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The Kv4 potassium channel
modulator NS5806 attenuates
cardiac hypertrophy in vivo
and in vitro
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The compound NS5806 is a Kv4 channel modulator. This study investigated the chronic effects of
NS5806 on cardiac hypertrophy induced by transverse aortic constriction (TAC) in mice in vivo and

on neonatal rat ventricular cardiomyocyte hypertrophy induced by endothelin-1 (ET-1) in vitro.

Four weeks after TAC, NS5806 was administered by gavage for 4 weeks. Echocardiograms revealed
pronounced left ventricular (LV) hypertrophy in TAC-treated mice compared with sham mice. NS5806
attenuated LV hypertrophy, as manifested by the restoration of LV wall thickness and weight and
the reversal of contractile dysfunction in TAC-treated mice. NS5806 also blunted the TAC-induced
increases in the expression of cardiac hypertrophic and fibrotic genes, including ANP, BNP and TGF-.
Electrophysiological recordings revealed a significant prolongation of action potential duration and
QT intervals, accompanied by an increase in susceptibility to ventricular arrhythmias in mice with
cardiac hypertrophy. However, NS5806 restored these alterations in electrical parameters and thus
reduced the incidence of mouse sudden death. Furthermore, NS5806 abrogated the downregulation
of the Kv4 protein in the hypertrophic myocardium but did not influence the reduction in Kv4 mRNA
expression. In addition, NS5806 suppressed in vitro cardiomyocyte hypertrophy. The results provide
novel insight for further ion channel modulator development as a potential treatment option for
cardiac hypertrophy.
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Abbreviations

I, Transient outward potassium current
KChIP2  K* channel-interacting protein 2
DPP6 Dipeptidyl peptidase-like protein 6

APD Action potential duration

ET-1 Endothelin-1

QT QT interval

NRVMs Neonatal rat ventricular myocytes
TAC Transverse aortic constriction

VT Ventricular tachycardia

PVCs Premature ventricular complexes

Pathological cardiac hypertrophy is a characteristic clinical process in various cardiovascular diseases, including
hypertension, myocardial ischemia, and cardiomyopathy'. It is characterized by alterations in both cardiac
structural and electrical activities and can ultimately result in ventricular dilation and heart failure**. In addition,
the process of cardiac electrical remodeling augments the predisposition to ventricular arrhythmias and thus
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increases vulnerability to sudden cardiac death (SCD)>. The efficacy of available drugs used to prevent heart
failure and antiarrhythmic agents is not satisfactory. Most of the drugs for strengthening myocardial contraction
have a potential risk of proarrhythmia. Moreover, commonly used antiarrhythmic drugs are likely to induce
arrhythmias in hypertrophic and failure hearts. Therefore, there is a great need to develop safe and effective drugs
to prevent or reverse structural and electrical remodeling in patients with cardiac hypertrophy.

Calcium-independent transient outward potassium channels carrying the cardiac I, current are composed of
the pore subunits Kv4.2/Kv4.3 and auxiliary subunits. The latter mainly includes potassium channel interacting
protein 2 (KChIP2) and dipeptidyl peptidase like protein 6 (DPP6)%”. In rodents, the I, is the key component
of the repolarization stage of the cardiac action potential (AP), and it is responsible for the initial rapid phase
of the AP in canines and humans®’. A reduction in the I, and the resulting lengthening of the action potential
duration (APD) are consistent findings in animal models of cardiac hypertrophy and failure as well as human
heart failure!’. Therefore, dysfunction of the I, is considered to be closely associated with the development of
cardiac hypertrophy'"'2 Several studies have shown that the overexpression of Kv4.3/4.2 or KChIP2 through
gene transfer effectively prevents or reverses cardiac hypertrophy in in vivo or in vitro cardiac hypertrophy
models'>!". Accordingly, upregulation of Kv4 channels is likely a potential strategy for the treatment of cardiac
hypertrophy. However, to date, no compounds that intervene in myocardial hypertrophy by enhancing the I,
under pathological conditions have been reported. NS5806 is a small molecule compound and was firstly found to
acutely increase the I, in canine ventricular myocytes isolated from either healthy or failing hearts'>'®. Whereas,
our previous study has demonstrated that NS5806 acutely inhibits native I,, in a concentration-dependent manner
in both mouse ventricular cardiomyocytes and human-induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs), although it potentiates I, in the canine ventricular myocytes'’. Based on the findings, we refer
to NS5806 as modulator of Kv4 channels. At present, this Kv4 channel modulator has not yet been tested for its
chronic pharmacological effect on the progression of cardiac hypertrophy. In this investigation, we used both
in vivo and in vitro models to investigate the chronic effects of NS5806 on cardiac hypertrophy. We first used a
pressure overload mouse model for in vivo study since long-term left ventricular pressure overload induced by
hypertension is the most common clinical inducer of myocardial hypertrophy. Considering that multiple stimuli
including sympathetic-adrenal system, renin-angiotensin system and endothelin etc. contribute to pathological
process of cardiac hypertrophy, we further observed its effect in neonatal rat ventricular myocytes (NRVMs)
stimulated with endothelin-1 (ET-1) in vitro to clarify whether NS5806 acts directly on cardiomyocytes. The
results provide new insight for the therapeutic management of cardiac hypertrophy.

