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CNP Promotes Antiarrhythmic Effects via
Phosphodiesterase 2
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BACKGROUND: Ventricular arrhythmia and sudden cardiac death are the most common lethal complications after myocardial
infarction. Antiarrhythmic pharmacotherapy remains a clinical challenge and novel concepts are highly desired. Here, we
focus on the cardioprotective CNP (C-type natriuretic peptide) as a novel antiarrhythmic principle. We hypothesize that
antiarrhythmic effects of CNP are mediated by PDE2 (phosphodiesterase 2), which has the unique property to be stimulated
by cGMP to primarily hydrolyze cAMP. Thus, CNP might promote beneficial effects of PDE2-mediated negative crosstalk
between cAMP and cGMP signaling pathways.

METHODS: To determine antiarrhythmic effects of cGMP-mediated PDE2 stimulation by CNP, we analyzed arrhythmic events
and intracellular trigger mechanisms in mice in vivo, at organ level and in isolated cardiomyocytes as well as in human-
induced pluripotent stem cell-derived cardiomyocytes.

RESULTS: In ex vivo perfused mouse hearts, CNP abrogated arrhythmia after ischemia/reperfusion injury. Upon high-
dose catecholamine injections in mice, PDE2 inhibition prevented the antiarrhythmic effect of CNP. In mouse ventricular
cardiomyocytes, CNP blunted the catecholamine-mediated increase in arrhythmogenic events as well as inl._, I, , and Ca?*
spark frequency. Mechanistically, this was driven by reduced cellular cAMP levels and decreased phosphorylation of Ca?*
handling proteins. Key experiments were confirmed in human iPSC-derived cardiomyocytes. Accordingly, the protective CNP

effects were reversed by either specific pharmacological PDE2 inhibition or cardiomyocyte-specific PDE2 deletion.

CONCLUSIONS: CNP shows strong PDE2-dependent antiarrhythmic effects. Consequently, the CNP-PDE2 axis represents a
novel and attractive target for future antiarrhythmic strategies.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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(SCD) are main causes for mortality in patients suf-
fering from congestive heart failure (HF) as well as
from acute myocardial infarction.! Despite their potential
negative inotropic effects, B-adrenoceptor blockers have
been the mainstay of antiarrhythmic therapy in these

Ventricular arrhythmia and sudden cardiac death

patients, while classical ion channel blockers have proved
to be relatively ineffective or even harmful.? Implantable
cardioverter defibrillator therapy is highly successful in
preventing SCD but cannot prevent arrhythmia.® Conse-
quently, novel antiarrhythmic therapeutic principles are
highly desired.
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CNP Activates PDE2 to Reduce Arrhythmia

Novelty and Significance

What Is known?

* Ventricular arrhythmia and sudden cardiac death are
the most common lethal complications after myocardial
infarction.

 Current antiarrhythmic pharmacotherapy is limited by
low efficiency and potentially harmful side effects.

+ Myocardial PDE2 (phosphodiesterase 2) is upregu-
lated in patients with heart failure and shows cardiopro-
tective and antiarrhythmic effects in preclinical models.

What New Information Does This Article Con-

tribute?

+ CNP (C-type natriuretic peptide) shows antiarrhythmic
effects in murine cardiomyocytes and Langendorff-
perfused mouse hearts early after ischemia/reperfu-
sion as well as in human iPSC cardiomyocytes.

* Upon high-dose catecholamine injections in mice,
PDEZ2 inhibition prevents the anti-arrhythmic effect of
CNP.

* Pharmacological inhibition as well as genetic PDE2
depletion abrogates the anti-arrhythmic effect of CNP,
indicating that PDE2 activation by the CNP pathway is
a promising novel antiarrhythmic principle.

Patients suffering from myocardial infarction are at
high risk for ventricular arrhythmia and sudden cardiac
death. Anti-arrhythmic pharmacotherapy remains a
clinical challenge and novel concepts are highly desired.
We focus on the cardioprotective CNP as a novel anti-
arrhythmic principle. PDE2 is a phosphodiesterase,
which has the unique property to be stimulated by cGMP
to primarily hydrolyze cAMP. Thus, CNP might promote
beneficial effects of PDE2-mediated negative crosstalk
between cAMP and cGMP signaling pathways. In ex
vivo perfused mouse hearts, CNP abrogated arrhythmia
after ischemia/reperfusion injury. Upon high-dose cate-
cholamine injections in mice, PDE2 inhibition prevented
the antiarrhythmic effect of CNP. In mouse ventricular
cardiomyocytes, CNP blunted the catecholamine-medi-
ated increase in arrhythmogenic events as well as in cel-
lular arrhythmogenic triggers. Mechanistically, this was
driven by reduced cellular cAMP levels and decreased
phosphorylation of Ca?* handling proteins. Key experi-
ments were confirmed in human iPSC-derived cardio-
myocytes. The protective CNP effects were reversed by
either specific pharmacological PDEZ2 inhibition or car-
diomyocyte-specific PDE2 deletion. CNP shows strong
PDE2-dependent antiarrhythmic effects. Consequently,
the CNP-PDE2 axis represents a novel and attractive
target for future antiarrhythmic strategies.

