dramati-
cally improving HF symptoms. This counters the effect of

2374 British Journal of Pharmacology (2015) 172 2369-2382

high-dose pimobendan to improve life expectancy when
compared with low-dose treatment.

Effects of pimobendan on CaT and
contraction in single cardiomyocytes isolated
from DCM mice in different stages of HF

To explore the cellular mechanisms underlying the high inci-
dence of sudden death in end-stage HF during high-dose
pimobendan treatment, effects of pimobendan were exam-
ined on contraction and CaT in single cardiomyocytes. When
compared with age-matched, healthy WT mice, resting sar-
comere length (SL) decreased in cardiomyocytes isolated from
HF mice, with a greater decrease seen in the end-stage HF
group, because of increased resting cytoplasmic Ca® levels
(Figure 6A). Peak amplitudes of SL shortening and CaT also
decreased in cardiomyocytes isolated from HF mice, with a
greater decrease seen in the end-stage HF group (Figure 6B).
Consistent with this, SR Ca?* content decreased significantly
in the end-stage HF group (Figure 6C), probably because of
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down-regulation of SERCA2a with decreased phosphoryla-
tion of PLB and increased phosphorylation of RyR2
(Figure 2).

Pimobendan exerted an inotropic action without affect-
ing CaT (i.e., Ca*" sensitization) on cardiomyocytes isolated
from healthy WT mice at 3 uM (Supporting Information
Figure S4). However, pimobendan further enhanced SL short-
ening with concomitant increases in resting Ca*" levels and
CaT at 10 uM, probably because of PDE3 inhibition as well as
Ca?* sensitization of cardiac myofilaments. The Ca** sensitiz-
ing action of pimobendan at 3 and 10 pM was evident from
a delayed onset of relaxation, which should be caused by an
enhanced Ca* binding to ¢TnC (i.e., a decrease in the off-rate
of Ca?") (Supporting Information Figure S4). Pimobendan had
similar effects on cardiomyocytes isolated from compensated
HF mice, with slight increases in resting Ca* levels and CaT
even at 3 uM (Figure 7A, Supporting Information Figure SS5).
Pimobendan further increased in resting Ca* levels and CaT
in cardiomyocytes isolated from end-stage HF mice, and fre-
quently induced spontaneous contraction at 10 uM with a
concomitant increase in cytoplasmic Ca* immediately after
regular contraction evoked by electrical stimulation, which
was probably induced by triggered activity because of early or

delayed afterdepolarizations (EADs/DADs) (Figure 7A, Sup-
porting Information Figure S$6). It should be noted that sar-
comere shortening is evoked by an even much higher Ca*
concentration than estimated from the fura-2 ratio of the
peak CaT, because the local cytosolic Ca*" in the vicinity of
RyR2, and thus ¢TnC in the thin filaments increases much
more rapidly than in other cytoplasmic regions immediately
after electrical stimulation. On the other hand, the fura-2
ratio before electrical stimulation should reflect the cytosolic
Ca? level in the vicinity of cTnC. It is, therefore, not surpris-
ing that the resting SL in the presence of 10 pM pimobendan
is much longer than the peak SL in the absence of
pimobendan even at a comparable level of fura-2 ratio. Spon-
taneous contraction with a concomitant increase in cytoplas-
mic Ca* induced by triggered activity was also frequently
induced by a specific PDE3 inhibitor (cilostazol) in cardio-
myocytes isolated from end-stage HF mice (Figure 7B and E).
Pimobendan markedly increased the phosphorylation of cTnl
at Ser®”* (PKA sites) at 10 uM in cardiomyocytes isolated
from WT and end-stage HF mice, strongly suggesting that the
triggered activity is caused by PDE3 inhibition and subse-
quent PKA activation (Figure 7C). The voltage-dependent
L-type Ca* channel blocker verapamil decreased the
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Figure 3