Materials and methods

Animal model of cardiac hypertrophy and In Vivo NS5806 administration

Male C57BL/6 mice (weighing 18-22 g, aged 7-8 weeks) were obtained from Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). All mice were maintained in a controlled environment with a 12 h light/
dark cycle, a constant temperature (20-25 °C) and constant humidity (50-60%).

The cardiac hypertrophy mouse model was induced by pressure overload through transverse aortic
constriction (TAC) as described previously'®. In brief, the mice were anesthetized with 1-2% isoflurane in an
induction chamber and kept heart rate 450-550 beats per minute. The left second intercostal space was incised
for the subsequent operation. The transverse aorta between the innominate artery and left carotid artery was
isolated and constricted with a 6-0 silk suture ligature tied against a 26-gauge needle. The needle was swiftly
removed to produce a 0.45 mm wide TAC. Mice in the sham-operated group were only exposed to the aorta
without ligation. At 4 weeks after TAC surgery, pressure overload-induced cardiac hypertrophy was confirmed
to be successfully established by echocardiography, and then the mice were treated with NS5806 (250 mg/kg)
or vehicle (0.5% sodium carboxymethyl cellulose) by gavage once a day for 4 continuous weeks. Sham-operated
mice received the same dose of NS5806 or vehicle as TAC-treated mice.

Echocardiography

Mice were anesthetized with 1-2% isoflurane, and cardiac function was monitored via transthoracic two-
dimensional (2D)-guided M-mode echocardiography using a Vevo® 2100 system (VisualSonics Inc., Toronto,
Canada). The following parameters were subsequently measured: percentage of left ventricular ejection fraction
(LVEF) and fractional shortening (LVES); LV anterior wall dimensions at both diastole and systole (LVAWd
and LVAWs , respectively); and LV posterior wall dimensions at both diastole and systole (LVPWd and LVPWs,
respectively).

Electrocardiograph (ECG) recordings

Animal surface ECG recordings were obtained from mice anesthetized with isoflurane (1-2%). Lead II waveforms
were acquired by using the BIOPAC/MP150 System (BiopacSystems Inc., USA) at a sampling frequency of 5 kHz.
The ECG parameters were manually measured over a period of at least 10 consecutive cardiac cycles during
data acquisition in a blinded manner. Heart rate was defined by RR intervals, and the QT interval was the time
measured from the beginning of the QRS complex to the end of the T wave.

To determine susceptibility to ventricular arrhythmia, ex vivo ECG recordings were used. The Langendorff-
perfused hearts were prepared as previously described!’. In brief, the hearts were quickly removed, placed on a
Langendorff perfusion apparatus and retrogradely perfused with oxygenated Tyrode’s solution warmed to 37 °C
using a peristaltic pump at a flow velocity of 2-2.5 ml/min. Tyrode’s solution containing 140 mM NaCl, 5.4 mM
KCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, and 10 mM glucose was adjusted to pH 7.4 with NaOH. Two
silver electrodes were attached to the ventricular apex and the aortic root to record lead II equivalent ECGs.
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Before conducting the test, the hearts were placed in the thermostatic chamber and given a minimum of 30 min
to ensure stable ECG recordings. A BIOPAC/MP150 system at 5 kHz was used to acquire all the data.