Nonstandard Abbreviations and Acronyms
ANP atrial natriuretic peptide

AP action potential

BNP brain natriuretic peptide
CaSp Ca?* spark

CaSpF Ca?* spark frequency

CNP C-type natriuretic peptide
HF heart failure

I/R ischemia reperfusion

NP natriuretic peptide

OE overexpression

PDE2 phosphodiesterase 2

sAP spontaneous action potential
SCD sudden cardiac death

SCW spontaneous Ca?* waves
SR sarcoplasmatic reticulum
WT wildtype

The NP (natriuretic peptide) system comprises ANP
(atrial natriuretic peptide), BNP (brain natriuretic peptide),
and CNP (C-type natriuretic peptide). They exert their
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cardiovascular actions predominantly via the guanylyl-
cyclase A and B receptors (GC-A, GC-B) in the plasma
membrane, which produce the second messenger cGMP.
While ANP and BNP display high affinity for GC-A, GC-B
represents the main receptor for CNP* ANP and BNP are
released from the atria and ventricles.* Cardiomyocytes
can release CNP, but it is also secreted by chondrocytes,
fibroblasts, blood and endothelial cells.> CNP acts mainly
in a paracrine way. Consequently, its plasma levels are
low and only moderately increased in patients with HFES”
Moreover, myocardial CNP expression is significantly
reduced in advanced human HF8® Of note, the activity
of its receptor GC-B is increased in HF, while the activity
of the ANP/BNP receptor GC-A is decreased.’® ARNIs
(angiotensin receptor-neprilysin inhibitors) are clinically
highly effective and target the scavenging of the NPs by
the protease neprilysin, thus augmenting their action."
Recent data indicate that ARNIs predominantly elevate
ANP levels and have little influence on CNP although it is
a neprilysin substrate.’?'® Therefore, it has been hypoth-
esized that patients with HF exhibit a relative CNP defi-
ciency that is not sufficiently corrected by ARNIs.'?
PDE2 (phosphodiesterase 2) is a dual-specific phos-
phodiesterase contributing to confine cAMP as well as
cGMP responses in specific subcellular cardiomyocyte
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microdomains. PDE2 hydrolyzes both second messen-
gers with similar affinities for cGMP and cAMP.'* PDE2
is allosterically activated by cGMP via its GAF-B domain,
increasing its cAMP hydrolytic activity.'*'> Thus, PDE2
is uniquely suited to mediate a negative cGMP-cAMP-
crosstalk.'® PDE2 is upregulated in human as well as
experimental HE'"'8 In previous studies, we demonstrated
that cardiomyocyte-specific PDE2 overexpression in mice
protects from death and arrhythmia after MI.'9%°

In the present study, we show that CNP-induced
PDEZ2 activation exerts a strong antiarrhythmic effect at
the cellular, organ and animal level. We suggest that acti-
vating PDE2 via the CNP pathway is a novel, feasible,
and promising antiarrhythmic approach.

METHODS
Data Availability

The authors declare that all supporting data are available within
the article and Supplemental Material.

Study Approval

All patients participating in this study gave written informed con-
sent according to the Declaration of Helsinki and the study was
approved by the institutional review committee (Official file num-
bers: EK 114082202) and the Albert Szent-Gyorgyi Medical
University Ethical Review Board (Szeged). The animal experiments
comply with the ARRIVE guidelines, conform to the Directive
2010/63/EU of the European Parliament on the protection of
animals used for scientific purposes and were approved by the
Dresden University Committee on the Use and Care of Animals
(TVV 04/2016, TVA 25/2017, TVV 55/2017, TVT 08/2019).

Human Cardiac Tissue Samples

Human heart tissue was derived from healthy nonfailing (NF)
donor hearts, which could not be used for transplantation due to
technical reasons, or from explanted hearts of end-stage NYHA
[V HF patients. Patient characteristics are summarized in Tables
S1 and S2. Biopsies were excised from the left ventricle (LV).

Generation of the PDE2-Knockout Mice
Mice with cardiomyocyte-specific deletion of PDE2 (PDE2
knockout) were generated using the Cre/loxP system.

Echocardiography and ECG Monitoring
Anesthetized mice were analyzed by echocardiography
using a Vevo 3100 System (Visual Sonics, Inc) as previously
described.'*?" ECGs were recorded in freely moving mice using
implanted telemetry devices (Data Sciences International) as
previously reported.'® Arrhythmia provocation was performed
by double injections of isoprenaline (ISO, 2 mg/kg, IP) sepa-
rated by an interval of 30 minutes; analyses were performed for
90 minutes after the first injection.”

Arrhythmia in ex vivo perfused Langendorff hearts were
quantified during a 30-minute reperfusion phase after ligation
of the left anterior descending coronary artery for 30 min as
previously published (Powerlab, ADInstruments).2°
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Electrophysiology

Whole-cell voltage-clamp was used to measure L-type Ca?*
current (I,) and late Na* current (I, ) as described previ-
ously?® To assess action potential (AP) properties, cellular
AP were evoked by brief current pulses at 1 Hz and 37°C.
Arrhythmia provocation was evaluated by eliciting AP at 4 Hz
(5 s) followed by 0.125 Hz (160 s) to assess spontaneous AP
(sAP) generation.

Ca? Handling, Contractility, and cAMP Analysis
Ca?* spark (CaSp) measurements were performed in Fluo-4
AM (10 pM, Invitrogen) loaded ventricular cardiomyocytes after
1 Hz pacing using the line-scan mode of the laser scanning
confocal microscope (LSM 880 Pascal, Zeiss) at the Core
Facility Cellular Imaging (CFCI, Dresden, Germany) as previ-
ously described.202223

Intracellular Ca?* transients were detected at 1 Hz in Fura-2
am-loaded (3 uM, Invitrogen) ventricular cardiomyocytes using
an lonOptix system as previously reported.'®?* Spontaneous
Ca* waves (SCW) were quantified after 2 Hz pacing in Ca?
and Na*-free bath solution and tetracaine washout. Sarcomere
shortening was recorded as described previously.'® Intracellular
cAMP levels were assessed in isolated cardiomyocytes (Direct
cAMP ELISA kit Enzo Life Sciences, Inc).

mRNA and Protein Quantification

Total RNA was isolated with Trizol and purified using the
RN-Easy mini Kit (Quiagen). Reverse transcription reaction was
conducted with iScript cDNA synthesis kit (Bio-Rad). gPCR
was performed using a CFX96 C1000 Touch thermal cycler
Real-Time System (Bio-Rad) using the SsoAdvanced Universal
SYBR Green and gene-specific primers as previously pub-
lished.® Protein lysates of either human heart tissue or isolated
murine cardiomyocytes were run on 10% SDS-PAGE and blot-
ted onto nitrocellulose membranes. For protein quantification
the following specific primary antibodies were used: CaMKIId
total (R&D Systems, MAB4176), CaMKIl pThr286 (Thermo,
MA1-047), cTNT (Abcam, ab45932), PLB (Badrilla, Ltd, AO10-
14),PLB pSer16 (Badrilla, Ltd, AO10-12), PLB pThr17 (Badrilla,
Ltd, A010-13), RYR2 (Sigma-Aldrich, HPA020028), RyR2
pSer2808 (Badrilla Ltd., AO10-30), Tnl (Abcam, ab47003), Tnl
pSer23/24 (HyTest, Cat4T45), PDE2 (Santa cruz, sc 17228),
PDE3A (FabGennix, PD3A-101AP), PDE4D (FabGennix,
PD4-401AP), NPR-A (Abcam, ab14356), NPR-B (FabGennix,
PGCB-201AP), NPR-C (Novus Biologicals, NBP1-31365),
EEF2 (Abcam, ab40812), GAPDH (Santa-Cruz, sc-365062),
CSQ (Thermo, #PA1-913; see Supplemental Material), Anti-
mouse (Sigma Aldrich, A0545), Anti-rabbit (Sigma Aldrich,
A3682).

