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Abstract

Background

J wave syndromes (JWS), including Brugada (BrS) and early repolarization syndromes
(ERS), are associated with increased risk for life-threatening ventricular arrhythmias. Phar-
macologic approaches to therapy are currently very limited. Here, we evaluate the effects of
the natural flavone acacetin.

Methods

The effects of acacetin on action potential (AP) morphology and transient outward current
(lo) were first studied in isolated canine RV epicardial myocytes using whole-cell patch
clamp techniques. Acacetin’s effects on transmembrane APs, unipolar electrograms and
transmural ECGs were then studied in isolated coronary-perfused canine RV and LV
wedge preparations as well as in whole-heart, Langendorff-perfused preparations from
which we recorded a 12 lead ECG and unipolar electrograms. Using floating glass micro-
electrodes we also recorded transmembrane APs from the RVOT of the whole-heart
model. The i, agonist NS5806, sodium channel blocker ajmaline, calcium channel blocker
verapamil or hypothermia (32°C) were used to pharmacologically mimic the genetic
defects and conditions associated with JWS, thus eliciting prominent J waves and provok-
ing VT/VF.
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Results

Acacetin (5—10 uM) reduced |, density, AP notch and J wave area and totally suppressed
the electrocardiographic and arrhythmic manifestation of both BrS and ERS, regardless of
the experimental model used. In wedge and whole-heart models of JWS, increasing l, with
NS5806, decreasing Iy, 0Or I, (With ajmaline or verapamil) or hypothermia all resulted in
accentuation of epicardial AP notch and ECG J waves, resulting in characteristic BrS and
ERS phenotypes. Phase 2-reentrant extrasystoles originating from the RVOT triggered VT/
VF. The J waves in leads V1 and V2 were never associated with a delay of RVOT activation
and always coincided with the appearance of the AP notch recorded from RVOT epicar-
dium. All repolarization defects giving rise to VT/VF in the BrS and ERS models were
reversed by acacetin, resulting in total suppression of VT/VF.

Conclusions

We present experimental models of BrS and ERS capable of recapitulating all of the ECG
and arrhythmic manifestations of the JWS. Our findings provide definitive support for the
repolarization but not the depolarization hypothesis proposed to underlie BrS and point to
acacetin as a promising new pharmacologic treatment for JWS.

Introduction

Acacetin is a natural flavone produced by several plants, including snow lotus, which is used in
traditional Chinese medicine for multiple purposes, including treatment of rheumatoid arthri-
tis, impotence, irregular menses, asthma, bronchitis, cough, and altitude sickness [1].

J wave syndromes (JWS) are characterized by distinctive ] waves and/or ST segment eleva-
tion in certain ECG-leads and are associated with an increased risk for ventricular tachycardia
(VT)/ventricular fibrillation (VF), leading to sudden cardiac death (SCD). The two principal
forms of JWS are Brugada syndrome (BrS) and early repolarization syndrome (ERS). BrS is
characterized by prominent J waves, often referred to as ST segment elevation, in the right pre-
cordial leads whereas ERS is characterized by ] waves in the inferior and infero-lateral ECG
leads. Thus, the substrate for BrS is in the right ventricle (RV), particularly in the right ventric-
ular outflow tract (RVOT), whereas the region most involved in ERS is the inferior wall of the
left ventricle (LV). However, in type 3 ERS, ] waves appear globally, in the inferior, lateral, and
anterior (right precordial) ECG leads, so that both ventricles are affected [2]. First line therapy
for high-risk patients suffering from JWS is an implantable cardioverter defibrillator (ICD),
but the approach is problematic in very young infants for whom a pharmacological alternative
is desirable. Adjunct pharmacological therapy is also needed for individuals receiving frequent,
appropriate, VE-terminating shocks. Finally, alternative pharmacological therapy is desirable
for treatment of asymptomatic patients considered to be at high risk for a sentinel cardiac
event [3]. For these reasons, there is a pressing need for specific pharmacologic approaches for
primary or secondary prevention of arrhythmic events.

The KCND3-encoded Kv4.3 transient outward potassium current (I,) exerts a pivotal role
in the pathophysiology of both syndromes [4,5], owing to its ability to accentuate the action
potential (AP) notch and to suppress the AP dome. Li et al [1] reported that in atria, acacetin
inhibits I, the ultra-rapid delayed rectifier potassium current (Ix,,), and the acetylcholine-
activated potassium current (Ix_scpn), without significantly influencing other major cardiac ion
channel currents. These authors demonstrated its efficacy in preventing the induction of atrial

PLOS ONE | https://doi.org/10.1371/journal.pone.0242747 November 24, 2020 2/22


https://doi.org/10.1371/journal.pone.0242747

PLOS ONE

Di Diego et al: Acacetin for treatment of J wave syndromes

fibrillation (AF) in an in vivo canine model. In the ventricle, acacetin selectively inhibits I,
The co-existence of AF in BrS patients is common (10-20%) and is positively correlated with
the inducibility of ventricular arrhythmias [6]. Patients with a more advanced stage of BrS are
more likely to have a history of atrial arrhythmias (27% vs 13% of BrS patients with vs. without
an ICD indication) [7]. Therapeutic options targeting both BrS and AF would be of great bene-
fit for these individuals.

Because Iy, and Ix_scph are negligible (or absent) in ventricular myocardium, our hypothe-
sis is that acacetin could serve as a highly selective I,,-blocker in the ventricles with the addi-
tional advantage of having no adverse effects, unlike quinidine, which is currently the
pharmacologic treatment of choice for JWS. An ion-channel specific and cardio-selective I,
blocker has long been sought for the management of JWS [8]. The present study tests the
hypothesis that acacetin, via its action to inhibit I, can effectively suppress the electrocar-
diographic and arrhythmic manifestations of both BrS and ERS in experimental models
designed to pharmacologically mimic the genetic defects and ion channel heterogeneities
underlying these JWS. A secondary aim of the study was to create a whole-heart model of JWS
with which to advance our understanding of the mechanisms underlying the electrocar-
diographic and arrhythmic manifestations of the JWS.

Materials and methods

The Lankenau Institute for Medical Research Institutional Animal Care and Use Committee
reviewed and approved this research.