Isolation of mouse ventricular cardiomyocytes

Single ventricular myocytes were obtained through enzymatic isolation from adult male mouse hearts using a
protocol that has been previously described". Briefly, the heart was quickly removed and placed on a Langendorff
apparatus. Tyrode’s solution free of Ca** was used to conduct retrograde aortic perfusion. After 5 min of
perfusion, the heart was digested with Tyrode’s solution containing type II collagenase (Worthington, 0.5 mg/
mL). Subsequently, the heart was removed from the perfusion apparatus upon reaching a state of softening. The
LV free wall was dissected, and single cardiomyocytes were harvested and then immersed in a high-K* solution
composed of (in mM) KOH 80, KH,PO, 25, KCl 40, MgSO, 3, L-glutamic acid 50, taurine 20, EGTA 0.5, HEPES
10 and glucose 10 (pH 7.4 adjusted with KOH). Patch-clamp recording was performed within 4-8 h postisolation.

Patch-clamp recordings

Electrophysiological recordings of action potentials (APs) and outward voltage-dependent K* currents were
performed with an EPC 10 amplifier (HEKA Electronics, Lambrecht, Germany) at room temperature (22-25 °C)
under the whole-cell patch-clamp configuration, as previously described®. Briefly, for AP recordings, patch
pipettes were backfilled with amphotericin (200 ug/ml) to form a perforated patch. The pipette solution consisted
of the following ingredients (in mM): 120 mM K-glutamate, 25 mM KCl, 1 mM MgCl,, 1 mM CaCl,, and 10 mM
HEPES (pH 7.4 with KOH). The external solution contained (in mM) 4 mM KCI, 138 mM NaCl, 2 mM CaCl,,
1 mM MgCl,, 0.33 mM NaH,PO,, 10 mM glucose, and 10 mM HEPES (pH 7.4 with NaOH). APs were evoked
in current-clamp mode by using a brief (4-6 ms) current pulse (1 nA) supplied through patch electrodes at a rate
of 1 Hz. The APD was measured at 20%, 50% and 90% repolarization (APD,,, APDs, and APDy, respectively).
Cells with resting potentials above -65 mV were excluded from the study. For outward voltage-dependent K*
current recordings, the external solution contained 130 mM N-methyl-d-glucamine (NMG), 5 mM KCI, 1 mM
MgCl, 1 mM CaCl,, 10 mM HEPES, and 10 mM glucose (pH 7.4 with HCI), and the pipette solution contained
140 mM KCl, 4 mM Mg-ATP, 1 mM MgCl,, 10 mM EGTA, and 10 mM HEPES (pH 7.4 with KOH). Nimodipine
(1 uM) was added to the external solution to block I, ;. To isolate distinct K* current components, a rapidly
activating and inactivating current, I, ; a rapidly activating but slowly inactivating current, I g, and a slowly
activating noninactivating current, I, the decay phases of the currents evoked during long (4.5 s) depolarizing
voltage steps to various test potentials were fitted by the sum of two exponents. The following equation was used:
y(t)=Al*exp(—t/11) + A2*exp(—t/12) + Ass, where t is time; 7 and 72 are the time constants of decay of I, and
I qow, TESPectively; A1 and A2 are the amplitudes of I, and I y,,, respectively; and Ass is the amplitude of I

Cell culture and treatments

NRVMs were isolated from 1- to 2-day-old Sprague—Dawley rats (purchased from Vital River Laboratory
Animal Technology Co., Ltd., Beijing, China). Hearts were rapidly excised after dislocation of the cervical
spine and immediately placed in cold PBS. The ventricles were separated from the atria, and the cells were
isolated by enzymatic digestion with 0.125% trypsin-EDTA in PBS at 37 °C. Fetal bovine serum (FBS) was
added to the separated cells, which were digested before centrifugation at 1000 rpm for 5 min to collect the
pellets. The collected cells were resuspended in Dulbecco’s modified Eagle’s medium (DMEM) and Ham F12
(1:1 v/v) supplemented with 10% FBS and 1% penicillin-streptomycin and then preplaced for 1.5-2 h at 37 °C
to allow fibroblasts to adhere to the plate. The unadhered cells were pelleted again and resuspended in DMEM
containing 10% FBS, 1% penicillin-streptomycin and bromodeoxyuridine (1:100, to inhibit fibroblast growth).
Ventricular myocytes were plated on 6-well plates at a density of 7.0 x 10° per well for mRNA experiments. For
cell fluorescence staining, 1.0 x 10° myocytes per well were plated on 24-well plates. To induce cardiomyocyte
hypertrophy, NRVMs were treated with 100 nM ET-1 (Tocris) for 48 h after 24 h of serum starvation in the
absence or presence of NS5806 (1 to 10 uM). To measure the cell surface area (CSA), NRVMs were stained with
the F-actin marker phalloidin (Sigma) and the nuclear marker Hoechst 33,342 (Sigma). Cell images were captured
by using laser confocal microscopy with a 20 x objective lens. The CSA of ventricular myocytes was measured by
Image] software (NIH). CSA was quantified by using the average value of measurements taken from more than
50 randomly selected cells across three independent experiments.