Statistics

Animals of both sexes were randomly assigned by the super-
visor of the experiments from the animal database stratified
by genotype, age and sex. Echocardiography was performed
and evaluated in a blinded manner. Analysis of ECG telemetry
was evaluated in a blinded manner. Results are presented as
meantSD or box plots with whiskers showing minimum to
maximum values, median and interquartile range. Statistical
analysis was performed with GraphPad Prism software (V7;
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Dotmatics). For n>6, normal distribution of the experimental
data was tested with Kolmogorov-Smirnov normality test. For
comparisons between > 2 groups, 1-way ANOVA followed by
Sidak multiple comparison test (normal distribution) or Kruskal-
Wallis test followed by a Dunn’s multiple comparison (non-nor-
mal distribution with non-paired groups or n<6) or Friedman
test followed by a Dunn’s multiple comparison (non-normal dis-
tribution or n<6 with paired groups) were performed. lon cur-
rents, Ca%" imaging data, and Ca?" sparks were analyzed using
a hierarchical model in R using the Ime4 package with cluster-
ing for individual mice as described previously.?> Non-normally
distributed clustered data were log-transformed before hierar-
chical statistical testing. Two-sided P values of < 0.05 were
considered statistically significant. Number of experimental ani-
mals and cells per group was chosen based on our experience
in previous experiments.'”'%2 Representative images were
chosen to closely match the average values of the respective
groups.

RESULTS

CNP Protects From Arrhythmia in Ex Vivo I/R
Injury

To evaluate the potential antiarrhythmic effect of CNR,
we quantified ischemia/reperfusion (I/R)-induced
arrhythmia in ex vivo perfused mouse hearts. Figure 1A
shows representative ECG recordings of ex vivo per-
fused hearts after ligation of the left anterior descend-
ing coronary artery for 30 minutes and subsequent
reperfusion for 30 minutes. Perfusion with CNP (6 nM)
blunted I/R-induced arrhythmia. The number of ventricu-
lar extrasystoles and bigeminy was significantly reduced
by CNP (Figure 1B and 1C). PDE2 inhibition with BAY
60-7550 (BAY, 100 nM) prevented the antiarrhythmic
effect of CNP and increased the total number of arrhyth-
mic events to similar levels as observed in control hearts
after I/R (Figure 1D). Mean heart rates during reperfu-
sion were not affected by the substances (Figure 1E).
We have shown previously that BAY alone does not sig-
nificantly increase heart rate in Langendorff-perfused
hearts. 2° Together with CNP, PDE3 inhibition with mil-
rinone as well as unspecific PDE inhibition with IBMX
(100 pM) led to excessive arrhythmia beyond baseline in
ex vivo perfused hearts after I/R (Figure S1).

CNP Reduces Cellular Arrhythmogenic Events

To assess the antiarrhythmic effects of CNP on the cel-
lular level, isoprenaline-induced sAP were quantified in
isolated mouse ventricular cardiomyocytes after 10 min
incubation. Representative current-clamp recordings at
0.125 Hz (following stimulation at 4 Hz to fill the sar-
coplasmic reticulum [SR]) are shown in Figure 1F. CNP
(1 pM) significantly decreased the isoprenaline (10
nM)-induced number of sAP. PDE2 inhibition with BAY
(100 nM) prevented this effect (Figure 1G). Incuba-
tion with CNP alone did not affect the number of sAP.

Circulation Research. 2023;132:400-414. DOI: 10.1161/CIRCRESAHA.122.322031
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PDEZ2 inhibition with BAY did not affect the number of
isoprenaline-induced sAP in the absence of CNP (Figure
S2A). Importantly, drug incubation only slightly affected
AP morphology. AP amplitude, AP duration at 90% repo-
larization (APD,,) (Figure 1H and 1) as well as maximal
upstroke velocity (dV/dt__ ) (Figure S2B) were similar at
all conditions. Isoprenaline increased APD, ., which was
reversed by CNP (Figure S2B).

Next, we assessed the effect of CNP on the isoprena-
line-induced increase of the L-type calcium (ICaL) and the
late sodium currents (INaL) in isolated mouse ventricular
cardiomyocytes (Figure 2). Representative |, record-
ings at various membrane potentials and the average
current-voltage relations are depicted in Figure 2A and
2B. Comparing the maximum current at O mV, simultane-
ous CNP incubation significantly reduced the isoprena-
line-induced increase of | (Figure 2C). The effect of
CNP was abrogated upon PDEZ2 inhibition. BAY alone
neither affected | density nor the isoprenaline-induced
elevationin|_, (Figure S2C). Moreover, CNP blunted the
isoprenaline-mediated increase in |, which could not
be observed upon simultaneous PDE2 inhibition (Fig-
ure 2D and 2E).

50

CNP Decreases Ca**-Mediated Arrhythmogenic
Triggers

We further evaluated the effect of CNP on CaSp fre-
quency (CaSpF) (Figure 3A). CNP alone did not affect
CaSpF, whereas isoprenaline significantly increased the
number of CaSp over time. Concomitant CNP application
significantly lowered the isoprenaline-mediated increase
of CaSp occurrence. This effect was prevented by PDE2
inhibition with BAY (Figure 3B). BAY alone did not alter
basal CaSpF or the isoprenaline-induced increase in
CaSp number (Figure S3A and S3B). The inhibition of
the cGMP-activated protein kinase G (PKG) did not
affect the CNP-induced reduction of CaSpF (Figure S3C
and S3D). SCW were not different between our experi-
mental groups (Figure S4A and S4B).

We next studied the influence of isoprenaline and
CNP on intracellular Ca?* transient properties at 1 Hz
(Figure S4). As expected, isoprenaline led to a significant
increase in Ca?" transient amplitude and an accelera-
tion of the transient decay that were not or only slightly
affected by CNP alone (Figure S4C through S4F). Simul-
taneous isoprenaline stimulation with CNP or CNP plus
BAY did not influence the isoprenaline-mediated effects.