Effects of pimobendan treatment on survival, body weight and temperature, and LVEF of mice with DCM in different stages of HF. (A) Effects of
pimobendan treatment on survival. Pimobendan significantly extended the life span of DCM in both stages, with more beneficial effects being
observed at a high dose (100 mg-kg™'-day™") in compensated HF, but at a low dose (10 mg-kg™'-day™") in the end-stage HF (log-rank test). (B)
Effects of pimobendan treatment on body weight and temperature. Data were collected at the start of pimobendan treatment and 1 day before
death during pimobendan treatment or at the end of treatment. **P < 0.01 versus the value before treatment (paired t-test.); n = 5-6 mice per
group. (C) Effects of pimobendan treatment on LVEF of DCM mice. The EF before treatment represents the data collected from echocardiography
at the start of pimobendan treatment, and the EF after treatment represents the last data before death collected from echocardiography every 2
weeks during pimobendan treatment. Note that DCM mice in end-stage HF treated with vehicle all died within 2 weeks after treatment, making
it impossible to collect any data after treatment. *P < 0.05; **P < 0.01; versus the value before treatment; paired t-test. 7P < 0.01; versus vehicle

treatment; one-way ANovA and post hoc Dunnett’s comparison test); n = 5-6 mice per group.

Table 2

Incidence of HF death and sudden cardiac death during pimobendan treatment of DCM mice

Pimobendan (mg-kg’'-day™)

Compensated HF End-stage HF
0 (vehicle) 10 0 (vehicle) 10
Number of mice 6 6 6 5 5
Maximum treatment period (days) 37 84 84 8 38
Number of all-cause deaths 6 5 1 5 5
Number of HF deaths 6 5 0 5
Number of sudden cardiac deaths 0 0 1 0 0

23

Deaths after progressive decreases in body weight and temperature were considered to be HF death, while deaths despite preservation or

recovery of body weight and temperature were considered to be sudden cardiac death.

incidence of triggered activity-induced spontaneous contrac- These results suggest that, in cardiomyocytes of end-stage
tion induced by 10 uM pimobendan with concomitant HF mice, pimobendan may induce triggered activity
decreases in resting Ca®* levels and CaT in cardiomyocytes through EADs/DADs via markedly up-regulated electrogenic
isolated from end-stage HF mice (Figure 7D and E). NCX1 activation (Sipido et al., 2007), by overly elevating
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Tukey’s multiple comparison.

cytoplasmic Ca* thorough PDE3 inhibition under dimin-
ished SR Ca* reuptake by SERCA2a and increased Ca*" leakage
from SR through RyR2.

Discussion and conclusions

The present study used a DCM mouse model with AK210
mutation in cITnT on the BALB/c genetic background, which
was created by backcrossing a knock-in mouse with the same
mutation on the different genetic background of C57Bl/6 to
BALB/c line. The BALB/c background DCM mice is pheno-
typically quite distinct from the original C57Bl/6 background
DCM mice, which develop a stable compensated HF, but
suffer mostly from sudden cardiac death before reaching 2
months without progressing into the decompensated stage
characterized by dyspnoea, pulmonary congestion and
decreased locomotor activity (Du et al., 2007; Li et al., 2012)
(Supporting Information Figure S7). Until around 4 weeks
old, the BALB/c background DCM mice do not show any HF
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symptoms despite developing a significantly enlarged heart
and are therefore thought to be in the compensated stage of
HF. However, they gradually develop symptoms of HE, as well
as severe myocardial fibrosis, after this period and die from
severe end-stage HF by around 8 weeks old. The present study
using this unique mouse model for human inherited DCM,
which shows a clear transition from compensated to end-
stage HF at a fixed time during the growth period, provided
important insights into the therapeutic efficacy of
pimobendan in patients with end-stage HF, as well as com-
pensated HF. Pimobendan was profoundly beneficial in pre-
venting the progression of HF and increased the life span at
the compensated stage. Pimobendan also improved HF symp-
toms and increased the life span at the end-stage. However, a
high dose of pimobendan increased the risk of sudden death
and had a lower effect on life expectancy than at a lower dose.