Quantitative RT—PCR

An Eastep® Super Total RNA Extraction Kit (Promega, USA) was used to extract total RNA. The purity and
concentrations of the RNA were quantified by measuring the absorbance at 230, 260 and 280 nm. GoScript ™
Reverse Transcription Mix (Promega, USA) (Promega, USA) was used to convert the total RNA (1 pg) to cDNA.
The cDNA products were amplified using GoTaq® Green Master Mix (Promega, USA). Each sample was analyzed
in triplicate and normalized to GAPDH. The 2-22CT method was used to determine the relative expression of the
target genes. The primer sequences are listed in Supplemental Table S1.

Western blot analysis

Fresh or ultralow temperature frozen mouse left ventricular tissue was added to a centrifugation tube, RIPA lysis
buffer and the protease inhibitor PMSF (RIPA: PMSF =100:1, ready to use and mix evenly) were added, and a
high-throughput tissue grinder was used to lyse the tissue. After placement and centrifugation, the supernatant
(protein sample) was collected. The protein concentrations were determined with a BCA protein assay kit (Pierce,
USA). The 40 pg/lane denatured samples were separated by 10% SDS—PAGE before being transferred onto PVDF
membranes. Primary antibodies against Kv4.2 (1:500, 75-016, NeuroMab, USA), KChIP2 (1:500, DF14620,
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Affinity, China), DPP6 (1:200, APC-146, Alomone, Israel) and GAPDH (1:10,000, 10494-1-AP, Proteintech,
China) were incubated at 4 °C overnight. After the membranes were washed with primary antibodies, they
were incubated with goat anti-rabbit (611-145-002) or anti-mouse (610-145-121) secondary antibodies (1:5000,
Rockland, USA) at room temperature for 2 h. An Odyssey Infrared Imaging System (LICOR 9120; USA) was
used to detect the signals.

Reagents

The chemical name of NS5806 is N-[3,5-Bis(trifluoromethyl)phenyl]-N’-[2,4-dibromo-6-(2H-tetrazol-5-yl)
phenyl] urea and its chemical formula is C16H8Br2F6N60. The chemical structure of NS5806 is shown in
Figure S1. For the in vitro experiments, NS5806 (Tocris, UK) was dissolved in DMSO to prepare a stock solution
(20 mM) and stored at — 20 °C. For in vivo animal administration, NS5806 was synthesized at the Department
of Pharmacology at Hebei Medical University, and its purity was confirmed to be>98% by HPLC (Figure S2,
Table S2). A suspension of 0.5% sodium carboxymethyl cellulose (Absin, China) was made with water and
stored at —20 °C.

Statistical analysis

All the experimental data are expressed as the mean + SEM. GraphPad Prism 7 (GraphPad Software, Inc.) was
used to perform the data processing and statistical analysis. Comparisons of data between multiple groups were
performed by two-way ANOVA. The nonparametric Kruskal—Wallis test and Dunn’s post hoc test were used
for the data with a skewed distribution. Fisher’s exact tests were used to compare the mortality between groups.
When P <0.05, the difference was considered statistically significant.

Ethics

All animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication, 8th Edition, 2011). The protocol
was approved by the Animal Care and Use Committee of Hebei Medical University (approval number: 1604087,
Shijiazhuang, China). All methods were carried out in accordance with relevant guidelines and regulations
including ARRIVE guidelines.