To investigate the effect of isoprenaline and CNP on
cellular contractile function, sarcomere shortening was
recorded in isolated ventricular cardiomyocytes at 1 Hz
(Figure SBA). As expected, isoprenaline significantly
increased fractional sarcomere shortening, whereas
CNP had no effect (Figure SEB and SBC). In addi-
tion, isoprenaline enhanced contraction and relaxation
velocities and reduced relaxation halftime. CNP alone
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Figure 1. CNP (C-type natriuretic peptide) reduces the number of arrhythmias after ischemia/reperfusion (I/R) via PDE2
(phosphodiesterase 2) in ex vivo perfused mouse hearts and on the cellular level.

A ECG was recorded in ex vivo perfused mouse hearts during reperfusion for 30 minutes with Krebs-Henseleit buffer with physiological
catecholamine concentrations of 10 nM norepinephrine and 3.5 nM epinephrine following ischemia induction for 30 minutes. Representative
registrations from hearts perfused with Krebs-Henseleit buffer (Con, N=12), CNP (6 nM, N=9) or CNP plus BAY 60-7550 (BAY, 100 nM, N=6).
B, Quantification of the number of ventricular extrasystoles (VES), (C) bigeminy, (D) total arrhythmic events, and (E) heart rate (data are presented
as box plots with whiskers showing minimum to maximum values, median and interquartile range; P were determined (Continued)
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significantly enhanced contraction velocity and reduced
time to B0 % relaxation decay but did not affect contrac-
tion amplitude (Figure S5D through S5F). Concurrent
incubation of isoprenaline with CNP and CNP plus BAY
did not affect the isoprenaline-induced effects on cellular
contraction and relaxation parameters.

To directly assess the intracellular crosstalk mecha-
nism of CNP-induced PDEZ2 stimulation, we quantified
intracellular cAMP levels by ELISA in isolated cardio-
myocytes. CNP treatment significantly reduced cAMP
levels upon isoprenaline stimulation, which were in turn
restored by simultaneous PDE2 inhibition with BAY (Fig-
ure 4A). Next, we studied the molecular consequences
of reduced cAMP levels upon isoprenaline and CNP on
down-stream targets and quantified the expression and
phosphorylation levels of CaMKIl, PLB, Tnl and RYR2
(Figure 4B through 4D). Representative western blots
are depicted in Figure 4B and 4C. Upon coincubation
with isoprenaline and CNP, the CaMKII phosphorylation
levels at Thr286 were significantly reduced compared
to isoprenaline alone. Concomitant PDEZ2 inhibition with
BAY significantly increased CaMKIl phosphorylation
(Figure 4B). In addition, CNP similarly reduced phosphor-
ylation of PLB (at Ser16 and Thr17), Tnl (at Ser23/24)
and RYR2 (at Ser2808) under B-adrenergic stimulation
with isoprenaline, indicating reduced activity of PKA and
CaMKII (Figure 4C and 4D). Simultaneous PDE?2 inhibi-
tion significantly increased phosphorylation levels of the
respective proteins.

Cardiac PDE2 Deletion Blunts the CNP Effect
on $-AR-Mediated Ca?* Parameters

To further study the impact of PDE2 on arrhythmia sus-
ceptibility, we generated a cardiac-specific PDE2 knock-
out mouse line (PDE2 knockout) by crossing mice with
inserted lox P sites in PDE2 exon 4 (PDE2"") and trans-
genic mice expressing the Cre recombinase under the
control of the a-myosin heavy chain promoter (aMHC-
Cre). Echocardiography revealed normal cardiac function
in 3 months old PDE2 knockout compared with the con-
trol lines (Figure S6). Heart rate, ejection fraction (EF),
fractional area shortening (FAS) and relative left ventric-
ular heart weight were similar between the 3 genotypes
(Figure S6B through S6E).

Next, we performed in vitro experiments on isolated
ventricular cardiomyocytes from PDE2 knockout and
PDE2"" mice assessing CaSpF, L-type Ca®* current (I, )
and SCW. Like in wild-type (WT) mice, CNP significantly

CNP Activates PDE2 to Reduce Arrhythmia

reduced the isoprenaline-mediated increase in CaSpF as
well as | amplitude at O mV in the control line (PDE2"
). Moreover, CNP blunted the isoprenaline mediated
increase in SCW. These CNP effects were prevented by
PDE2 inhibition with BAY (Figure 5A, 5C, and 5E). In
contrast, cardiomyocytes from PDE2 knockout mice did
not show an attenuation of isoprenaline-induced CaSp,
SCW and I by CNP: the CaSpF was not significantly
reduced in PDE2 knockout upon coincubation with iso-
prenaline and CNP (Figure 5B). In addition, the isopren-
aline-induced increase in | current density was similar
in PDE2 knockout upon isoprenaline and isoprenaline
plus CNP (Figure 5D). Also, the number of SCW was not
altered by CNP in cardiomyocytes from PDE2 knock-
out mice (Figure 5F). The effect of isoprenaline and iso-
prenaline plus CNP on Ca?* transient amplitude as well
as contraction and relaxation time courses did not differ
between PDE2 knockout and control mice (Figure S7).

CNP Reduces Arrhythmia After 3-Adrenergic
Stress In Vivo

To evaluate whether CNP protects from isoprenaline-
induced arrhythmia in vivo, WT mice were implanted with
ECG telemeters and subjected to -adrenergic stress by
double isoprenaline injection (2 mg/kg, ip, repeated after
30 min) to provoke arrhythmia.'® The number of arrhyth-
mic events was quantified from ECG recordings for 90
min after the first injection (Figure 6A). After isoprena-
line injection, various arrhythmic events were observed,
mostly ventricular ectopic beats. Coinjection with CNP
(33 mg/kg, IP) significantly reduced the number of
arrhythmic events. The simultaneous injection with BAY
(8 mg/kg, IP) increased the number of arrhythmias that
was not significantly different from isoprenaline (Fig-
ure 6B), thus indicating a dependence on PDE2 activity.

