Acta Pharmacologica Sinica 2017: 1257-1268
© 2017 CPS and SIMM  All rights reserved 1671-4083/17
www.nhature.com/aps

Original Article

C33(S), a novel PDE9A inhibitor, protects against
rat cardiac hypertrophy through upregulating cGMP

signaling

Pan-xia WANG®, Zhuo-ming LI*, Si-dong CAI*, Jing-yan LI*, Ping HE*, Yi HUANG®, Guo-shuai FENG?, Hai-bin LUO?, Shao-rui

CHEN"*, Pei-qing LIU**

Department of Pharmacology and Toxicology, School of Pharmaceutical Sciences, National and Local United Engineering Lab of
Druggability and New Drugs Evaluation, Sun Yat-Sen University, Guangzhou 510006, China; 2School of Pharmaceutical Sciences, Sun

Yat-Sen University, Guangzhou 510006, China

Abstract

Phosphodiesterase-9A (PDE9QA) expression is upregulated during cardiac hypertrophy and heart failure. Accumulating evidence
suggests that PDE9A might be a promising therapeutic target for heart diseases. The present study sought to investigate the effects
and underlying mechanisms of C33(S), a novel selective PDE9QA inhibitor, on cardiac hypertrophy in vitro and in vivo. Treatment of
neonatal rat cardiomyocytes (NRCMs) with PE (100 pmol/L) or ISO (1 umol/L) induced cardiac hypertrophy characterized by significantly
increased cell surface areas and increased expression of fetal genes (ANF and BNP). Furthermore, PE or ISO significantly increased the
expression of PDE9QA in the cells; whereas knockdown of PDE9A significantly alleviated PE-induced hypertrophic responses. Moreover,
pretreatment with PDE9QA inhibitor C33(S) (50 and 500 nmol/L) or PF-7943 (2 umol/L) also alleviated the cardiac hypertrophic
responses in PE-treated NRCMs. Abdominal aortic constriction (AAC)-induced cardiac hypertrophy and ISO-induced heart failure

were established in SD rats. In ISO-treated rats, oral administration of C33(S) (9, 3, and 1 mg-kg*-d?, for 3 consecutive weeks)
significantly increased fractional shortening (43.55%+3.98%, 54.79%+1.95%, 43.98%+7.96% vs 32.18%+6.28%), ejection fraction
(72.97%+4.64%, 84.29%+1.56%, 73.41%+9.37% vs 49.17%+4.20%) and cardiac output (60.01+9.11, 69.40+11.63, 58.08+8.47
mL/min vs 48.97+2.11 mL/min) but decreased the left ventricular internal diameter, suggesting that the transition to heart failure

was postponed by C33(S). We further revealed that C33(S) significantly elevated intracellular cGMP levels, phosphorylation of
phospholamban (PLB) and expression of SERCA2a in PE-treated NRCMs in vitro and in ISO-induced heart failure model in vivo.

Our results demonstrate that C33(S) effectively protects against cardiac hypertrophy and postpones the transition to heart failure,
suggesting that it is a promising agent in the treatment of cardiac diseases.
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Introduction

Cardiac hypertrophy is a complex remodeling process of
the heart that occurs in response to a variety of extrinsic and
intrinsic stimuli"l. Tt is characterized by an increase in cell size
and protein synthesis, the higher organization of sarcomere,
and the reactivation of fetal genes, including atrial natriuretic
peptide (ANF) and brain natriuretic peptide (BNP)?. Cardiac
hypertrophy has been considered to be a compensatory mech-

anism to normalize cardiac function®. However, prolonged
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cardiac hypertrophy is always associated with increased mor-
bidity and mortality!".

As a ubiquitous intracellular second messenger, cGMP par-
ticipates in numerous cellular pathophysiological activities®.
The protective effects of the cGMP/PKG signaling pathway
on the cardiovascular system have been widely reported®”.
The increasing generation of intracellular cGMP can protect
against cardiac hypertrophy that is induced by abdominal
aortic constriction (AAC)™. In isolated neonatal rat cardiac
myocytes (NRCMs), the direct application of cGMP-permeable
analogues protects against hypertrophy by activating PKG
and by regulating cardiac calcium flux""l. In the heart, cGMP/
PKG signaling is able to counter acute and chronic hypertro-
phic stress!".
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The effects of cGMP could be diminished by phosphodies-
terases (PDEs)™. Compared with other PDEs, PDE9A has the
highest affinity to cGMP™. PDE9A can be detected in all tis-
sues, including the heart”. In the past few years, PDE9A has
been regarded as a therapeutic target for the treatment of vari-
ous diseases"* ™. A PDE9A inhibitor, PF-04447943(PF-7943),
has been reported to elevate central cGMP levels in the brain
and cerebrospinal fluid of rodents and has been confirmed
to be well tolerated by humans in clinical trials"®. When fed
with a high fat diet, PDE9A knockdown mice develop a phe-
notype with reduced insulin resistance and weight, as well
as low fat mass, suggesting a role for PDE9A in metabolic
11920 Recently, Lee et al reported that PDE9A expres-