We evaluated the effect of acacetin in: 1) HEK293 cells expressing human Kv4.3 and Navl.5
using patch clamp techniques (37°C temp.), 2) canine ventricular epicardial myocytes 3) coro-
nary-perfused canine right (RV) and left ventricular (LV) wedge models and 4) Langendorff-
perfused canine whole-heart models of ERS and/or BrS in which the sodium channel blocker
ajmaline or the calcium channel blocker verapamil, together with the transient outward cur-
rent agonist NS5806 were used to provoke the arrhythmic phenotypes. BrS and ERS pheno-
types were created by pharmacologically mimicking the genetic defects underlying these
syndromes.

This investigation conforms to the Guide for Care and Use of Laboratory Animals. Twenty
five purpose-bred mongrel dogs of either sex were acquired from Marshall BioResources
(North Rose, NY), ranging from 9 to12 months of age (25-30 kg). Dogs were given ketamine
(10 mg/kg, IM) and xylazine 2 (mg/kg, IM) for sedation prior to euthanasia. Once the dogs
were sedated, they were anticoagulated with heparin (human pharmaceutical grade, 1,000 U/
kg, IV) and euthanized with Euthasol solution (pentobarbital sodium and phenytoin sodium;
0.22 ml/kg, IV) via a paw vein. After the Euthasol was administered, we checked for the
absence of a palpebral reflex, lack of withdrawal from a noxious stimulus applied to the distal
forelimb, lack of breathing, and absence of auscultable heart rate before excision of the heart
via a left thoracotomy. The hearts were then placed in cold cardioplegic solution (modified
Tyrode’s or Krebs-Henseleit solutions containing 16 mM KCI).

Preparations consisting of RV and LV wedge preparations were isolated from the canine
hearts. The coronary artery in each preparation was cannulated with Tyrode’s solution. With
continuous coronary perfusion, all ventricular branches of the right coronary artery were
immediately clamped and tied off with a silk thread. The total time from excision of the heart
to cannulation and perfusion of the artery was <4 min. The preparations were placed in a tem-
perature-controlled bath and perfused at a rate of 8-10 ml/min using Tyrode’s solution. The
composition of the Tyrode’s solution was (in mM): NaCl 129, KCl 4, NaH,PO, 0.9, NaHCO;
20, CaCl, 1.8, MgSO, 0.5, and D-glucose 5.5, bubbled with 95% O, and 5% CO, (37+0.5 C,
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pH = 7.35). The perfusate was delivered using a roller pump (Cole Parmer Instrument Co,
Niles, IL) at a constant flow rate at 8-14 mL/min warmed to 37+0.5°C. An air trap was used to
avoid bubbles in the perfusion line.

Wedge models of ] wave syndrome

Transmembrane action potentials (AP) were recorded simultaneously from epicardial (Epi)
and endocardial (Endo) regions of arterially-perfused canine LV and RV wedge preparations,
together with a pseudo-ECG recorded across the bath. A detailed description of arterially-per-
fused ventricular wedge preparation has been published previously [9]. The preparations were
stimulated from the endocardium, using bipolar silver electrodes insulated except at the tips at
a 1000 ms cycle length. The Epi transmembrane microelectrodes, situated 0.5 cm apart, were
used to obtain recordings at the very surface of the epicardium. At the time of arrhythmogen-
esis, the Epi electrodes were relocated to the triggering zone. The bipolar epicardial electro-
gram electrodes were placed in close proximity to the two Epi transmembrane
microelectrodes.

We used a combination of I,-agonist NS5806 (3-10 pM) and calcium-channel (Ic,) blocker
verapamil (0.5-2 pM) or the Class IA sodium-channel (Iy,) blocker ajmaline (2-10 uM) to
pharmacologically mimic the genetic defects and ion channel characteristics known to under-
lie ERS and BrS. The provocative agents were added to the coronary perfusate in increasing
concentrations until the development of phase 2 reentry (P2R), electrogram (EG) abnormali-
ties, closely coupled premature beats (PVCs) and PVT/VEF. Following stable induction of ERS
and BrS phenotypes, acacetin was added to the coronary perfusate.

Patch clamp studies in HEK293 cells using polycistronic constructs

Patch clamp studies involving transfection of HEK293 cells with bicistronic constructs incor-
porating SCN5A-R878C and KCND3-WT or SCN5A-WT and KCND3-L450F associated with
BrS and/or ERS were used to examine the reciprocal effects of these variants on I, and to eval-
uate the effect of acacetin on inhibition of I, generated under these pathologic conditions.
These bicistonic plasmids were co-expressed with KCNIP2-WT+ RFP and SCN1B-WT+GFP.

The HEK cells were transfected with polycistronic constructs of R878C-SCN5A+KCND3
+GFP and bicistronic constructs of KCNIP2+RFP and SCN1B+GFP to examine the effect of
R878C-SCN5A variants to increase I,. We transfected the HEK cells with polycistronic con-
structs of L450F-KCND3+SCN5A+GFP and bicistronic constructs of KCNIP2+RFP and
SCNI1B+GFP to examine the effect of L450F-KCND3 variants associated with BrS to reduce
Ina. Patch-clamp macroscopic current recordings were carried out using whole-cell configura-
tion at room temperature using Axopatch 200B amplifier as previously described [10,11]. To
measure peak I, amplitude and determine current-voltage relationships (I-V curves), currents
were elicited using 600 ms-test potentials from -50 to +50 mV by increments of 10 mV from a
holding potential of -90 mV. Following baseline measurements, I, at +40 mV recordings was
repeated during exposure to acacetin at concentrations ranging between 0.1 and 30 uM to cal-
culate the ICsy,.

Dissociation of canine ventricular myocytes

Single myocytes were obtained by enzymatic dissociation from coronary-perfused canine right
ventricular wedge preparations. The RV wedge was coronary perfused with nominally Ca*>-
free Tyrode’s solution for a period of 15 min. The wedge preparations were then subjected to
enzymatic digestion in nominally Ca**-free solution supplemented with 0.6 mg/ml collagenase
(type IL; Worthington) and 0.075 mg/ml protease (type XIV; Sigma) for 25-35 min. The
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wedge preparation was then perfused for 15 min with a taurine buffer solution containing (in
mM): 108 NaCl, 10 HEPES, 11 D-glucose, 4 KCl, 1.2 MgSOy,, 1.2 NaH,PO,, 50 Taurine and 25
nM of CaCl,. pH to 7.4. After perfusion, thin slices of tissue were cut from the epicardial sur-
face to obtained single epicardial cells as previously described [12].