CNP Protects From Arrhythmia in I/R Injury via
PDE2

Next, we quantified 1/R-induced arrhythmia in CNP-
perfused hearts from PDE2 knockout and PDE2™
mice (Figure 6C). Heart rate was not affected by CNP
in ex vivo perfused hearts from both genotypes (Fig-
ure 6D). PDE2"! hearts displayed about 22 arrhythmic
events per 30 min upon CNP after I/R (Figure 6E). In
contrast, PDE2 knockout hearts still exhibited about
150 arrhythmic events per 30 min after I/R upon CNP
(P=2.81x107° for interaction by 2-way-ANOVA). Of

Figure 1 Continued. by Dunn’s multiple comparison test after Kruskal-Wallis test (F=9.00x10~* [B], P~=4.00x 10~ [C], A~=1.00x 10 [D],

P=4.89%10~" [E]). In isolated ventricular mouse cardiomyocytes, cellular arrhythmia was provoked by ISO (10 nM, 10 min) and pacing at 4 Hz followed
by 0.125 Hz during which arrhythmic events were analyzed. F, Representative recordings in presence of ISO, ISO plus CNP (1 pM, 10 minutes) or ISO
plus CNP plus BAY 60-7550 (BAY, 100 nM). G, Quantification of the number of SAP. AP morphology at 1 Hz; (H) AP amplitude (mV), (I) AP duration
at 90% repolarization (APDQO, ms; n=cells/N=animals: Con [14/8], CNP [18/10], ISO [35/20], ISO+CNP [49/22], ISO+CNP+BAY ([25/13);]) stated
as meanSD (H) or box plots with whiskers showing minimum to maximum values, median and interquartile range (G and I); P were determined by
Bonferroni test after a hierarchical model using log-transformed data (F=2.49x 1077 [G], A=5.13x 10~ [H], A~=6.06x 102 [l]).
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note, a CNP effect was still present in the cardiomyo-
cyte-specific PDE2 knockout hearts, but not in WT

hearts treated with BAY (Figure 6B). This hints to the

possibility that other cardiac cell types or other signal-
ing mechanisms contribute to the PDE2-dependent

antiarrhythmic effect of CNP.

CNP Activates PDE2 to Reduce Arrhythmia

Figure 2. CNP (C-type natriuretic
peptide) attenuates the 1SO-induced
increase of L-type calcium current
(I.,) and late sodium current (I, )
via PDE2 (phosphodiesterase 2) in
mouse ventricular cardiomyocytes.

A, Representative original traces of I in
cardiomyocytes under control conditions
at different membrane potentials (upper
panel) or at O mV after incubation with ISO
(10 nM), ISO+CNP (1 uM), or ISO plus
CNP plus BAY 60-7550 (BAY, 100 nM)
for 10 min (lower panel). B, I, current
density-voltage relation and (C) I, current
density at 0 mV (n=cells/N=animals:

Con [15/3],1SO ([28/5)], ISO+CNP
([30/5], ISO+CNP+BAY [13/2]) stated

as meanxSD; P were determined by
Bonferroni test after a hierarchical model
(P=1.54x1071%). D, Representative

I\, recordings measured under basal
conditions and after 10 min stimulation
with ISO (10 nM), CNP (1 pM) and BAY
60-7550 (100 nM). E, |, was quantified
as the TTX-sensitive current integral
(n=cells/N=animals: Con [12/6], ISO
[14/5],1SO+CNP [14/5], ISO+CNP+BAY
[14/6)) stated as meantSD; P were
determined by Bonferroni test after a
hierarchical model (P=1.09x10%).

CNP Reduces CaSpF in Human iPSC-Derived
Cardiomyocytes

Our data demonstrate that PDE2 stimulation by CNP
mediates antiarrhythmic effects in the mouse heart.

We next evaluated the effect of CNP on arrhythmia

A B
Basal 6+ p=5.70E-03
N p=1.11E-04 p=8.23E-02
IS0 4
o
=)
T 24 4
ISO+ C,QI)- ; ; é
CNP 3
O o L
ISO+ Con CNPISO ISO 1ISO
CNP+ CNP CNP
BAY BAY
100 |Jm|_
100 ms
406  February 17,2023

Figure 3. CNP (C-type natriuretic
peptide) reduces the 1SO-induced
spontaneous Ca?* spark (CaSp) via
PDE2 (phosphodiesterase 2).

A, Representative recordings of CaSp in
mouse ventricular cardiomyocytes under
basal conditions and stimulated with ISO
(10 nM), ISO plus CNP (1 puM), or ISO plus
CNP plus BAY 60-7550 (BAY, 100 nM) for
10 minutes. B, Quantification of Ca?* spark
frequency (CaSpF; n=cells/N=animals:
Con [31/6], CNP [42/5],1SO [35/5],
ISO+CNP [29/5], ISO+CNP+BAY [41/3])
stated as box plots with whiskers showing
minimum to maximum values, median and
interquartile range; P were determined by
Bonferroni test after a hierarchical model
using log-transformed data (P=1.11x107).

Circulation Research. 2023;132:400-414. DOI: 10.1161/CIRCRESAHA.122.322031
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Figure 4. CNP (C-type natriuretic
peptide) reduces I1SO-induced
intracellular cAMP levels and
downstream signals.
A Intracellular cAMP content evaluated
via direct cAMP ELISA upon 10-minute
treatment with ISO (10 nM), CNP (1 uM),
and BAY60-7550 (100 nM) in isolated
cardiomyocytes (N=15). Relative cAMP
concentrations were normalized to
corresponding sample protein content and
ISO. B, Representative western blots and
quantification of relative phosphorylation
levels of CaMKII at Thr286 in isolated
cardiomyocytes upon 10-minute
treatment with ISO (10 nM), CNP (1 uM),
and BAY60-7550 (100 nM; N=6). C,
Representative blot and (D) quantification
of relative phosphorylation levels of
phospholamban (PLB) at Ser16 (N=7)
and Thr17 (N=6), troponin (Tnl) at Ser23
and Ser24 (N=5b), and RYR2 (ryanodine
SO _1SO_1SO receptor 2) at Ser2808 (N=4) in perfused
CNP CNP hearts with ISO (10 nM), CNP (1 pM), and
BAY BAY60-7550 (100 nM) for 10 minutes. All
data were normalized to control in each set
of experiments. Data are presented as box
plots with whiskers showing minimum to
maximum values, median and interquartile
range. P were determined by Dunn’s
multiple comparison test after Friedman
test (P=4.00x10*in A; P=8.10x107°
in B; D: P=1.20x 1072 for PLBpSer16/
PLB; P=5.50x107° for PLBpThr17/
PLB, P=2.39x 1072 for Tnl-Ser23/24/Tnl,
P=4.96x107? for RYR2pSer2808/RYR2).
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in human-induced pluripotent stem cell-derived car-
diomyocytes (hiPSC-CMs). Differentiated hiPSC-CMs
were obtained in high purity (Figure S8A through S8C)
and cultured for 75-90 days to ensure maturation.
Western blot analysis revealed the expression of GC-B
receptors and different PDEs including PDE2 (Fig-
ure 7A). CaSp were examined in hiPSC-CMs, differ-
entiated from iPSC of 2 healthy donors, under control
conditions and after 10 min incubation with isoprena-
line, isoprenaline plus CNP and with additional PDE2
inhibitor (BAY). Isoprenaline stimulation caused a sig-
nificantincrease in CaSpF in hiPSC-CM (Figure 7B and
7C). Consistent with results obtained in adult mouse
cardiomyocytes, CNP blunted the occurrence of CaSp
in hiPSC-CM, which was prevented by PDE2 inhibition
with BAY. Importantly, BAY alone did not affect CaSpF
in human cardiomyocytes (Figure 7C). In contrast,
PDES3 inhibition with milrinone (Mil) or PDE4 inhibition
with rolipram (Rol) alone significantly increased CaSpF
in hiPSC-CM similar to isoprenaline (Figure S8D). As
expected from these results, both inhibitors, Mil and
Rol, also led to increased CaSpF upon coincubation
with isoprenaline and CNP, without indication of a spe-
cific interaction.