Cardiomyocyte contraction is evoked by a large release of
Ca?* into the cytoplasm from SR through the SR Ca*" release
channel RyR2, an event triggered by a small amount of Ca*
influx into the cytoplasm through voltage-dependent L-type
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Ca* channels across the sarcolemma. Increased Ca* in the
cytoplasm activates contractile proteins, and is rapidly
removed from the cytoplasm into SR through SERCA2a and
the extracellular space through sarcolemmal NCX1, leading
to relaxation. The amplitude of CaT in cardiomyocytes is
known to be significantly reduced in end-stage HF because of
a decrease in the Ca** content stored in SR from altered
expression and phosphorylation levels of Ca* handling pro-
teins (Beuckelmann et al., 1992; Piacentino et al., 2003; Bers,
2006). Ca* reuptake into SR through SERCA2a has been
shown to be impaired in human end-stage HF because of
down-regulation of SERCA2a (Arai et al., 1994; Dash et al.,
2001; DiPaola et al., 2001) and diminished phosphorylation
of PLB resulting in an increased inhibition of SERCA2a activ-
ity (Schwinger et al., 1999; Houser et al., 2000). However, Ca**
extrusion from the cell during diastole and Ca* entry into the
cell during systole have been shown to be enhanced in
human end-stage HF through up-regulation of NCX1 (Studer

et al., 1994; Flesch et al., 1996; Reinecke et al., 1996). Ca?* has
been shown to leak from the SR through the RyR2 during
diastole in human end-stage HF because of hyperphosphor-
ylation of RyR2 at Ser®”® (Marx etal., 2000) and Ser®™
(Fischer et al., 2013).

These remodelling events in Ca* handling in human
end-stage HF, together with up-regulation of f-MyHC isoform
with lower ATPase activity, are likely to occur as an intrinsic
cardioprotective mechanism to reduce oxygen consumption
keeping the reduction in cardiomyocyte contractility as low
as possible. Thus, pimobendan, an inotropic agent that could
improve cardiac contractility with less of an increase in
oxygen consumption compared with traditional inotropes,
seems potentially beneficial in end-stage HF. However, the
present study suggests that pimobendan may induce
triggered activity because of EADs/DADs via markedly
up-regulated electrogenic NCX1. The NCX1 could be acti-
vated by the over-elevated cytoplasmic Ca* through

British Journal of Pharmacology (2015) 172 2369-2382 2379



M Nonaka et al.

increased Ca* entry via L-type Ca* channel because of PDE3
inhibition under diminished Ca*" reuptake into SR and
increased Ca*" leakage from SR in end-stage HF. The present
study demonstrates that the voltage-dependent L-type Ca*
channel blocker verapamil can decrease the incidence of trig-
gered activity induced by pimobendan, by antagonizing the
elevation of cytoplasmic Ca* through PDE3 inhibition.
Further studies are warranted to explore whether the com-
bined use of Ca* channel blockers and pimobendan could
decrease the incidence of sudden cardiac death in DCM mice
with end-stage HFE.

The maximum blood plasma concentration of
pimobendan after single dose p.o. administration of a stand-
ard tablet to healthy adult men is about 25 nM according to
the package insert. However, pimobendan has been reported
to exert a positive inotropic effect on papillary muscle fibres
isolated from HF patients at considerably higher concentra-
tions (ECso = 0.4-26.0 uM) (Bohm et al., 1991). The present
study also shows that the inotropic action of pimobendan
through Ca* sensitization is exerted on mouse isolated car-
diomyocytes at micromolar concentrations. These findings
suggest that the current clinical dose is too low to obtain an
optimal blood plasma concentration in order to exert the
inotropic action of pimobendan through Ca®* sensitization.
Pimobendan and its demethylated metabolite UD-CG 212 CL
may increase the risk of sudden cardiac death because of Ca*
overload through PDE3 inhibition at high doses in end-stage
HF. However, the Ca* overload through PDE3 inhibition
could be reduced, at least to some extent, by the myofilament
Ca?* sensitization, which decreases the cytoplasmic Ca* level
through enhanced Ca* binding to ¢TnC. UD-CG 212 CL has
an approximately 10 times higher ICs, value for PDE3 inhi-
bition than pimobendan (Bohm etal., 1991). The present
study indicates that the maximum plasma concentration of
UD-CG 212 CL s less than 5% of that of pimobendan in mice
treated with pimobendan at the doses of 10-100 mg-kg™,
suggesting that contribution of UD-CG 212 CL to PDE3 inhi-
bition is no more than 50% of that of pimobendan at these
doses, at least, in mice (Supporting Information Figure S2).
Currently available ‘Ca** sensitizers’ have a more or less
inhibitory action on PDE3 that might cause adverse out-
comes through Ca** overload. However, a specific Ca** sensi-
tizer, if one exists, might have a risk of causing diastolic
dysfunction as in the case of inherited hypertrophic cardio-
myopathy caused by increased myofilament Ca*" sensitivity
(Morimoto, 2008). The lusitropic effect exerted by PKA phos-
phorylation of cTnl via PDE3 inhibition may play a potential
beneficial role in antagonizing diastolic dysfunction caused
by myofilament Ca® sensitization.