Whole-cell patch clamp measurements of I, and Action Potentials (APs)
in dissociated canine right ventricular myocytes

I, and APs were measured in isolated RV myocytes. APs were measured in the current-clamp
mode in the whole-cell configuration. APs were initiated using intracellular current injection
and recorded continuously by means of Clampex software (Axon Instruments/Molecular
Devices) at a sampling rate of 1 pulse/2000 ms. I, was measured using the Axopatch 200B-2
amplifier in V-Clamp mode.

I, was measured in isolated RV epicardial cells at 37°C using whole-cell patch clamp tech-
niques. I, was elicited using a series of 350 ms voltage steps between -50 mV and +40 mV
from a holding potential of -90 mV. A 15 ms prepulse to -20 mV was used to discharge the
sodium current. Interpulse interval was varied from 2000 ms. The amplitude of I, was be
determined by subtracting peak current from steady-state current at the end of the pulse. The
total charge carried by I;, was determined by calculating the area under the I, current wave-
form. The extracellular solution contained (in mM): 140 NaCl, 4 KCl, 1.8 CaCl,, 1.2 MgCl,, 10
HEPES, and 10 glucose, pH = 7.4. The intracellular solution contained (in mM) 120 KCl, 1.5
MgCl,, 10 HEPES, 0.5 EGTA, 0.01 CaCl,, 5 MgATP, pH = 7.2. Following baseline measure-
ments, recordings was repeated during exposure to acacetin (5 and 10 uM).

Langendorff-perfused whole heart model of BrS and ERS

The ascending aorta was cannulated and secured with size zero silk suture. Retrograde aortic
perfusion of ~1 liter of cold cardioplegic was performed at a constant pressure (60 mmHg;
Langendorff mode) to fully rinse out the coronary vasculature. The atria were then removed.

The hearts were then connected to an organ bioreactor (Harvard Apparatus) and sub-
merged in a 2.5-Liter chamber. Perfusion was performed in Langendorff-mode at a constant
flow (400-500 ml/min) keeping the aortic pressure at 70+5 mmHg. The perfusate, a modified
Krebs-Henseleit solution (K-H), was strongly bubbled with 95% 02/5% CO2. The composi-
tion of K-H was (in mM): 118 NaCl, 4 KCI, 2 CaCl,, 1.2 MgSO,, 24 NaHCO3, 1.2 NaH,PO,, 2
NaPyruvate and 10 D-Glucose. Unless otherwise specified, perfusate temperature and that of
the heart chamber were kept at 37+0.5°C. Six liters of solution were recirculated for the dura-
tion of each experiment although, in some cases, no recirculation was performed.

The organ bioreactor system included a controller, a laptop, roller pumps, reservoirs, tem-
perature sensors, pressure transducers, water heaters/circulator baths (Cole-Parmer), heating
coils (Radnoti), in-line filter holders, a syringe pump (Harvard Apparatus) and a pulsar stimu-
lator (FHC). The heart chamber contained multiple preset Ag/AgCl electrodes permitting
simultaneous recordings of a 12-lead ECG with a 30-channel extracellular amplifier (Hugo
Sachs Elektronik, Harvard Apparatus).

In addition to the ECG leads, up to 14 sub-epicardial (Epi) unipolar electrograms (U-EGs)
were recorded with Ag/AgCl plunge electrode needles (Bruce Steadman and Alicja Booth;
University of Utah, Salt Lake City) placed in the RVOT, RV inferior wall, LV antero-basal and
LV apex. Each electrode was referenced to a bath ground (Ag/AgCl electrode). A unique fea-
ture of this model, although quite challenging, is the recording of intracellular transmembrane
action potentials from the RVOT of vigorously beating hearts using floating glass
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microelectrodes. The hearts were either paced from the upper interventricular septum (just
above the septal leaflet of the tricuspid valve) or allowed to beat spontaneously (junctional
rhythm).

All amplified signals were digitized at a sample rate of 2,016 Hz, stored on magnetic media
and analyzed using Spike 2 for Windows (Cambridge Electronic Design, Cambridge, UK).

Drugs. Acacetin, a derivative of the traditional Chinese medicine Xuelianhua, was synthe-
sized in the laboratory of Gui-Rong Li or purchased from Sigma-Aldrich (St Louis, Mo). Aca-
cetin was dissolved in dimethyl sulfoxide (100%) to create a 10 mM stock solution and stored
at -20°C. Verapamil and ajmaline were also purchased from Sigma-Aldrich and were dissolved
in distilled water and ethanol (100%), respectively. NS5806 was obtained from Gilead Sciences
(Foster City, CA) or Sigma-Aldrich (St Louis, Mo), and was dissolved in dimethyl sulfoxide
(100%).

Measurements and calculations. ECG-Parameters:

QT.,q: measured from the QRS-onset to the end of T wave (the point where the steepest
tangent of the 2nd slope of the T wave meets the isoelectric line).

QT pear: measured from the QRS-onset to the apex of the T wave (the intersection between
the steepest tangents of the two slopes of the T wave).

Tpeal-Tena: measured from the apex to the end of T wave (see above).

] wave area: calculated using SigmaPlot software (Systat Software Inc.) and Excel. The
onset of the ] wave (J,) was set as defined by the recent consensus paper by Macfarlane et al
[13, 14]. In case of J,< 0 (under the zero-line), the start of ] wave was set to the point where its
upslope meets the zero line. The end of the ] wave (J;) was set to the point where its downslope
meets the zero line (which was also the bottom limiting line for calculating the ] wave area).
For a better basis of comparison, in the wedge preparations (but not in the whole-heart mod-
els), ] wave area was normalized to R wave amplitude (] wave area,), thus it was expressed as
(mV; x ms;)/mV, units throughout the study, where mV; x ms; = area of the ] wave and mV,
= R wave amplitude.

QRS duration: was measured from the onset of the QRS to the end of the S wave or to
the J,.

Action Potential (AP) Parameters:

AP notch area: calculated using SigmaPlot software (Systat Software Inc). The start of the
notch was defined as the peak of phase 0. The end of the notch was determined as the point
where the AP reaches the top of the plateau (phase 2). The upper limiting line of the notch area
was defined as the horizontal line set to the peak of phase 2 plateau. For a better basis of com-
parison, notch area was normalized to phase 2 amplitude (Notch area,), so thus it was
expressed as (mV; x ms;)/mV, units throughout the study, where mV; x ms; = area of the AP
notch and mV, = phase 2 amplitude.