Circulation Research. 2023;132:400-414. DOI: 10.1161/CIRCRESAHA.122.322031

Finally, we extrapolate our results to large animal car-
diomyocytes by computer modeling to selectively evalu-
ate the effects of CNP-mediated PDE2 upregulation or
PDES3 inhibition.2926 Simulated inhibition of PDE2 did not
have a major effect on any of the outcome parameters
at baseline or upon isoprenaline stimulation (Figure S9),
consistent with our experimental data (Figure S2). Selec-
tive upregulation of PDE2 reproduced the experimentally
observed effects of CNP (Figure S10). By contrast, inhi-
bition of PDES exacerbated proarrhythmic indices such
as CaMKII activation and RyR2 phosphorylation (Figure
S10), and this increase was blunted by concomitant
simulation of CNP administration. Taken together, these
results suggest antiarrhythmic effects of CNP-induced
PDE2 stimulation also in cardiomyocytes of large mam-
mals, including humans.

Cardiac Expression of CNP Is Downregulated in
Human HF

The CNP-induced PDE2 stimulation might mediate antiar-
rhythmic effects not only after I/R injury but also in human
HF. To investigate the regulation of NPs and their recep-
tors in human HF, we quantified mRNA expression levels in
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Figure 5. Cardiac-specific PDE2
(phosphodiesterase 2) KO prevents
CNP (C-type natriuretic peptide)-
mediated inhibition of proarrhythmic
effects of ISO on spontaneous Ca*
spark (CaSp), spontaneous Ca?*
waves (SCW), and I _,,.

Ca?* parameters were detected in mouse
ventricular cardiomyocytes from floxed
WT mice (WT¥", left) and PDE2 KO

mice (right) under basal conditions and
stimulated with 1ISO (10 nM), ISO plus
CNP (1 pM) or (only WT*) ISO plus CNP
plus BAY 60-7550 (BAY, 100 nM) for 10
minutes. A and B, Quantification of CaSpF
(n=cells/N=animals: [A] Con [45/5], ISO
[35/6], ISO+CNP [32/5], ISO+CNP+BAY
[34/4]; [B] Con [49/4],1SO [50/4],
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[28/9],1SO [28/10], ISO+CNP [19/6])
stated as meantSD; P were determined by
Bonferroni test after a hierarchical model
(C: P=4.46x107, D: P=4.99x107"). E
and F, Quantification of the total number
of SCW after arrhythmia provocation (2
Hz pacing, 30 s). (n=cells/N=animals:

[E] Con [42/8],1SO [53/10], ISO+CNP
[51/10], ISO+CNP+BAY [54/10]; [F]
Con [25/6], ISO [27/6], ISO+CNP [27/6])
stated as box plots with whiskers showing
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interquartile range; P were determined
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model using log-transformed data (E:
P=1.46x107"5, F: P=2.68x1077),

p=1.00E+00
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ventricular tissues from failing and non-failing hearts (NF).
In HF, the NPs NPFA and NPPB were significantly upregu-
lated. In contrast, CNP expression was substantially down-
regulated in failing ventricles compared with healthy donor
tissue (Figure 8A). Western blot analysis of the 3 NP recep-
tors GC-A, GC-B and NPR-C revealed significant upregu-
lation of GC-B and NPR-C, but not GC-A (Figure 8B and
8C). These findings are consistent with a relative CNP defi-
ciency in patients suffering from end-stage HF'? offering a
unique opportunity for therapeutic intervention.

DISCUSSION

In the current work, we demonstrate that activating the
CNP-PDE2 axis exerts antiarrhythmic effects in per-
fused mouse hearts as well as in isolated mouse and

408  February 17,2023

hiPSC-derived cardiomyocytes. The underlying mecha-
nisms include reduced Ca?* sparks, lo,, @and I as well
as reduced phosphorylation of CaMKII and PKA target
proteins. Moreover, CNP prevents -adrenergic-induced
arrhythmia in vivo. Thus, activating the CNP-PDE2 axis
may serve as a novel, highly effective antiarrhythmic ther-
apeutic strategy.

Cardiac-Specific PDE2 Knockout Mice

Since global PDE2 knockout is perinatally lethal?” we
have created a novel cardiomyocyte-specific PDE2
knockout mouse line and for the first time describe the
phenotype of cardiac PDE2 knockout. Under basal con-
ditions, the contribution of PDE2 to total PDE activity
in ventricular cardiomyocytes is relatively small; however,

Circulation Research. 2023;132:400-414. DOI: 10.1161/CIRCRESAHA.122.322031
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Figure 6. CNP (C-type natriuretic
peptide) blunts the proarrhythmic
effect of ISO in vivo.