As myocardial remodelling in knock-in mice with AK210
mutation in ¢TnT is gradually produced to compensate for
the decreased myocardial contractility because of a low myo-
filament Ca?* sensitivity intrinsically conferred by the muta-
tion, it may not be surprising that pimobendan can prevent
the progression of myocardial remodelling during the com-
pensated stage of HF. However, pimobendan has been dem-
onstrated to delay the onset of clinical signs and extend the
survival of Doberman Pinscher dogs with asymptomatic
DCM, which is caused by several gene mutations unlikely to
affect the myofilament Ca?* sensitivity (Summerfield et al.,
2012). This study strongly suggests that pimobendan can
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exert beneficial effects on compensated HF caused by various
insults unrelated to myofilament Ca* sensitivity. Also note-
worthy is that pathophysiological changes in the myocar-
dium of DCM mice with end-stage HF are very similar to
those observed in human end-stage HF, even if they should be
caused by quite different aetiologies. This suggests that the
decreased myofilament Ca* sensitivity plays a promoting
role in myocardial remodelling as a root cause that induces
myocardial systolic dysfunction, just as do other aetiological
insults. The inotropic action through myofilament Ca*" sen-
sitization could be more pronounced and thus expected
to be even more beneficial in end-stage HF caused by
insults that do not change the myofilament Ca* sensitivity.
Further studies are warranted to explore the potential benefits
of pimobendan for human end-stage HF, as well as for
compensated HF.
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Figure S1 Time course of changes in locomotor activity and
body temperature in WT and DCM mice on the genetic
background of BALB/c. (A) Locomotor activity in WT (n = 3)
and DCM mice (n =5). (B) Body temperature in DCM mice (n
=6). **P < 0.01 versus 4 weeks old (one-way ANovA and post hoc
Dunnett’s comparison test).

Figure S2 Blood plasma concentrations of pimobendan and
UD-CG 212 CL in 8-week-old WT male mice after low-dose
(10 mg-kg™) and high-dose (100 mg-kg™") p.o. administration
of pimobendan.

Figure $3 Effects of pimobendan treatment on locomotor
activity in DCM mice in different stages of HE.

Figure $4 Effects of pimobendan on SL shortening and CaT
in single cardiomyocytes isolated from WT mice.

Figure S5 Effects of pimobendan on relaxation in single
cardiomvocytes isolated from compensated and end-stage HF
mice.

Figure $6 Continuous record of SL shortening and CaT in
single cardiomyocytes isolated from DCM mice with end-
stage HF, which are electrically stimulated at 1 Hz in the
absence and presence of 10 uM pimobendan.

Figure S7 Time course of changes in locomotor activity in
DCM mice on the genetic background of C57B1/6 and
BALB/c. *P < 0.05 vs. C57B1/6 at the same age (unpaired
t-test).

Table S1 Echocardiography data of DCM mice with com-
pensated or end-stage HF treated with pimobendan 10 and
100 mg-kg'-day’ p.o.
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