Results

NS5806 alleviated structural remodeling in mice with cardiac hypertrophy in vivo

The effect of in vivo administration of NS5806 on pressure overload-induced mouse cardiac hypertrophy was
first examined. Our previous study showed that mouse hearts exhibit robust hypertrophy at the 2nd week
after TAC surgery®. Accordingly, the treatment began the 4th week after TAC and lasted for another 4 weeks
(Fig. 1A). Echocardiograms showed that TAC successfully induced myocardial hypertrophy 4 weeks after surgery
(Figure S3). The TAC animals were then assigned to control or NS5806-treated groups. At the end of treatment,
echocardiography revealed that a pronounced degree of left ventricular hypertrophy developed in the TAC-
treated mice (Fig. 1B). Compared with those in sham mice, left ventricular anterior and posterior wall thicknesses
in TAC-treated mice were significantly greater (Fig. 1C,D). There were also significant increases in the heart
weight/body weight (HW/BW), heart weight/tibia length (HW/TL) and left ventricular weight/tibia length
(LVW/TL) ratios in TAC-treated mice (Figure S4). Moreover, the LVEF and LVFS, which represent cardiac
contractile function, were markedly lower in TAC-treated mice than in sham mice (Fig. 1E). These results
indicated the successful establishment of cardiac hypertrophy model mice. Administration of NS5806 for four
weeks ameliorated these hypertrophic changes, as evidenced by restoring the LV wall thicknesses and weights to
the normal values seen in sham mice (Fig. 1B-D, Figure S4) and reversing the dysfunction of cardiac contractile
function in TAC-treated mice (Fig. LE). However, there were no significant alterations of the observed parameters
when the sham animals received NS5806.

In addition, a cross-sectional view of the heart showed that TAC induced marked hypertrophy, and the
hearts of the NS5806-treated mice displayed a similar appearance to those of the sham mice (Fig. 2A). The
expression levels of classic cardiac hypertrophic and fibrotic genes, including atrial natriuretic peptide (ANP),
brain natriuretic peptide (BNP), and transforming growth factor-§ (TGF-f), were markedly increased in TAC-
treated mice. However, NS5806 blunted the TAC-induced increase in the expression of these genes (Fig. 2B-D).
These data suggested that chronic administration of NS5806 protects against pathological cardiac remodeling.

NS5806 mitigated electrophysiological remodeling in vivo and ex vivo

We then evaluated the effects of NS5806 on electrical remodeling. In vivo lead IT ECG recordings were first
performed in mice under isoflurane anesthesia. Representative ECG traces recorded in different animals are
shown in Fig. 3A, in which a prolongation of QT intervals was observed in TAC-treated mice. ECG parameters
revealed that NS5806 reversed the prolongation of the QT interval in TAC-treated mice, although it had no effect
on the QT interval in sham animals (Fig. 3B). There were no significant differences in the RR or PR intervals
among the animals (Figure S5). In addition, some TAC-treated mice died without any signs of disease (i.e.,
sudden death). NS5806 reduced the incidence of sudden death (Fig. 3C). This was likely due to the suppression
of malignant ventricular arrhythmias. Therefore, we assessed how NS5806 affects susceptibility to ventricular
arrhythmias in isolated hearts through stimulation of beta-receptors by administering the agonist epinephrine.
As shown in Fig. 3D, sinus tachycardia was the main manifestation after perfusion of epinephrine in sham mice,
while continuous premature ventricular complexes (PVCs), including bigeminy coupled rhythm (upper) and
severe ventricular arrhythmias, including ventricular tachycardia (VT) and ventricular fibrillation (VF) (bottom),
were exclusively detected in TAC-treated mice. NS5806 markedly decreased the incidence of PVCs and VT/VF
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Fig. 1. Effects of NS5806 on the wall thickness and function of the left ventricle as determined by
echocardiography. (A) A schematic diagram of TAC surgery and experimental tests. (B) Representative left
ventricle M-mode echocardiographic images; (C-D) Summary data for the systolic or diastolic left ventricular
anterior and posterior wall thickness (LVAWs or LVAWd) (LVPWs or LVPWA); (E) Summary data for the left
ventricular ejection fraction (LVEF) and fractional shortening (LVFS). n=6 in each group. "P<0.05, "P<0.01
versus the Sham + Vehicle group. *P<0.05, #*P<0.01 versus TAC + Vehicle.
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Fig. 2. Effects of NS5806 on structural remodeling of the heart. (A) Representative histological images of
transverse cardiac sections stained with hematoxylin/eosin; (B-D) Quantification of the mRNA levels of the
hypertrophic markers ANP (B) and BNP (C) and the fibrosis marker TGF-f (D). GAPDH served as an internal
control (n=5). *P<0.05, ** P<0.01 versus the Sham + Vehicle group. “P<0.05, **P<0.01 versus TAC + Vehicle.