sion is upregulated during cardiac hypertrophy and heart fail-
[21

diseases
ure™. Selective pharmacological inhibitors of PDE9A protect
the heart from sustained neurohormonal stimuli and pressure
overload by regulating cGMP signaling™!. Mechanistically,
PDE9A regulates the degradation of cGMP in a natriuretic-
peptide-dependent manner rather than in a nitric-oxide-
dependent manner®!. Based on these findings, it is hypoth-
esized that PDE9A might be a promising therapeutic target for
heart diseases.

We previously identified (5)-6-((1-(4-chlorophenyl)ethyl)
amino)-1-cyclopentyl-1,5,6,7-tetrahydro-4H-pyrazolo[3,4-day]
pyrimidin-4-one [C33(S)] as a novel PDE9A inhibitor with an
ICs, value of 11 nmol/L and a higher selectivity for PDE9A
versus other PDE isoforms®.
that C33(S) may protect against cardiac hypertrophy by regu-
lating cGMP signaling. To verify our hypothesis, we carried

In this report, we hypothesized

out a series of in vitro and in vivo experiments to gain more
insight into the potential effects of C33(S) on cardiac hypertro-
phy and heart failure.

Materials and methods

Antibodies and reagents

Rabbit anti-PDE9A polyclonal antibody was purchased from
Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA). Mouse
anti-a-tubulin monoclonal antibody was obtained from Sigma
(St Louis, MO, USA). Rabbit polyclonal antibodies against
GAPDH, phospholamban and phospho-phospholamban (at
Ser-16) were purchased from Cell Signaling Technology Inc
(CST, USA). Lipofectamine 2000 was obtained from Invitro-
gen (Carlsbad, CA). PF-7943 was purchased from MedChem
Express (Princeton, NJ, USA). Compound C33(S) was synthe-
sized™ and kindly provided by Prof Hai-bin LUO (School of
Pharmaceutical Sciences, Sun Yat-Sen University). The cGMP
direct immunoassay kit (colorimetric) was purchased from
BioVision, Inc (Milpitas boulevard, Milpitas, CA, USA). Other
reagents were from Sigma-Aldrich unless otherwise stated.

Primary culture of neonatal rat cardiomyocytes

As previously described™, NRCMs were isolated from
the ventricles of 1- to 3-day-old Sprague-Dawley (SD) rats.
Briefly, the hearts were removed immediately after the rats
were anesthetized, and the minced ventricles were dispersed
at 37°C in 0.08% trypsin solution approximately 12-14 times
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for 5 min each time. Cell suspensions were collected and,
finally, the cells were harvested by centrifugation for 8 min at
1400%g and then suspended in Dulbecco's modified Eagle’s
medium (DMEM, Gibco, BRL Co, Ltd, USA) supplemented
with 10% fetal bovine serum (FBS). The suspensions were
plated in culture flasks for 1 h at 37 °C in a humidified atmo-
sphere (5% CO, and 95% air). Finally, cardiomyocytes were
seeded onto culture dishes in DMEM supplemented with 10%
FBS and 5-bromodeoxyuridine (0.1 mmol/L). After 48 h, the
culture medium was changed to DMEM supplemented with
1% FBS. Cells were pretreated with C33(S) or PF-7943 for 1 h
and subsequently stimulated with PE (100 pmol/L) or ISO (1
pmol/L).

Animal model, echocardiography and morphometric measurements
SD rats (male, 180-220 g, SPF grade, Certification No.
4400850000012196) from the Experimental Animal Center of
Sun Yat-Sen University (Guangzhou, China) were housed
under controlled environmental conditions (a 12-h:12-h light/
dark cycle and a room temperature of 21-23°C) and had free
access to standard laboratory food and water. The animal
experiments were approved by the Research Ethics Commit-
tee of Sun Yat-Sen University and were in accordance with the
Guide for the Care and Use of Laboratory Animals (NIH Pub-
lication No 85-23, revised 1996).

Abdominal aortic constriction (AAC) surgery was con-
ducted as previously described!. Briefly, rats were randomly
divided into two groups (the sham group and the AAC group)
and anaesthetized with 10% chloral hydrate (350 mg/kg, ip).
Each group contained 10 animals. The adequacy of anesthesia
was monitored by evaluating and recording body temperature,
cardiac and respiratory rates and patterns, muscle relaxation,
and lash reflex. Under sterile conditions, the abdominal aorta
above the kidneys was exposed through a midline abdominal
incision and constricted at 4-5 cm above the suprarenal artery
with a 5-0 silk suture that was tied around both the aorta and a
blunted 22-gauge needle. The needle was promptly removed
after constriction. The sham group underwent a similar proce-
dure without banding the aorta.