Epicardial dispersion of repolarization (EDR): calculated as the longest interval between
the epicardial AP durations at 90% of repolarization (APDg,) in simultaneous recordings, cor-
rected by the activation time (AT) as follows: EDR = (APDgggpi; + ATgpi1)-(APDgggpin
+ ATEpiZ)‘

Transmural dispersion of repolarization (TDR): calculated as the longest interval
between endocardial (Endo) and epicardial (Epi) APDg, values in simultaneous recordings,
corrected by the AT as follows: TDR = (APDoggndo + ATEndo)—(APDgggp; + ATgp).

Statistical analysis. Statistical analysis was performed using one-way repeated measures
analysis of variance followed by all-pairwise comparisons using the Holm-Sidak method or lin-
ear regression, where appropriate. For the analysis of QT-parameters, paired t-test was used.
Data are shown as mean = SEM throughout the study. Statistical significance was considered
at p<0.05.
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Results and discussion

Fig 1 illustrates the effect of acacetin to inhibit I, and to suppress the AP notch in epicardial
myocytes enzymatically isolated from the canine RV, where I, is known to be more prominent
[15]. At a concentration of 5 and 10 uM, acacetin reduced I, density by 56+2.1% and 80+3.2%
with a proportional reduction in AP notch area. Action potential duration (APD) showed a
tendency to abbreviate but was not significantly altered. Fig 1D-1F present composite data of
the effect of acacetin on the AP notch, I, total charge, and APD (APDs 4,4 90)- Acacetin’s
effect is predominantly on the early phases of the AP, consistent with a selective effect of the
drug to inhibit L.

In recent studies (Clatot and Antzelevitch, unpublished observation), several BrS-associated
SCN5A variants were shown to not only reduce Iy,, but also to augment I, and that KCND3
variants associated with BrS and ERS can not only augment I, but can also reduce Iy,. In
another series of experiments, we therefore evaluated the effect of acacetin to inhibit I, aug-
mented by these variants. Fig 2 illustrates that the effect of acacetin on this pathology-mediated
I;, is more potent than on WT I,,,. In the absence of JWS-associated pathogenic variants, acace-
tin inhibited I, with an ICso of 7.2£1.0 pM (n = 3) when expressed in HEK cells, similar to the
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Fig 1. Effect of acacetin to inhibit the transient outward current (I,,) and thus reduce the action potential notch. (A) Superimposed action
potentials recorded from isolated canine ventricular myocyte before and after exposure to 5 uM acacetin. (B) Shown are traces of I, recorded
using the voltage protocol depicted in the inset before and after exposure to 5 and 10 pM acacetin. (C) I-V relationship for I, density recorded
from an isolated canine ventricular epicardial myocyte before and after 5 and 10 uM acacetin. (D) Area of action potential notch before and
after 5 and 10 uM acacetin as well as after washout of the drug. (E) Total charge of I, recorded at +20 mV before and after 5 and 10 uM
acacetin as well as after washout of the drug. (F) Action potential duration at 50 and 90% repolarization recorded before and after 5 uM
acacetin (n = 6); *p<0.05 and **p<0.01, respectively.

https://doi.org/10.1371/journal.pone.0242747.9001
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Fig 2. Pathology-upregulated I, is more sensitive to inhibition by acacetin. Each panel shows I, recorded from HEK293 cells transiently
co-transfected with either WT- or R878C-SCN5A+KCND3, or SCN5A+WT or L450F KCND3, SCN1B and KChIP2 using polycistronic
constructs. Voltage protocol is shown in the inset. (A) Representative traces of I, and I,. (B) Concentration-response relationships for I,
total charge (TC) normalized to the current recorded at +50 mV under control and acacetin conditions (room temperature). In the absence of
JWS-causative variants, acacetin inhibited I, with an ICsq of 7.2+1.0 uM-7.21+1.0 uM (n = 3) in HEK cells. In the presence of the JWS-
causative variants, ICso was reduced to 2.5+2 and 3.7+1.0 uM, respectively (Mean +SEM; n = 3-5; p<0.05).

https://doi.org/10.1371/journal.pone.0242747.9002

value obtained in native epicardial myocytes (6 uM). In the presence of the SCN5A and
KCND3 variants, ICs, was reduced to 2.5+2 and 3.7+1.0 uM, respectively (Mean +SEM;
n = 3-5; p<0.05).

In another series, we generated experimental models of BrS and ERS using canine ventricu-
lar RV and LV wedge preparations by pharmacologically mimicking the effects of BrS- and
ERS-associated genetic defects, capable of causing an increase of I, and/or reduction of either
Ina Or I, 1. In the example illustrated in Fig 3, the addition to the coronary perfusate of the I,
agonist NS5806 (4-10 uM) dramatically augmented AP notch, much more so in epicardium
(Epi) than in endocardium (Endo), resulting in accentuation of the ] wave in the ECG, but
without the development of arrhythmias (Fig 3A/col2). A delayed 2™ upstroke of the AP was
apparent in Epi resulting in a discrete delayed potential in the bipolar electrogram (EG)
recorded from Epi (Fig 3A/col 2, red arrow). The addition of ajmaline (2-10 (M) or verapamil
(0.5-2 uM) led to development of ERS (n = 6/6) and BrS (n = 6/8) phenotypes (Figs 3A/col3,
3B/col2 and 4/col2- and Table 1).
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Fig 3. Effect of acacetin to suppress the electrocardiographic and arrhythmic manifestations in two different
models of Brugada syndrome. Each panel shows simultaneously recorded transmembrane action potentials from one
endocardial (Endo) or subendocardial (Subendo) and two epicardial (Epil, Epi2) sites together with a pseudo-ECG
and bipolar surface electrograms (Bip EG) in arterially-perfused RV wedge preparations. BCL = 1000 msec. (A)
Brugada phenotype induced by a combination of NS5806 and ajmaline. The provocative agents accentuated phase 1,
leading to heterogeneous loss of the AP dome, thus giving rise to concealed P2R and a prominent type 1 ST segment
elevation (col3). The delayed 2nd upstroke of the epicardial APs and concealed P2R give rise to late potentials in the
bipolar electrograms recorded from epicardium but not endocardium (col2-4, Bip EG Epi and Bip EG Endo; red
arrows). When P2R was able to propagate from its protected focus, it initiated VT/VF episodes (col5). Acacetin