(Fig. 3E,F). These findings indicated that NS5806 suppressed the vulnerability of TAC-treated mice to VI/VF
following catecholamine challenge.

We then investigated the chronic effects of NS5806 on cardiac electrophysiology in isolated mouse ventricular
myocytes. Representative AP recordings from different animals are shown in Fig. 4A. The AP repolarization
times were 20% (APD,), 50% (APDs), and 90% (APDy,), and the AP repolarization times were significantly
prolonged in TAC cardiomyocytes, while NS5806 inhibited the prolongation of APD,,, APD;, and APDy,
(Fig. 4B). However, NS5806 had no effect on the APD in sham-treated ventricular myocytes. The total outward
potassium currents (Iy) were evoked using a series of long (4.5 s) depolarizing voltage steps from -50 to+50 mV
from a holding potential of -80 mV. Representative current traces among different animals are shown in Fig. 4C,
in which TAC myocytes exhibited a visible reduction in peak potassium currents. The peak current densities
(Ix pear) Were calculated, and we found that TAC myocytes had a much lower Iy ;. than sham myocytes at most
test potentials, while NS5806-treated mice showed almost normal Iy ;.. levels (Fig. 4D). We then differentiated
outward currents into I, Iy g, and I currents by using a double exponential fit to the current decay phases
as previously described?'. At+50 mV, the I, and I g, densities were significantly decreased in the TAC group
although the current amplitudes were similar among different groups (Table S3). NS5806 reversed the TAC-
induced reduction of I, and I y,,, densities. Similar changes were also observed in I density (Table S3). These
findings support the notion that in vivo chronic administration of NS5806 abrogates the decrease in the outward
potassium current density and thus attenuates the prolongation of APD and QT intervals in TAC-treated animals.

NS5806 alleviated the reduction in Kv4 protein expression in the hypertrophied myocardium

The principal a-subunit of I, ¢ in the mouse heart is considered to be Kv4.2*1?2, Therefore, we measured the
mRNA and protein expression levels of Kv4.2 and the auxiliary subunits KChIP2 and DPP6. The results showed
that the mRNA expression levels of Kv4.2 and KChIP2 in the TAC group were significantly decreased. NS5806
treatment had no significant effect on the mRNA expression of Kv4.2, KChIP2 or DPP6 (P>0.05) (Fig. 5A-C).
Consistently, the protein expression levels of Kv4.2 and KChIP2 were reduced in the myocardium of the TAC
group, while NS5806 significantly attenuated the reduction in Kv4.2, but did not affect the alteration of KChIP2
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Fig. 3. Effects of NS5806 on surface ECG parameters and susceptibility to ventricular arrhythmia. (A)
Representative surface ECG traces (lead II); (B) Summary data for QT intervals; n=6 for each group; (C)
Summary data for mortality from 4 to 8 weeks after TAC and the statistical analysis was performed with
Fisher’s exact test; (D) Representative ECG traces of Langendorft hearts perfused with epinephrine; (E)
Summary data for PVCs. PVCs were recorded for the first 5 min following the initial PVC, and the data
were analyzed as PVCs/min. n=5 for each group; (F) The number of animals with or without VT/VF after
epinephrine challenge and the statistical analysis was performed with Fisher’s exact test. *P<0.05, ** P<0.01
versus the Sham + Vehicle group. *P<0.05, *P<0.01 versus TAC + Vehicle.
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Fig. 4. Effects of NS5806 on the left ventricular APD and outward potassium currents of cardiomyocytes. (A)
Representative AP traces at 1 Hz stimulation; (B) Summary data for APDs. (C) Representative current traces
of the outward potassium currents recorded with the voltage protocol shown in the inset; (D) Average current
density-voltage (I-V) relationships of the peak outward currents. n>15 cardiomyocytes from at least 5 mice in
each group. *P<0.05, ** P<0.01 versus the Sham + Vehicle group. *P<0.05, **P<0.01 versus TAC + Vehicle.

protein expression (P> 0.05) (Fig. 5E-G). These data suggest that NS5806 might suppress the prolongation of
APD and QT intervals in hypertrophic hearts by affecting the posttranscriptional processing of the Kv4 protein.