For the ISO-induced cardiac (ventricular) heart failure
model, SD rats were randomly divided into five groups: the
control group; the ISO-induced heart failure model group; the
ISO+high dose C33(S) group (ISO+C33-H); the ISO+medium
dose C33(S) group (ISO+C33-M); and the ISO+low dose
C33(S) group (ISO+C33-L). Each group contained 10 animals.
ISO (2.5 mg-kg'-d", ip) was given to rats for 3 consecutive
weeks according to our preliminary experimental results and
a previous report®, At the same time, C33(S) was suspended
in sodium carboxymethyl cellulose and intragastrically
administered to rats at three different dosages (high dose,
9 mg~kg’l-d’1; medium dose, 3 mg'kg'l'd'l; and low dose, 1
mg-kg'-d"). Rats in the vehicle control group received normal
saline and sodium carboxymethyl cellulose. Two-dimensional
guided M-mode echocardiography was conducted with a
Technos MPX ultrasound system (ESAOTE, SpAESAOTE
SpA, Italy). Afterwards, rats were sacrificed under anesthesia



with 10% chloral hydrate. The hearts were rapidly removed,
weighed and then carefully crosscut. The weight of the heart
was expressed as a ratio relative to body weight. For morpho-
metric measures, histological cross sections of the hearts were
fixed with 4% paraformaldehyde and embedded in paraffin;
histological cross sections (4-5 pm thickness) of the hearts
were stained with hematoxylin and eosin (HE). From five
randomly selected fields, 20 cells were chosen the nucleus of
which was in the center with a clear border. Thereafter, the
cardiomyocyte transverse diameter was measured from the
sections under a light microscope at x400 magnification.

3-(4, 5)-dimethylthiazol(-2-yl)-2,5-diphenytetrazolium bromide
(MTT) assay

MTT assay was performed as previously described™!. In brief,
NRCMs were seeded onto 96-well plates at a density of 2x10°
followed by incubation for 12 h. The PDE9A inhibitors (C33(S)
and PF-3497) were added into the cell culture medium. After
12 h, the culture medium was discarded. MTT was added
into the cell cultures at a final concentration of 0.5 mg/mL
to incubate with the cells for 4 h at 37 °C. Then, the culture
medium was removed, and dimethyl sulfoxide (DMSO) was
added into each well to dissolve the formazan crystals. The
absorbance was measured at a wavelength of 570 nm using a
microplate reader (Bio-Tek, EIx800, USA). Duplicate assays
were performed for each group, and the percent viability was
defined as the relative absorbance of the treated cells versus
the untreated control cells.

RNA extraction and quantitative real-time polymerase chain
reaction (qRT-PCR)

RNA extraction and real-time RT-PCR were conducted as pre-
viously described™. In brief, total RNA was extracted using
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. One microgram of total RNA
was reverse transcribed into first-strand cDNA using the One-
step RT kit (Takara Biotechnology, Dalian, China). The mRNA

Table 1. Echocardiographic parameters of rats treated with ISO and C33(S).
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levels of the target genes were determined using the SYBR-
Green Quantitative PCR kit (TOYOBO, Japan) on the iCycler
iQ system (iCycler, Bio-Rad, Hercules, CA, USA). Rat-specific
primers for ANP, BNP, PDE9A, PDE5SA and p-actin (listed in
Supplementary Table 1) were synthesized by Sangon (China).
[-actin served as an endogenous control.

Western blot

Western blot analyses were performed as previously
described™!.
tissues were harvested using RIPA lysis buffer (Beyotime,

Proteins of cultured cells or rat left ventricular

Nantong, Jiangsu, China) containing a protease inhibitor
cocktail (Sigma-Aldrich, USA) on ice. Protein concentration
was determined by a BCA Protein Assay Kit (Thermo Fisher
Scientific, Rockford, IL, USA). Equal amounts of protein were
separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred to
polyvinylidene fluoride (PVDF) membranes (EMD Millipore
Corporation, Billerica, MA, USA). The membranes were incu-
bated with primary antibodies overnight at 4°C followed by
the appropriate secondary antibodies at room temperature
for 1 h. Blots were developed with enhanced chemilumines-
cence reagent (Pierce, Rockford, IL, USA) and detected by the
LAS4000 imager (GE Healthcare, Waukesha, WI, USA). The
intensities of the blots were quantified by the Quantity One
(Bio-Rad) software.

cGMP assay and serum N-terminal pro-BNP assay

Cellular cGMP levels were determined by a commercial cGMP
direct immunoassay kit (Biovision, Milpitas, CA, USA) accord-
ing to the manufacturer’s instructions. Serum N-terminal pro-
BNP was measured by an ELISA assay kit obtained from Nan-
jing Jiancheng Bioengineering Institute (Nanjing, China).