Two weeks after telemeter implantation WT
animals were monitored by ECG-telemetry
for a period of 90 minutes after double

ISO injection (2 mg/kg, IP; 30-minute time
interval, N=b) or simultaneous injection of
CNP (33 mg/kg IP, N=6) or CNP+BAY
= 60-7550 (3 mg/kg IP, N=6) with the
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CNP  CNP ECG traces after the second injection.
BAY B, Average number of arrhythmogenic
events per mouse, within 90 minutes after
the second injection. Data are presented
as box plots with whiskers showing
minimum to maximum values, median and
interquartile range. P were determined
by Dunn’s multiple comparison test after
Kruskal-Wallis test (F=7.00x107%). C,
Representative ECG recordings from
ex vivo perfused PDE2"" and PDE2
KO mouse hearts during reperfusion
for 30 minutes with Krebs-Henseleit
buffer with physiological catecholamine
concentrations of 10 nM norepinephrine
and 3.5 nM epinephrine following ischemia
induction for 30 minutes. D, Average heart
rates after I/R. E, Number of arrhythmic
events within 30 minutes of reperfusion
(N=6 per group). Data are presented
as box plots with whiskers showing
minimum to maximum values, median,
and interquartile range (D) or mean£SD
(E). P were determined by 2-way-ANOVA
**P=9.60x107° for CNP, ##P=1.49x 1078
for PDE 2 KO, $%P=2.81x107° for
interaction.
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PDE2 is augmented in HF'" and, importantly, its activity is
increased by intracellular cGMP levels. Consequently, we
see normal ventricular function, similar Ca%* transients
and contractile activity in PDE2 knockout myocytes at
rest and in response to isoprenaline as in controls. As
indicated by the proarrhythmic effect of BAY in WT mice
treated with isoprenaline+CNPF, the CNP effects on
isoprenaline-induced arrhythmias were blunted in PDE2
knockout myocytes. In I/R, BAY mitigated the antiar-
rhythmic effect of CNP to a larger extent than cardio-
myocyte-specific PDE2 knockout. This indicates that in
the intact heart, also other cell types or other signaling
mechanisms may contribute to the antiarrhythmic effect
of CNP.

Effects of CNP-Mediated PDE2 Stimulation on
Cardiac Arrhythmia

In cardiomyocytes, CNP activates GC-B to produce
cGMP* This stimulates PDE2, leading to increased cAMP

Circulation Research. 2023;132:400-414. DOI: 10.1161/CIRCRESAHA.122.322031

hydrolysis and mediating a negative crosstalk between the
cGMP and cAMP pathways.?® In the present study, CNP
significantly reduced the isoprenaline-stimulated arrhyth-
mogenic ion currents |, and | in mouse ventricular
cardiomyocytes, which was not observed in PDE2-defi-
cient cells. In human atrial myocytes, PDE2 inhibition was
reported to enhance |, under basal conditions.***° In our
hands, the PDE2 inhibitor BAY alone did not influence ICaL
in ventricular mouse cardiomyocytes. These findings cor-
respond well to our previous report that cardiac-specific
PDE2 OE blunts the B-adrenergic increase in |, and
l...*° The CNP-mediated reduction in arrhythmogenic ion
channels is likely to contribute to the reduced occurrence
of sAP. Concordantly, enhanced PDE2 activity in over-
expressing cardiomyocytes significantly decreased the
incidence of delayed afterdepolarizations and sAP? In
accordance with our previous findings in PDE2 OE, CNP-
mediated PDE2 stimulation did not affect AP morphology.
CNP infusion was recently shown to suppress ventricular
arrhythmia in a rat model of acute MI.3’
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Figure 7. CNP (C-type natriuretic
peptide) reduces I1SO-induced
arrhythmogenic Ca?* spark (CaSp) in
human iPS-derived cardiomyocytes.
A, Representative Western blots
demonstrating the expression of GC-B
receptors, cTnT (cardiac troponin T) and
different PDEs (phosphodiesterases)

in hiPSC-CMs (iBM76.3 hiPSC line). B,
Representative measurements of CaSp
in iPSC-CMs during 0.25 Hz pacing in
an unstimulated state (Con) and after
stimulation with BAY 60-7550 (BAY,

100 nM), ISO (10 nM), ISO plus CNP

(1 pM), ISO plus CNP plus BAY for 10
minutes. C, Quantification of Ca?* spark
frequency (CaSpF). Human iPSC-CMs
were differentiated from hiPSC-lines

p=5.30E-08 created from 2 healthy donors (iBM76.1,

w
e

(@]
CaSpF (100 ym™'s™
= N
...

p=2.89E-09

N=2; iIWTD2.1, N=2). Pooled data from
N=4 independent experiments with 10
cells measured per condition (n=40). Data
are presented as box plots with whiskers
showing minimum to maximum values,
median and interquartile range; P were
determined by Bonferroni test after a

hierarchical model using log-transformed

ISO ISO ISO
CNP CNP data (F=3.90x1073).
BAY

Influence of CNP-Induced PDE2 Activation
on Intracellular Ca?* Handling and Cellular
Contractile Activity

Both, cAMP and cGMP signaling pathways modulate
intracellular Ca®* cycling via the activity of the down-
stream kinases PKA, CaMKIl and PKG and thereby
regulate cardiac contractile activity. Stimulated by cGMP,
PDE2 contributes to negative regulation of PKA and
CaMKIl activity and their phosphorylation of Ca?* han-
dling proteins. In line, PDE2 OE in cardiomyocytes
resulted in reduced phosphorylation of CaMKIl and RYR2
(ryanodine receptor 2) at the CaMKI| site,'™° which pro-
motes HF and arrhythmia.®® The increases in CaSpF and
Ca?* transient amplitude after -adrenergic stimulation
were blunted in PDE2 OE'™?° and in the present study
were markedly reduced upon CNP stimulation. CNP
was previously shown to reduce intracellular Ca?* tran-
sients in mouse cardiomyocytes.®33* This effect of CNP
was diminished upon PDE2 inhibition with erythro-9-(2-
hydroxy-3-nonyl)adenine (EHNA) or BAY:3* However,
in our hands, CNP rather tended to a non-significant
increase of Ca?* transient amplitudes. This fits to other
studies demonstrating that CNP does not affect Ca?*
transient amplitudes in failing hearts from rat or mice.%°
As reported previously, CNP enhanced the decay of the
Ca?* transient, possibly by activation of PKG.%

CNP effects on contraction reported in the litera-
ture differ widely, showing either negative inotropic