NS5806 protected against cardiomyocyte hypertrophy in vitro

NRVMs hypertrophy is the most commonly used cell model in vitro. To clarify whether NS5806 acts directly
on cardiomyocytes, we further observed the effect of ET-1 on an in vitro cardiomyocyte hypertrophy model
in NRVMs?. An experimental diagram is shown in Fig. 6A. ET-1 induced visible myocyte hypertrophy and
significantly increased the CSA (Fig. 6B,C). NS5806 suppressed the ET-1-induced increase in cell surface area in
a concentration-dependent manner (Fig. 6B,C). Consistently, NS5806 inhibited the expression of hypertrophic
markers of cardiomyocyte hypertrophy, including ANP, BNP and TGF-, in a concentration-dependent manner
(Fig. 6D-F). The in vitro findings revealed a direct beneficial impact of NS5806 on cardiac hypertrophic
remodeling.

Discussion

The findings of the present study mainly include the following: (1) chronic NS5806 administration suppresses
pressure overload-induced cardiac hypertrophy in vivo and ET-1-induced cardiomyocyte hypertrophy in vitro;
(2) NS5806 alleviates cardiac electrophysiological remodeling in hypertrophic mice, thereby decreasing
susceptibility to ventricular arrhythmias; and (3) as a Kv4 channel modulator, NS5806 might protect against
pathological cardiac remodeling by increasing the expression of the Kv4 protein.

Our previous study indicated that NS5806 evokes similar acute responses of Kv4 channels in mouse
ventricular myocytes and hiPSC-CMs despite species differences in its response!’. In the present study, we used
a pressure overload mouse model for in vivo studies since long-term left ventricular pressure overload induced by
hypertension is the most common clinical inducer of myocardial hypertrophy. Our previous observation revealed
that the animals generally maintain a normal appearance and activity without an obvious morbid phenotype of
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Fig. 5. Effects of NS5806 on I, channel-related gene and protein expression. (A-C) Quantification of

the mRNA levels of Kv4.2 (A), KChIP2 (B) and DPP6 (C). GAPDH served as an internal control (n=9 in

each group). (D) Representative immunoblots. Original blots are presented in Supplementary Figure S6-7.
(E-G) Summary data of Kv4.2 (E), KChIP2 (F) and DPP6 (G) protein levels. GAPDH served as an internal
control (n=5 in each group). *P<0.05, ** P<0.01 versus the Sham + Vehicle group. *P<0.05, *P<0.01 versus

TAC+

heart failure within 9 weeks after TAC surgery®’. Accordingly, we treated animals with NS5806 for 4-8 weeks to
observe the therapeutic effect of the compound on the hypertrophied heart. No adverse effects were observed
with oral doses based on a pilot study. The data indicated that NS5806 significantly attenuated the development of
LV hypertrophy in mice after TAC. In addition, our study demonstrated that NS5806 suppressed the development
of ET-1-induced cardiomyocyte hypertrophy. The results of the in vitro study provided evidence that NS5806
exerts a direct protective effect against hypertrophic remodeling. In addition, NS5806 restored normal electrical
parameters and thus reduced the incidence of sudden death through its suppression of susceptibility to fatal
ventricular arrhythmias. However, a previous study showed that a single dose of NS5806 has no effect on
increased arrhythmogenicity in heart failure model rats with preserved EF**. This discrepancy suggests that the

Vehicle.

acute pharmacological effect of NS5806 is different from that of chronic administration.