Measurement of cell surface areas
Cardiomyocytes cultured in 48-well plates were fixed with 4%
(w/v) paraformaldehyde in phosphate-buffered saline (PBS)

Parameters Control ISO C33-H C33-M C33-L
LVAW-d (mm) 1.3440.02 1.65+0.01 1.56+0.06 1.81+0.13* 1.63+0.37
LVAW-s (mm) 2.52+0.22 2.26+0.20 2.41+0.05 2.94+0.02* 2.21+0.58
LVPW-d (mm) 1.50+0.05 1.51+0.10 1.59+0.10 1.68+0.28 1.85+0.14
LVPW-s (mm) 2.68+0.21 2.43+0.63 2.99+0.01% 3.45+0.36" 3.05+0.33°
LVID-d (mm) 6.99+0.58 7.93+0.29" 7.61+0.29" 7.11+0.24% 7.06+1.20
LVID-s (mm) 3.81+0.85 5.37+0.30"" 4.30+0.46"* 3.21+0.03* 4.01+1.23
EF (%) 75.49+8.37 49.17+4.20" 72.97+4.64" 84.29+1.56" 73.41+9.37*
FS (%) 45.85+7.62 32.18+6.28" 43.55+3.98" 54.79+1.95% 43.98+7.96"
CO (mL/min) 64.88+4.50 48.97+2.11" 60.01+9.11% 69.40+11.63" 58.08+8.47
HR (BPM) 345.17+25.93 297.04+8.88 305.53+14.68 306.94+22.90 304.73+23.78

Abbreviations: LVAW, left ventricular anterior wall thickness; LVPW, left ventricular posterior wall thickness; LVID, left ventricular internal diameter; EF,
ejection fraction, FS, fractional shortening; SV, stroke volume; CO, cardiac output; HR: heart rate; -s, systolic; -d, diastolic. ISO, isoproterenol stimulated
for 3 weeks; C33-H, C33(S) 9 mgkg™d™; C33-M, C33(S) 3 mgkg™d™; C33-L, C33(S) 1 mgkg™d™. Data were presented as mean+standard error of the
mean. "P<0.05, “'P<0.01 vs control group. *P<0.05, #P<0.01 vs ISO group. n=3-6.
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for 15 min at room temperature or overnight at 4°C. After per-
meabilization with 0.5% (v/v) Triton-X 100 for 10 min, the cells
were blocked with goat serum (Boster Biological Technology,
Ltd, China) for 1 h at room temperature or overnight at 4°C.
After incubation with 0.1% (v/v) rhodamine-phalloidin for 30
min, the cells were washed with PBS 3 times and counterstained
with DAPIL. Images of the cardiomyocytes were detected by
the High Content Screening system (ArrayScanVTI, Thermo
Fisher Scientific, Rockford, IL, USA). The cell surface areas
from randomly selected fields (50 for each group) were deter-
mined using the built-in image analysis software.

RNA interference

Small inference RNA (siRNA) targeting PDE9A and negative
control siRNA were obtained from Genepharma (Shanghai,
China). The sequences of the siRNAs are shown in Supple-
mentary Table 2. Cardiomyocytes seeded in 35-mm dishes
were transfected with 100 pmol of targeted siRNA or negative-
control siRNA using 5 pL of lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. Cardiomyocytes were transfected with PDE9A siRNA
for 48 and 72 h for the determination of mRNA and protein,
respectively. The control groups were transfected with nega-
tive control sequences.

Statistical analysis

Data were presented as the mean+SEM. Statistical analysis
between two groups was performed by Student’s t-test. For
multiple comparisons, one-way analysis of variance (ANOVA)
was used combined with Bonferroni. The analysis was per-
formed using GraphPad Prism 5.0 (GraphPad Inc, La Jolla,
CA, USA). In all cases, differences were considered statisti-
cally significant at P<0.05.

Results

PDE9A plays an important role in cardiac hypertrophy

The adrenoceptor agonists PE and ISO have been widely used
to stimulate cardiomyocyte hypertrophy™!. In our study,
NRCMs were treated with PE (100 pmol/L) or ISO (1 pmol/L)
for the indicated time points. PE- or ISO-induced cardiomyo-
cyte hypertrophy models were successfully established, as
indicated by the increased expression of fetal genes (ANF and
BNP) and increased cell surface areas (Figure 1A, B and Sup-
plementary Figure S1A, B).