(10 uM) restored normal AP morphology secondary to diminution of the AP notch, thus abolishing all late potential
activity (@), VI/VF, P2R and the Brugada- ECG-pattern (col6). (B) Brugada phenotype induced by the addition of
NS5806 and verapamil to the coronary perfusate. The provocative agents accentuated phase 1, leading to
heterogeneous loss of the AP dome in epicardium and the development of phase 2 reentry (col2-3, black arrows) and
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VT/VE (col3). Acacetin (10 uM) restored the epicardial AP dome, reduced the AP notch, and abolished all arrhythmic
activity (col4-5). The effect of acacetin was reversed upon washout (col6).

https://doi.org/10.1371/journal.pone.0242747.9003

The effect of acacetin to suppress the electrocardiographic and arrhythmic manifestations
in a model of ERS is depicted in Fig 4 Shown are recordings of APs from one endocardial
(Endo) and two epicardial (Epil, Epi2) sites together with a transmural ECG in a LV wedge
preparation. The combination of NS5806 and verapamil accentuated the Epi AP notch leading
to accentuated J waves, P2R and polymorphic VT (col2-3). Acacetin (10 pM) diminished the
AP notch, restored AP dome, thus totally suppressing the ] waves and VT (col4).

These provocative agents dramatically increased the repolarization-mediated parameters in
both RV and LV (Table 1 and Fig 5, n = 6 for RV and n = 6 for LV): Notch area increased by
1,067% and 2,269% in RV and LV, respectively (p<0.001 and p<0.001 vs. control) and ] wave
area increased by 823% and 2,460% in the RV and LV, respectively (p = 0.001 and p<0.001 vs
control; Fig 5A and Table 1). There was a 3,173% and 1,794% increase in EDR (p<0.001 and
p<0.001 vs. control, respectively) and 1,131% and 998% increase in the transmural dispersion
of repolarization (TDR) compared to control in RV and LV, respectively (p<0.001 and
Pp<0.001 vs. control; Fig 5B and Table 1). The provocative agents also increased Tpeak-Tend
interval by 396% and 146% in RV and LV, respectively (p<0.001 and p = 0.003, vs. control; Fig
5C and Table 1).

The pronounced delay of the 2@ AP upstroke, secondary to accentuation of the AP notch,
and increased the epicardial dispersion of repolarization (EDR), due to heterogeneous loss of

Control

NS5806 8uM + Verapamil 1.5pM ‘ ’ +Acacetin 10pM

}

IRWANNRA
ANATRAY
Stimulus “"’,\ J\/\ ‘}/\ J\

Fig 4. Effect of acacetin to suppress the electrocardiographic and arrhythmic manifestations in a model of ERS.
Shown are simultaneous recordings of transmembrane action potentials from one endocardial (Endo) and two
epicardial (Epil, Epi2) sites together with a pseudo-ECG in arterially-perfused LV wedge preparations. BCL = 1000
msec. The combination of NS5806 and verapamil accentuated the epicardial AP notch leading to accentuated J waves,
P2R and polymorphic VT (col2-3). Acacetin (10 pM) diminished the AP notch, restored AP dome, thus totally
suppressing the ] waves and VT (col4).

https://doi.org/10.1371/journal.pone.0242747.g004
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Table 1. Effect of acacetin on ECG and AP parameters in the two pharmacologic models of the J wave syndromes (series 2-3 experiments).

Control Provocative Agents + Acacetin 10 uyM
AP Notch area, -RV 6.32+1.46 73.77+£9.23* 5.15+3.09*
AP Notch area, -LV 2.56£0.52 60.73+7.39* 3.44+1.87*
J wave area,-RV 4.50+1.21 41.534£9.19* 3.33+1.37¢
J wave area,-LV 1.48+0.59 37.76+6.09* 1.14+0.47*
EDR-RV (ms) 5.63%2.15 184.37+ 23.93* 9.88+3.822"
EDR-LV (ms) 7.52%3.10 142.38+ 17.08" 11.70+3.80"
TDR-RV (ms) 12.42+2.19 152.82+19.60* 13.45+3.93*
TDR-LV (ms) 10.63+5.52 116.73+12.25* 16.07+4.67*
Tyeak-Tena=RV (ms) 26.30+2.49 130.57+15.51% 53.33+8.33"
Tyeak-Tena—LV (ms) 39.7542.53 97.87+14.53* 42.62+4.74*
QTpear—RV (ms) 229.2316.71 259.99+18.21% 223.73+18.03F
QTpear—LV (ms) 227.07+3.05 192.52439.43+ 235.60+12.44%
QT,,4—RV (ms) 255.53+7.24 390.55+23.42* 277.07+16.92*
QT,,q—LV (ms) 266.82+2.71 289.80+27.48+ 278.22+14.82%

Control: Recorded at baseline; Provocative Agents: After addition of NS5806 + verapamil or NS5806 + ajmaline to the perfusate; +Acacetin 10 uM: After addition of
acacetin (10 uM) to the perfusate containing the provocative agents.

*p < 0.05

tp > 0.05 vs. previous experimental step; n = 6 for right (RV) and n = 6 for left ventricle (LV). No significant differences were found between the Control and the
Acacetin groups.

https://doi.org/10.1371/journal.pone.0242747.t001

the AP dome, led to the development of phase 2 re-entry (P2R) giving rise to closely coupled
PVCsin 12 out of 14 experiments, triggering polymorphic VI/VF in 11 of 14 preparations
(Figs 3A/col3-5, 3B/col2-3 and 4/col2-3). Both ajmaline and verapamil augmented the frac-
tionation of the bipolar EG and appearance of late potentials secondary to the repolarization
abnormalities and development of concealed P2R (Fig 3A/col3-4, arrows). Interestingly, when
ajmaline was applied to preparations displaying a very small AP notch and ] wave at baseline,
it reduced the manifestation of these parameters, due to the effect of these drugs to widen the
QRS, thus engulfing the ] wave. These observations are consistent with clinical reports describ-
ing attenuation of early repolarization ECG-pattern following ajmaline [16].