410  February 17,2023

effects3335-38 or positive inotropic responses in canine,
murine, and rat cardiomyocytes, preparations or working
hearts.3™ Differences between species, tissues (atria
versus ventricles) or experimental conditions might con-
tribute to these inconsistent effects. In addition, it has
been suggested that the crosstalk between cAMP and
cGMP pathways may contribute to these discrepancies.®®
Thus, simultaneous stimulation of the cAMP pathway
activates PKA-induced phosphorylation of downstream
targets, like LTCC, PLB, and Tnl, counteracting cGMP
and mediating positive inotropic effects.** Under certain
circumstances, CNP can also enhance cAMP-induced
signaling via cGMP-mediated inhibition of PDE3.42%5 In
the present study, CNP alone significantly increased cel-
lular contraction rates but did not affect maximal con-
traction amplitude. Upon simultaneous -adrenergic
stimulation, CNP did not alter isoprenaline-mediated
effects on cellular contraction. Furthermore, CNP was
shown in several studies to mediate positive lusitropic
effects via PKG-dependent phosphorylation of PLB
(Ser16) and Tnl (Ser23/24).36-3941 Consistently, CNP
displayed a lusitropic effect similar to isoprenaline in this
study. Stimulation with isoprenaline plus CNP did not fur-
ther increase the lusitropic effect.

Limitations

Cyclic nucleotide crosstalk is complex. Increasing lev-
els of cGMP could inhibit PDE3, counteracting cAMP

Circulation Research. 2023;132:400-414. DOI: 10.1161/CIRCRESAHA.122.322031
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hydrolysis by PDE2% and limiting its effect. PDE2 may
itself degrade cGMP under specific circumstances, albeit
to a smaller extent than cAMR, limiting its own activation.
PDE3 and PDE4 are activated by PKA phosphorylation,
thus increased PDE2 activity may in turn reduce their
activation by degrading cAMP?28 In this study, we focused
on the role of PDE2 as the unique cGMP-stimulated
phosphodiesterase. Despite the aforementioned com-
plexity, inhibition of PDE2 prevented the CNP-mediated
antiarrhythmic effects in the whole heart as well as in iso-
lated cardiomyocytes and selective PDE2 upregulation
was sufficient to reproduce the experimentally observed
effects of CNP in a computer model. Moreover, antiar-
rhythmic effects of CNP were absent in cardiomyocytes
of PDE2 knockout mice. Furthermore, PDE2 inhibition
alone did not increase subcellular trigger mechanisms

Circulation Research. 2023;132:400-414. DOI: 10.1161/CIRCRESAHA.122.322031

like 1., CaSp and waves in the absence of isoprena-
line. In contrast, combined PDE inhibition with IBMX
significantly increased CaSpF, promoted arrhythmia in
ex vivo CNP-perfused hearts after I/R, and triggered
potentially arrhythmogenic CaSp in human iPSC-derived
cardiomyocytes.

Increasing cGMP levels also activate the PKG-
dependent pathway that partially overlaps with the
cAMP-PKA pathway. PKG has been shown to phos-
phorylate PLB, Tnl and the L-type Ca?* channel, con-
tributing to negative inotropic and positive lusitropic
responses.*” In our hands, CNP alone did not affect
Ca?* transient amplitude and CaSpF. In addition, PKG
inhibition did not alter the CNP-induced reduction
of CaSp occurrence, indicating that cGMP-induced
PKG activation might have only minor effects on this
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arrhythmogenic trigger mechanism. However, we can-
not completely exclude a contribution of PKG to the
CNP-induced effects.

The effects of CNP may differ in humans compared
with mice due to differences in PDE expression pat-
terns and their remodeling during HF In the human
heart, PDE1, 2, and 3 are the most prominent isoforms,
whereas PDE3 and PDE4 dominate in murine hearts.*84°
Our experiments in human iPS-derived cardiomyocytes
indicate that the effect of CNP is in fact comparable
in human and mouse cardiomyocytes. Furthermore,
we demonstrate that in end-stage human HF, cardiac
CNP expression is downregulated and not upregulated
like ANP and BNPF, which may contribute to ventricular
arrhythmia and SCD in affected patients. The upregula-
tion of PDE2 as well as the GC-B receptor in human
HF may compensate this in part. This constellation is
especially promising for therapeutic CNP supplemen-
tation in HF. The fact that nanomolar concentrations of
CNP are effective in arrhythmia suppression in our pre-
clinical studies is important, since this opens the possi-
bility for CNP to be clinically effective and economically
affordable when used as a drug in humans. However,
the mechanisms of CNP actions may vary depending on
the concentrations used, and the therapeutic potential
of CNP clearly has to be further explored in forthcoming
studies. Correction for multiple testing was performed
for each individual test as indicated. We did however not
correct for multiple testing across the entire work. This
should be considered in interpreting our statistical analy-
ses and constitutes a potential weakness of the study.

Clinical Implications

In this study, we demonstrate that CNP-mediated PDE2
stimulation exerts a strong antiarrhythmic effect without
negative inotropy, making it an interesting drug candi-
date. In human HF, CNP expression is reduced in ven-
tricular tissues, leading to the hypothesis of a relative
CNP deficit that is not sufficiently corrected by ARNIs.™?
Consequently, CNP could be useful to further attenuate
intracellular B-adrenergic overdrive in patients suffer-
ing from acute ventricular arrhythmia even in addition to
[-receptor blockers. Due to rapid degradation, CNP has
a plasma half-life of only 2 to 3 minutes.° This means
that CNP should be given by syringe pump in the acute
clinical setting, such as Ml or VT storm. For long-term
therapy, for example, in patients suffering from conges-
tive HF, a long-lasting CNP derivate or even an orally
bioavailable small molecule GC-B agonist would be pref-
erable. Recently, such long-lasting CNP derivates have
been developed and show positive cardiac effects in
experimental HFE®® Of note, the long-acting CNP derivate
vasoritide has already been approved for achrondropla-
sia and could be available for repurposing.’' Furthermore,
PDE2 is activated by cGMP via its GAF domains.’ Its

412 February 17,2023

CNP Activates PDE2 to Reduce Arrhythmia

activation by small molecule compounds may provide a
promising direction for future development.

CONCLUSIONS

The present study provides evidence for strong antiarrhyth-
mic effects of CNP by stimulation of PDE2. Abrogated
increase of arrhythmogenic ion currents and SR CaSpF
upon B-adrenergic stimulation were identified as underlying
mechanisms. Of note, the positive inotropic effect of iso-
prenaline was not affected by CNP. Consequently, activating
the CNP-PDE2 axis is a worthwhile path for further pre-
clinical and clinical development to treat cardiac arrhythmia.
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