In the in vivo study, ISO was ip injected into the rats to
induce heart failure. Compared with the control group, ISO-
treated rats showed a significant reduction of fractional short-
ening (FS, 32.18%+6.28% vs 45.85%+7.62%, P<0.01), left ven-
tricular ejection fraction (EF, 49.17%%4.20% vs 75.49%+8.37%,
P<0.05), and cardiac output (CO, 48.97+2.11 vs 64.88+4.50
mL/min, P<0.05) but an increase in left ventricular internal
diameter (LVID, 5.37+0.30 vs 3.81+0.85 mm, P<0.01) (Table 1).
In addition, fetal gene expression and serum N-pro-BNP levels
were also increased (Figure 3). All of these results indicated
the successful induction of heart failure by ISO.

Moreover, the successful establishment of AAC-induced car-
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diac hypertrophy was indicated by the following observations:
(1) the hearts in the AAC group were larger than those in the
sham group (Supplementary Figure S2A); (2) HE staining
results revealed that the cardiomyocytes in the sham group
were arranged in a neat, compact and clear structure with little
extracellular matrix, whereas the cells in the AAC group were
disorderly arranged with hypertrophy, distortion, increased
cell gap and increased extracellular matrix surrounding the
cells (Supplementary Figure S2B, S2C); (3) echocardiography
showed an increase in left ventricular anterior wall thick-
ness and left ventricular posterior wall thickness, as well as
a reduction in left ventricular internal diameter in the AAC
rats (Supplementary Figure S2D, F, Supplementary Table S3);
and (4) both the ratio of heart weight to body weight and the
protein expression of ANF and BNP were elevated in the AAC
group (Supplementary Figure S2E, S2G).

Subsequently, the expression of PDE9A was detected in
these cardiac disease models. In vitro, the protein expression
of PDE9A was elevated by ISO or PE stimulation (Figure 1C,
D). In vivo, PDE9A protein expression was also increased in
both the ISO-induced heart failure model and the AAC model
by approximately 1.4- and 1.7-fold, respectively (Figure 1E, F).
Consistent results from both in vitro and in vivo studies indi-
cated that PDE9A may play a key role in cardiac hypertrophy
and heart failure.

To further investigate the role of PDE9A in cardiac hyper-
trophy, endogenous PDE9A was knocked down using RNA
interference. Among the three PDE9A siRNAs, si-2 could effec-
tively reduce the mRNA and protein levels of PDE9A without
influencing the expression of PDE5A (Supplementary Figure
1D, 1E), and thus si-2 was used in the following experiments.
Knockdown of PDE9A alleviated PE-induced hypertrophic
responses, as indicated by the decreased cell surface areas and
the expression of ANF and BNP (Figure 1G, H, I, Figure S1F).
These results imply that PDE9A knockdown protects against
cardiac hypertrophy. Strategies that inhibit PDE9A might have
therapeutic potential for pathological cardiac hypertrophy.

C33(S) alleviated cardiac hypertrophic responses in vitro and
postponed the transition to heart failure in vivo
The in vitro study aimed to investigate the potential effects
of the novel PDE9A inhibitor C33(S) on PE-induced cardiac
hypertrophy. The effects of C33(S) were compared with those
of PF-7943, a classical PDE9A inhibitor. MTT results indicated
that neither treatment with C33(S) (at concentrations less than
2 pmol/L) nor treatment with PF-7943 at concentrations from
100 nmol/L to 100 pmol/L for 24 h altered the viability of
the NRCMs (Supplementary Figure S3). Compared with the
PE group, C33(S) at the concentrations of 500 nmol/L and 50
nmol/L significantly decreased cardiomyocyte surface area
and the expression of ANF and BNP (Figure 2). The effects of
C33(S) were comparable to those of the classical PDE9A inhib-
itor PF-7943 (Figure 2).

Next, we explored the in vivo effects of C33(S) on ISO-
induced heart failure. Enlargement of the heart in the ISO-
treated rats was reversed by C33(S) treatment at the tested
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Figure 1. PDEO9A increased during cardiac hypertrophy. Knockdown of PDE9QA ameliorates hypertrophic responses. (A, B) Cardiomyocytes were

treated with PE or ISO and cells surface areas were measured (cell surface area, x400).

(C, D) Primary cardiac myocytes were treated with PE or

ISO at different time points then protein changes of PDE9A were measured. (E, F) The protein levels of PDE9A were detected in AAC-induced cardiac

hypertrophic model and ISO-induced heart failure model.

followed by PE treatment and cells surface areas and mRNA changes of fetal genes were measured (cell surface area, x400).
group. *P<0.05 vs NC+PE group. n=4. Data were expressed as mean+SEM.

concentrations (9, 3, and 1 mg-kg'-d") (Figure 3A, 3B). Com-
pared with the ISO group, echocardiography results in the
C33(S)-treated groups (9, 3, and 1 mg-kg”-d™") showed a ten-
dency for increased left ventricular anterior wall thickness,
ejection fraction (72.97%+4.64%, 84.29%+1.56%, 73.41%%9.37%
vs 49.17%=+4.20%), fractional shortening (43.55%=3.98%,
54.79%+1.95%, 43.98%+7.96% vs 32.18%+6.28%) and car-
diac output (60.01+9.11, 69.40£11.63, 58.08+£8.47 mL/min vs
48.97+2.11 mL/min), as well as a tendency for reduced dia-
stolic internal diameter of the left ventricle at end-diastole