The addition of acacetin (10 uM) to the coronary perfusate dramatically suppressed both
BrS and ERS phenotypes (Figs 3A/col6, 3B/col4-5 and 4/col4 and Table 1). AP notch and J
wave area were reduced and the AP dome was restored in both LV (6/6) and RV (6/6), thus
greatly reducing the dispersion of repolarization responsible for the development of P2R and
VT/VF and eliminating fractionated EG activity and late potentials (Fig 5 and Table 1). All
arrhythmic activity, including P2R, closely coupled extrasystoles and VT/VF were totally sup-
pressed in all experiments (12/12) by 10 uM acacetin and in 7/8 experiments by 5 uM acacetin
(Figs 3A/col6, 3B/col4-5 and 4/col4). The drug reversed the repolarization defects, but not the
depolarization defects, induced by the provocative agents. QRS duration remained prolonged.
In the RV wedge, the QRS duration before and after acacetin was 32.3246.87 and 36.37+7.52
msec, respectively (Mean+SE [n = 6]; no significant differences). Similarly, in the LV wedge,
the values were 37.08+5.01 and 41.07+4.93 msec, respectively (Mean+SE [n = 6]; no significant
differences).

Acacetin decreased ] wave area, by 92% and 97% (p = 0.001 and p<0.001) and AP notch
area, by 93% and 94% in RV (n = 6) and LV (n = 6), respectively (p<0.001 and p<0.001; Fig
5A and Table 1). Acacetin 10 uM reduced EDR by 95% and 92% (p<0.001 and p<0.001), TDR
was diminished by 91% and 86% (p<0.001 and p<0.001; Fig 5B and Table 1) whereas T peax-
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Fig 5. (A) Effect of acacetin on maximal action potential (AP) notch and ] wave arear. (B) Epicardial and endocardial dispersion of repolarization (EDR and TDR).
(C) Peak-to-end interval of the T wave (Tpeak-Tend) in the Brugada syndrome (RV) and early repolarization syndrome (LV) models. BCL = 1000 msec. Addition of
the provocative agents created a prominent increase in all of these repolarization-dependent parameters, whereas acacetin reversed these changes and restored each
value towards normal, irrespective of which pharmacologic model or which ventricle was used. All changes were significant compared to the previous experimental
step. “p < 0.05 vs. previous experimental step; n = 6 for right (RV) and n = 6 for left ventricle (LV). No significant differences were found between the Control and

the Acacetin groups.

https://doi.org/10.1371/journal.pone.0242747.9005

Tena decreased by 59% and 56% (p = 0.002 and p = 0.004; Fig 5C and Table 1) in RV and LV,
respectively.

In another experimental series, we endeavored to create models of the JWS using Langen-
dorff-perfused canine hearts to assess the validity of the results obtained in the wedge models
of the JWS. Using this whole-heart model (Fig 6) we were able not only to validate the data
obtained using the wed ge model but also to more critically define the mechanisms underlying
the JWS. The cellular mechanisms underlying BrS, in particular, has long been a matter of con-
troversy [17,18]. Two principle hypotheses have been advanced: (1) The repolarization
hypothesis maintains that an outward shift in the balance of currents in the RV Epi leads
to repolarization abnormalities, secondary to accentuation of the epicardial AP dome, result-
ing in the development of phase 2 reentry, which generates closely-coupled premature beats
capable of precipitating VT/VF; (2) the depolarization hypothesis maintains that delayed
conduction between RV and the RVOT plays a primary role in the development of the electro-
cardiographic and arrhythmic manifestations of the syndrome and that the ] wave or ST seg-
ment elevation is due to a difference in activation time of RVOT vs. the remainder of RV. This
hypothesis has never been tested in a whole-heart experimental model of BrS. According to
the depolarization hypothesis, the latest activation of the RVOT should coincide with the end
of the ] wave, whereas in the repolarization hypothesis, it is expected to coincide with the
beginning of the ] wave. Fig 7A and 7B shows correlation of these parameters with the appear-
ance of ] waves induced under a variety of conditions including 1) augmentation of I, using
NS5806, 2) inhibition of Iy, using ajmaline and 3) hypothermia. In all cases, manifestation of
the J wave coincided with the AP notch in RVOT Epi and its initiation (i.e., Phase 0 of its AP)
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Fig 6. (A) Picture of a Langendorff-perfused canine heart (angled in its approximate anatomical position in the chest cavity) and schematic of
the chamber used to record 12-lead ECGs. Whenever possible, one or two action potentials were recorded from the RVOT using floating
microelectrodes. (B) Diagram of a plunge needle electrode used to record unipolar electrograms and their placement in the RVOT, Inferior RV
and LV apex and base of a Langendorff-perfused heart. (C) Example of precordial ECG recordings obtained during pacing from the His bundle
with a Medtronic pacing lead. Note the ] wave displayed in lead V1.

https://doi.org/10.1371/journal.pone.0242747.9006

coincides with activation of RVOT (as denoted by Vmin of the simultaneously recorded uni-
polar EGs), consistent with the repolarization hypothesis.

Fig 8 shows an example of the effect of the Ito agonist NS5806 to amplify, and acacetin to
diminish, the manifestation of the ] wave in lead V1 and in the epicardial AP notch recorded
from the RVOT of a Langendorft-perfused whole-heart model of JWS. Panel A shows the Con-
trol recordings. NS5806 increased the amplitude of the ] wave as well as the area under the J
wave (Fig 8B). Addition of acacetin (5 uM) to the perfusate (Fig 8C) significantly reduced the J
wave amplitude and the ] wave area and prevented arrhythmogenesis in all 6 preparations
exposed to acacetin. Panel D graphically illustrates the composite data for the ] wave amplitude
(n = 6; Mean=SE). The J wave amplitude increased from 0.090£0.02 mV (Control) to 0.25
+0.02 mV (NS5806; p<<0.001 vs. Control). Addition of acacetin to the perfusate reduced the
amplitude of the ] wave from 0.25+0.02 mV (NS5806) to 0.07+0.01 mV (Acacetin; p<0.001 vs.
NS5806). Likewise, Panel E graphically illustrates the composite data for the area under the J
wave (] wave area) from the same 6 experiments included in panel D. The ] wave area
increased from 1.71+£0.47 mV* msec (Control) to 4.41£0.46 mV* msec (NS5806; p<0.001
[Mean+SE] vs. Control). Addition of acacetin to the perfusate reduced the ] wave area from
4.4140.46 mV™* msec (NS5806) to 1.47+0.45 mV* msec (Acacetin; p<0.001 vs. NS5806).