Downregulation of the Kv4 protein occurs in the early stage of cardiac hypertrophy, suggesting the possible
involvement of I,, remodeling in the hypertrophic process*>*. Therefore, the relationship between cardiac
hypertrophy and electrical remodeling has recently become a research hotspot. An early report indicated that
downregulation of Kv4.2 through cardiac-specific overexpression of a mutant dominant-negative Kv4.2 causes
cardiac hypertrophy and heart failure in mice. The same research group further demonstrated that a reduction
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Fig. 6. Effects of NS5806 on ET-1-induced hypertrophy in NRVMs. (A) A schematic diagram of the
experimental tests. (B) Representative confocal images of control, NS5806 (3 uM) or ET-1 (100 nM), and
different concentrations of NS5806 combined with ET-1 for 48 h. The nuclei of the cardiomyocytes were
stained with Hoechst (blue), and the intracellular cytoskeleton F-actin was stained with phalloidin (red). (C)
Quantitative analysis of the CSA of NRVMs (n 250 cells from 3 primary cell preparations in each group). (D-F)
Quantification of the mRNA levels of the hypertrophic markers ANP, BNP and TGF-$. GAPDH served as an
internal control. (n=3 in each group). *P<0.05, ** P<0.01 versus Con. *P<0.05, *P<0.01 versus ET-1.
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in the I, induces cardiomyocyte hypertrophy in NRVMs*. Hence, it is postulated that a reduction in the I,
prolongs APD and may cause cardiac hypertrophy?. Lebeche et al. demonstrated that in vivo gene transfer
of Kv4.3 abrogates the hypertrophic response and rescues the downregulation of the I, in rats with aortic
stenosis®. Upregulation of the I, through overexpression of Kv4.2/4.3 prevents phenylephrine or Ang II-induced
cardiomyocyte hypertrophy in cultured NRVMs'**. Moreover, overexpression of KChIP2 in aortic banded adult
rats robustly increases I, densities and significantly attenuates the development of left ventricular hypertrophy’'.
Furthermore, Cao et al. recently demonstrated that the inhibition of miR-27a-3p relieves cardiac hypertrophy
and electrical remodeling both in vivo and in vitro by promoting the expression of Kv4.3 at the transcriptional
level®2. The above evidence supports the notion that enhancing the I, is likely a potential therapeutic approach
for preventing/reversing cardiac hypertrophy*. However, to date, no compounds have been reported to intervene
in myocardial hypertrophy by enhancing the I,, under pathological conditions.

NS5806 was first shown to potentiate the I, in canine cardiac myocytes by slowing channel decay kinetics'”.
However, a later study revealed that NS5806 increases the ventricular I, but inhibits the atrial I, in the rabbit
heart, indicating its tissue-dependent pharmacological action®*. Our recent study showed that in contrast to its
promoting effect on the I, in canine cardiomyocytes, NS5806 evokes an acute inhibitory effect on the mouse
ventricular I, and significantly accelerates the inactivation of the current. Obviously, the acute inhibitory effect
of NS5806 on the ventricular I, in mice does not account for its pharmacological effect under pathological
conditions. However, this study has limited information about the molecular mechanism underlying the
antihypertrophic effect of NS5806. It is generally accepted that I, reduction in cardiac hypertrophy is not
simply a secondary change, and it may act as a mediator or promoter for pathological development®. The
reduction of I, leads to enhanced Ca?* influx and [Ca®*]i, which triggers the activation of hypertrophic gene
pathways including calcineurin and calcium-/calmodulin-dependent kinase II (CaMKII). On the other hand,
several studies have demonstrated that Kv4 channels on the myocardial cell membrane directly bind to inactive
CaMKII protein thereby preventing its activation®*—. We found that NS5806 blunted the reduction in the
number of Kv4 a-subunits in the hypertrophic ventricular myocardium but had no significant effect on Kv4
mRNA expression. It seems likely that the compound affects the posttranscriptional process of Kv4 channels.
The balance between retrograde internalization/degradation from the cell surface and anterograde trafficking
determines the amount of functional channels on the cell membrane®-*!. We speculate that the binding of
NS5806 to Kv4 channel complexes may stabilize the channel conformation and thus reduce its degradation as
well as the release of CaMKII from cell membrane. In addition, a recent report has shown that NS5806 also
acts as an ERK pathway inhibitor to attenuate neuropathic pain*’. Alternative mechanism beyond Kv4 may also
involve in the cardioprotective effect of the compound. Thus, it is interesting to carry out further investigations
to elucidate the molecular mechanism underlying the role of NS5806 in cardiac hypertrophy.

In conclusion, our data indicate that compound NS5806 suppresses cardiac hypertrophy in vivo and in vitro.
The potential mechanism is likely to involve upregulation of the expression of the Kv4 protein. The findings of
this study provide novel insights for the development of new ion channel regulators for the treatment of cardiac
hypertrophy.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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