“P<0.05, “"P<0.01 vs control (or Sham). n=3-6. (G, H, |) PDE9A was silenced in cardioyocytes

“P<0.05, ""P<0.01 vs NC

(7.61£0.29, 7.11£0.24, 7.06£1.20 mm vs 7.93£0.29 mm) (Figure
3D and Table 1). Additionally, C33(S) not only relieved dis-
ordered cell arrangement and enlargement but also decreased
the cell gap and extracellular matrix (Figure 3C and Supple-
mentary Figure S4C). Compared with the model group, the
ratio of heart weight to body weight and the serum N-pro-
BNP levels were both reduced in the C33(S)-treated groups
(Figure 3E, H). ANF and BNP protein levels in the heart were
also reduced by C33(S) (Figure 3F, 3G). Echocardiography
revealed that C33(S) postponed the transition to heart failure

Acta Pharmacologica Sinica
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Figure 2. C33(S) could alleviate cardiac hypertrophic responses in vitro. Cardiomyocytes were pre-incubated by C33(S) and PF-7943 for 1 h followed
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measured. C33(500): C33(S) 500 nmol/L, C33(50): C33(S) 50 nmol/L, PF-7943(2): PF-7943 2 umol/L. “P<0.05, ""P<0.01 vs control group. *P<0.05,

#P<0.01 vs PE group. n=5. Data were expressed as mean+SEM.

by maintaining the heart in the compensation stage.

Taken together, our results show that C33(S) not only exerts
protective effects on cardiac hypertrophy in vitro but also
improves cardiac function and prevents the development of
heart failure in vivo.

C33(S) increased cellular cGMP levels in cardiomyocytes

It is well accepted that cGMP protects against cardiac hyper-
trophy™, C33(S) may exert beneficial effects by inhibiting
PDE9A, therefore increasing cGMP levels. Treatment with
C33(S) (500 nmol/L and 50 nmol/L) plus PE stimulation sig-
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nificantly elevated the cellular cGMP levels in cardiomyocytes
(Figure 4). The effect of C33(S) on intracellular cGMP levels
was similar to that of PF-7943 (2 pmol/L) (Figure 4).

C33(S) reversed the decline of phospholamban (PLB)
phosphorylation and the expression of endoplasmic reticulum
Ca®" ATPase (SERCA2a) during cardiac hypertrophy and heart
failure.

cGMP exerts its functions via the activation of PKG followed
by the phosphorylation of its target proteins, such as PLBP!.
Thus, the phosphorylation level of PLB could reflect the enzy-
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Figure 3. C33(S) maintained cardiac function in compensated stage and postponed transition to heart failure. Rats were subjected to intraperitoneal (ip)
injection of ISO and orally administration with C33(S) at three different concentrations for three weeks. At the end of the third week, cardiac functions
were measured and hearts were harvested. (A) Representative diagrams of gross hearts under different treatments. (B) Representative diagram with
HE-staining for left ventricular cross sections. (C) Representative diagrams with HE-staining for cardiac myocytes (HE, x400, scale bar, 50 pym). (D)
Representative echocardiographic graphs. (E) The heart to body weight ratio. (F, G) The protein levels of ANF and BNP. (H) The serum N-pro-BNP levels
were measured using ELISA assay kit. C33-H: C33(S) 9 mg-kg*-d™. C33-M: C33(S) 3 mg-kg*-d™. C33-L: C33(S) 1 mg-kg*-d™. "P<0.05, ""P<0.01 vs
control group. *P<0.05, #P<0.01 vs ISO group. n=3-6. Data were expressed as mean+SEM.

matic activity of PKGP™. PE treatment markedly reduced the

phosphorylation of PLB at Ser-16 without influencing total
PLB protein expression (Figure 5A, 5B). Phosphorylation of
PLB was also decreased in both the ISO-induced heart failure
model and the AAC-induced cardiac hypertrophy model (Fig-
ure 5C, Supplementary Figure S4A). However, RNA interfer-
ence of PDE9A or pretreatment with C33(S) (500 nmol/L or 50
nmol/L) or PF-7943 (2 pmol/L) reversed the decrease in PLB
phosphorylation (at Ser-16) that was induced by PE stimula-
tion (Figure 5A, 5B). Consistently, C33(S) at the three different
concentrations reversed the decrease in PLB phosphorylation
(at Ser-16) that was induced by ISO stimulation in vivo (Figure
5C).