Fig 9 shows the ability of an increase in I;, mimicking a KCND3-mediated gain of function
genetic variant to amplify the action potential notch in the Epi of the RVOT, giving rise to
prominent J waves in the right precordial leads (shown is lead V1) and the development of
epicardial dispersion of repolarization, thus creating the conditions for the development of
phase 2 reentry in the RVOT. This results in the development of closely coupled extrasystoles
arising from the RVOT, which precipitate polymorphic VT. Once again, it is clear that the
appearance of the ] wave is due to accentuation of early repolarization and not to delayed
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Fig 7. Correlation between RVOT activation delay (relative to the inferior RV), the onset of the ] wave, and Phase 0 of epicardial
APs recorded from the RVOT of a Langendorff-perfused whole heart model of the J wave syndrome. (A) From top to bottom:
Transmembrane action potential recorded from the RVOT and lead V1 ECG superimposed on the first derivatives of simultaneously
recorded Epicardial Unipolar electrograms (Epi Uni-EG) showing activation times (AT [V ;] —depicted by circles) of the RVOT and
the RV inferior wall. Recordings were obtained during junctional rhythm (CL = 860 msec). Note that Phase 0 of the RVOT action
potential is in line with the onset of the ] wave and the V ,,;;, of the RVOT Uni-EG; the vertical red dashed line highlights the
correlation of these parameters. (B) Red circles: Correlation between the activation delay between the inferior RV and RVOT and the
onset of the ] wave (recorded in lead V1) under 22 different experimental conditions (11 Control, 6 NS5806 [5-7.5 uM], 3
Hypothermia [30-32°C] and 2 Ajmaline [10 uM]). Out of the 8 Langendorff-hearts included for this analysis, 5 were paced

(BCLs =500 [n = 1] and 800 msec [n = 4]) and 3 beat spontaneously (CLs: 790-2000 msec [Junctional Rhythm; JR]). Blue circles:
Correlation between the RVOT activation delay and Phase 0 of the RVOT AP recorded under 11 experimental conditions (5 Control,
4 NS5806 [5-7.5 uM] and 2 Hypothermia [30-32°C]). Out of the 6 Langendorff-hearts included in this analysis, 4 were paced

(BCLs = 500 [n = 2] and 800 msec [n = 2]) and 2 displayed a junctional rhythm (CLs: 790-2000 msec).

https://doi.org/10.1371/journal.pone.0242747.9007

depolarization. As noted above, pre-treatment with 5 uM acacetin prevented the development
of phase 2 reentry and closely coupled extrasystoles in 6 out of 6 preparations.

Our findings point to acacetin as a promising new agent for pharmacologic therapy of the
JWS due to its unique effect to block I, in the ventricular myocardium and thus prevent the
repolarization abnormalities responsible for development of arrhythmogenesis in patients
with the JWS. Acacetin may be especially advantageous in patients whose syndrome is accom-
panied by AF and/or ischemic events, in that it has been shown to exert an ameliorative effect
in these settings [1,19,20]. Patients displaying early repolarization pattern (ERP) are generally
more vulnerable to acute myocardial ischemia-related VI/VF [21,22]. In these individuals, in
addition to its suppressive effects on arrhythmias associated with BrS and ERS, acacetin may
protect against ischemia-reperfusion-mediated arrhythmogenesis [1,20].
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Fig 8. Effect of the I, agonist NS5806 to amplify and acacetin to diminish the manifestation of the J wave in lead V1 and in
the epicardial AP notch recorded from the RVOT of a Langendorff-perfused whole heart model of JWS. From top to bottom:
Transmembrane APs recorded from the RVOT (unfiltered signals) and lead V1 superimposed on the first derivatives of the
simultaneously recorded epicardial unipolar electrograms (U-EGs) showing activation times (V,,;,—depicted by circles) of the
RVOT and the RV inferior wall. All recordings were obtained during junctional rhythm (the atria were removed); the numbers at
the bottom of each panel indicate the cycle length (CL) in msec. (A) Control. (B) 16 min after addition of NS5806 (7.5 uM).to the to
the perfusate. (C) 8 min after addition of acacetin (5 pM; 8 min) significantly reduced the Epi AP notch and the corresponding J
wave, thus suppressing arrhythmogenesis. (D) ] wave amplitude recorded under Control conditions (Blue bar; n = 6), after
exposure to NS5806 (Red bar; 5-7.5 uM [n = 6]) and after addition of acacetin (5 uM) to the perfusate (Purple bar; n = 6). Out of
the 6 Langendorff-hearts included for this analysis, 3 were paced (BCLs = 800) and 3 exhibited junctional rhythm (CLs: 790-2000
msec). *p<0.001 between NS5806 and Control groups as well as that of NS5806 and Acacetin. No significant difference was found
between the Control and the Acacetin groups. [Statistics: One Way Repeated Measures Analysis of Variance]. (E) ] wave area
recorded under the same experimental conditions shown in panel D. *p<0.001 between NS5806 and Control groups as well as that
of NS5806 and Acacetin. No significant difference was found between the Control and the Acacetin groups. [Statistics: One Way
Repeated Measures Analysis of Variance].

https://doi.org/10.1371/journal.pone.0242747.9008

PLOS ONE | https://doi.org/10.1371/journal.pone.0242747 November 24, 2020 15/22


https://doi.org/10.1371/journal.pone.0242747.g008
https://doi.org/10.1371/journal.pone.0242747

PLOS ONE

Di Diego et al: Acacetin for treatment of J wave syndromes

A

B

C

RVOT RVOT RVOT)| .
APs APs | APs
LV | 3 LV | LV |
page| s~——— pase base
wE— W LV |
apex]| % wave— apex apex
WWW ”
RVOT- 3 RVOTné RVOTA
e

oy

Al

RV RV RV

B
3

'f"'g’””"””“'f" inferior]
INTerior| Interior Interior
: 100 msec % 100 msec
RVOT |
Epi APs
st st st st st st