Upregulation of SERCA2a postpones hypertrophic remodel-
ing and improves cardiac function in familial hypertrophy™.
Previous studies have also revealed a reduced expression of
SERCA2a during cardiac hypertrophy and heart failure®*.
Thus, the potential changes in SERCA2a expression were

investigated. SERCA2a was significantly downregulated
by PE stimulation (Figure 6B), AAC operation (Supplemen-
tary Figure S4B) and ISO treatment in vivo (Figure 6C). The
decrease of SERCA2a protein could be reversed by PDE9A
silencing or treatment with C33(S) (Figure 6A-C). Interest-
ingly, the changes in the SERCA?2a protein levels were analo-
gous to the changes in the phosphorylation level of PLB. All
of these results indicate that the cardiac protective effects of
C33(S) are associated with the regulation of PLB phosphoryla-
tion and increased SERCA2a expression.

Discussion

The most important finding of this study is that a novel
PDE9A inhibitor, C33(S), plays a protective role during car-
diac hypertrophy. C33(S) prevents PE-induced cardiomyocyte
hypertrophy in vitro, improves cardiac function and post-
pones the development of heart failure induced by ISO in
vivo. Mechanistically, C33(S) elevates cGMP levels by inhibit-
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cGMP level (fold of control)

Figure 4. C33(S) increased intracellular cGMP levels. Intracellular
cGMP levels were measured by cGMP direct immunoassay kit. Primary
cardiomyocytes were pre-incubated with C33(S) and PF-7943 for 1 h
followed by PE treatment or not. Intracellular cGMP levels were measured.
“P<0.05, “"P<0.01 vs PE+DMSO group. n=7. Data were expressed as
mean+SEM.

ing PDE9A and relieves the decline of phosphorylated PLB
and SERCAZ2a expression in response to pathological stimuli.
These findings shed new light onto the development of C33(S)
as a promising therapeutic agent for the treatment of cardiac
diseases.

The exploration of PDE inhibitors for the treatment of car-
diac diseases began with the success of the PDE5A inhibitor
sildenafil in treating cardiac hypertrophy™. However, clini-
cal trials of sildenafil ultimately failed in heart failure patients
with preserved ejection fraction (HFpEF)P, probably due
to the low bioavailability of nitric oxide in these patients”".
PDE9A, with a higher affinity to cGMP than PDE5A (K,, 170
nmol/L)", has been considered to be a potential target for
cardiac hypertrophy!l.

Cardiac hypertrophy or cardiac remodeling can be induced
by hyperactivation of the neurohormonal system *, such as
a- or B-adrenergic receptor activation, or pressure overload.
There are at least six types of adrenoceptors on cardiomyo-
cytes, including three types of the al-adrenergic receptor (ay,,
a; and a;p) and three types of the -adrenergic receptor (p1,
B2 and B3)*]. In the present study, the a-adrenoceptor ago-
nist phenylephrine (PE) was used to induce cardiomyocyte
hypertrophy in vitro, whereas in vivo models were induced
by chronic treatment of the B-adrenoceptor agonist ISO or
by AAC operation. In these cardiac pathological models, an
upregulation of PDE9A was observed (Figure 1) while knock-
down or inhibition of PDE9A protected against cardiac hyper-
trophy and heart failure (Figure 1-3, Supplementary Figure
S1), which was in line with a recent report®. Intriguingly, dif-
ferent pathological mechanisms are involved in these models.
Chronic treatment of ISO leads to heart failure (characterized
by a significant reduction in interventricular diastolic septal
wall thickness, fractional shortening and ejection fraction with
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an increase in left ventricular diastolic diameter and the left
ventricular mass ratio of heart-to-body weight*>**) accompa-
nied by a significant decrease of systolic and diastolic blood
pressure, left ventricular peak systolic pressure, left ventricu-
lar end-diastolic pressure and heart rate™!. Meanwhile, AAC
induces an increase in systolic and diastolic blood pressure,
developed LV pressure, and early filling deceleration slope!*l.
Although these two in vivo models demonstrate different
trends in blood pressure, they both exhibited cardiac remodel-
ing and an upregulation of PDE9A. Thus, these observations
suggest that the upregulation of PDE9A is independent of the
alteration in blood pressure. Taken together, all of these find-
ings provide solid evidence for the crucial role of PDE9A in
regulating cardiac hypertrophy.

As a novel PDE9A inhibitor, C33(S) has a tyrosyl tail and
interacts with the hydrophobic pocket of PDE9A, which deter-
mines the selectivity to PDE9A over the other PDEs™. In vitro,
C33(S) reversed the PE-induced hypertrophic responses at rel-
atively lower concentrations (500 or 50 nmol/L) than the clas-
sical PDE9A inhibitor PF-7943 (2 pmol/L) (Figure 2). This is
probably attributed to the higher affinity of C33(S) to PDE9A.
In vivo, C33(S) (at concentrations of 9, 3 and 1 mg-kg'-d™)
improved cardiac function and delayed the development of
heart failure induced by ISO (Figure 3, Table 1). Thus, C33(S)
demonstrates a promising therapeutic advantage for the treat-
ment of cardiac diseases.

The protective effects of the cGMP/PKG pathway on the
cardiovascular system have been largely reported®”. By
inhibiting PDE9A, combined treatment of C33(S) and PE ele-
vated intracellular cGMP levels (Figure 4). However, it seems
strange that PE or C33(S) alone did not alter cGMP concentra-
tions compared with the control group (Figure 4). There might
be a balance between the synthesis and the degradation of
c¢GMP. As natriuretic peptides (NPs) stimulate the synthesis
of cGMP via the activation of membrane-bounded guanylate
cyclases”, PE might induce the expression of PDE9A, thereby
triggering the degradation of cGMP.

The phosphorylation of PLB is important for the regulation
of cardiomyocyte contraction and calcium handling. The
phosphorylation of PLB can be enhanced by PKGF"**, PKAP",
and Ca*'-calmodulin-dependent protein kinase (CaMKII)",
By contrast, phosphorylated PLB can also be downregulated in
the failing heart, which is probably attributed to the increase
of protein phosphatase 1 (PP1) and 2A (PP2A). In our
study, decreased PLB phosphorylation was observed in both
PE-treated cardiomyocytes and hearts from ISO-treated rats
(Figure 5). In line with our observations, PLB phosphoryla-
tion was decreased in response to long-term ISO stimulation®!
or prolonged PE treatment (for 48 h)*. The reduction in PLB
phosphorylation induced by a- or $-adrenoceptor agonists
might be associated with the downregulation of the kinases
PKG, PKA or CaMKII and/or the upregulation of the phos-
phatases PP1 and PP2A. The PDE9A inhibitor C33(S) reversed
the decrease in PLB phosphorylation in vivo and in vitro (Fig-
ure 5). This beneficial effect is probably due to the augmented
level of cGMP and the downstream activation of PKG. As
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Figure 5. C33(S) reversed the declining of PLB phosphorylation at Ser-16. (A) Cardiac myocytes were transfected with PDE9A siRNA then treated with
PE. "P<0.05 vs NC group. *P<0.01 vs NC+PE group. n=4. (B) C33(S) (500 nmol/L and 50 nmol/L) and PF-7943 (2 umol/L), combined with or without
PE treatment. "P<0.05 vs control. *P<0.05, #P<0.01 vs PE group. n=4. (C) The phosphorylated PLB was measured in ISO induced heart failure model
treated with C33(S). The data were displayed by the ratio of p-PLB to t-PLB. C33-H: C33(S) 9 mg-kg*-d™. C33-M: C33(S) 3 mg-kg*-d™. C33-L: C33(S) 1
mg-kg*-d?). “"P<0.01 vs control. “P<0.05 vs ISO group. n=3-6. Data were expressed as mean+SEM.

phosphorylated PLB could activate SERCA2a to regulate Ca*
handling™, C33(S) might enhance the activity of SERCA2a by
reversing the downregulation of phosphorylated PLB.

The present study demonstrated that C33(S) also reversed
the decreased expression of SERCA2a induced by PE (in
vitro) or ISO (in vivo). The exact mechanisms by which C33(S)
alters the expression of SERCA2a are still unknown. C33(S)
might activate the cGMP/PKG pathway by inhibiting PDE9A
and increasing PLB phosphorylation, ultimately enhancing
SERCA2a activity and rectifying Ca** dysregulation®™. Car-
diac hypertrophy and heart failure are characterized by the
dysfunction of calcium handling, which is responsible for
the activation of multiple transcriptional pathways that are

involved in the transcription of fetal genes®. Phosphory-

lated PLB could activate SERCA2a’, which is responsible for
calcium transport to the sarcoplasmic reticulum to preserve
cardiomyocyte calcium homeostasis®. Thus, by reversing
the decrease in PLB phosphorylation by PE or ISO treatment,
C33(S) might enhance the activity of SERCA2a to maintain
calcium homeostasis, ultimately preventing the activation of
the fetal gene network. It has been reported that SERCA2a
could be downregulated by factors that induce the expression
of fetal genes in cardiomyocytes™ and that SERCA2a mRNA
levels were reduced during human hypertrophic cardiomy-
opathy™!. Therefore, it is very likely that the upregulation of
SERCAZ2a results from improved hypertrophic gene regulation
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n=3-6 (in vivo). Data were expressed as mean+SEM.

by C33(S).

In conclusion, the novel PDE9A inhibitor C33(S) is a prom-
ising therapeutic agent for the treatment of cardiac diseases
such as cardiac hypertrophy and heart failure. The cardiopro-
tective mechanisms of C33(S) are associated with an increase
in cGMP levels and the activation of downstream PLB, as well
as the upregulation of SERCA2a.
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