V1

02
mV

500 msec

V1

0.2
mV

° 1sec

Fig 9. Closely coupled premature beats arising from the RVOT precipitate polymorphic VT in a Langendorff-
perfused model of BrS. From top to bottom, shown are 2 action potentials simultaneously recorded from the epicardium
of the RVOT and a lead V1 ECG superimposed on the first derivative of 13 Epi U-EGs recorded from the base and apex of
the LV, the RVOT and the RV inferior wall (BCL = 500 msec). (A) Control. (B) Recorded 6 minutes after addition of the
I, activator NS5806 (7.5 uM) to the perfusate. NS5806 dramatically increased the amplitude and area of the ] wave as well
the magnitude and area of the notch of the action potential recorded form the epicardium of the RVOT. (C) Recorded
after 23 minutes of exposure to NS5806. Shown are 2 consecutive paced beats (BCL = 500 msec). A closely coupled
ventricular premature beat (CCPVB; denoted by a red [AP] and a black [V1] dot) follows the first paced response. The
PVB arises from the RVOT (V ,, of U-EG are circled). The first paced response shows loss of the Epi AP dome at one site
but not the other creating an epicardial dispersion of repolarization (EDR). These CCPVBs arising from the RVOT and
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EDR are consistent with a phase 2 reentry mechanism. One minute later, multiple CCPBs precipitated VT/VF as shown in
panels D and E. (D) Recorded after 23 minutes of exposure to NS5806 (7.5 uM); please note that the first 3 beats are the
same 3 shown in panel C in which the AP signals were filtered (see Method section). Four CCPVBs are denoted by the red
and black dots. (E) Recorded 80 sec after the traces depicted in panel D. Shown is the precipitation of polymorphic VT by
3 consecutive CCPVBs arising from the RVOT (lead V1). These electrophysiologic observations are consistent with a
phase 2 reentry mechanism arising in the RVOT.

https://doi.org/10.1371/journal.pone.0242747.g009

Our study demonstrates the effect of acacetin, in concentrations as low as 5 uM, to suppress
the electrocardiographic and arrhythmic manifestations of both BrS and ERS (7/8 cases). Ata
concentration of 10 uM, acacetin proved to be 100% effective in suppressing arrhythmogenesis
in the JWS without exerting adverse electrophysiological effects. Acacetin also completely sup-
pressed late potentials and fractionated electrogram activity. Our study adds to the long list of
publications supporting the hypothesis that an inward shift in the balance of currents contrib-
uting to the early phases of the ventricular AP exerts ameliorative effects on the electrocar-
diographic and arrhythmic manifestations of the JWS.

Previous studies have shown that an increased Tpeax-Tend interval, an indicator of disper-
sion of repolarization [23], is associated with a higher risk for ventricular arrhythmias in BrS
patients [24-26]. Our study provides further evidence in support of this hypothesis. The lon-
gest Tpeak-Tenq intervals were observed at the time of initiation of arrhythmic activity and were
characterized by the appearance of very negative T waves and P2R in both BrS and ERS mod-
els. It is noteworthy that such a dramatic increase in Tpeak-Teng is generally not observed in
patients with ERS. Our findings suggest that this may be due to the fact that these electrocar-
diographic features are only observed for a brief period just before episodes of VT/VE. In sup-
port of this hypothesis are the findings of Nam et al. showing the development of negative T
waves and prolonged Tpeak-Tend intervals in the right precordial ECG leads just before the
occurrence of VI/VF in 5 patients diagnosed with ERS and electrical storms [27]. Letsas and
co-workers also reported increased Tpeak-Tend in the right precordial leads of individuals
with ERS [28]. In both of our BrS and ERS models, acacetin-mediated I, block restored the
ECG toward control values.

Acacetin (5 uM -10 uM) reportedly does not exert significant direct effects on other major
currents in ventricular myocardium [1]. The slight tendency to abbreviate APD in the absence
of provocative gents is expected due to the effect of acacetin to reduce or eliminate the AP
notch.

The pathophysiology of BrS continues to be debated. The repolarization hypothesis main-
tains that an outward shift in the balance of currents during the early phases of the epicardial
AP in the RVOT (where I, is most prominent) underlies the accentuation of the ] wave giving
rise to the BrS ECG phenotype and abnormal repolarization leading to phase 2-reentry, which
generates closely coupled premature beats capable of triggering VI/VF.

Several studies have suggested a primary role for conduction delay in the pathogenesis of
JWS, especially BrS. [17,29,30] Our findings using the our novel whole-heart, Langendorft-
perfused experimental model, indicate that a prominent activation delay in the RVOT is not
required to explain the pathophysiological mechanism underlying the BrS ECG phenotype as
proposed by the depolarization hypothesis. Even when activation delay between the RV infe-
rior wall and the RVOT was induced by hypothermia or ajmaline, the onset of the ] wave was
always coincident with activation of the RVOT (inconsistent with the depolarization hypothe-
sis) whereas inscription of the ] wave was always directly associated with amplification of the
AP notch recorded from the epicardium of the RVOT.

Our results are consistent with previous reports from our group and others showing that
the ] wave is due to expression of an I,-mediated AP notch in Epi but not Endo [31-33]. Past
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criticism was centered on the fact that the electrocardiographic and arrhythmic manifestations
of the JWS were based on observations made in isolated wedge preparations and not in intact
heart models. It was on this basis that the findings emanating from the wedge studies were
rejected by many. These critics maintained that these observations would need to be validated
in either an in vivo or whole heart models of the JWS in order to be considered as clinically rel-
evant. Because in vivo models of the JWS are not available, we endeavored to generate an intact
heart model.

Our whole-heart model of JWS shows that an outward shift in the balance of currents in the
early phases of the Epi AP in the RVOT, produced by accentuation of I, using NS5806 and/or
inhibition of Iy, using ajmaline or with hypothermia, leads to an increase in RVOT Epi AP
notch and corresponding amplification of the ] wave, unrelated to delayed activation of the
RVOT. The resulting BrS ECG phenotype, is associated with the appearance of closely-coupled
extrasystoles originating from the RVOT, capable of triggering polymorphic VT/VEF. These
closely-coupled extrasystoles arise as a consequence of heterogeneous loss of the AP dome in
the Epi of the RVOT, consistent with the development of phase 2-reentry.

The electrocardiographic and arrhythmic manifestations observed in our whole-heart model
recapitulate the electrocardiographic and arrhythmic manifestations observed in patients with
JWS. These findings validate those previously reported in coronary-perfused wedge models of
BrS and ERS, providing support for the repolarization hypothesis. Our findings support the
repolarization hypothesis proposed for the ECG manifestations of the BrS phenotype, but not
the depolarization postulate. However, we acknowledge that the pathophysiologic mechanism
(s) leading to development of life-threatening cardiac arrhythmias may involve a combination
of those proposed by the two leading hypotheses (repolarization and depolarization).

Although conduction abnormality does not play a significant role in our models [34], we
would like to emphasize that our study is not intended to prove the exclusivity of the repolari-
zation hypothesis. Our findings do not deny the possible contribution of slow or delayed con-
duction to the development of arrhythmogenesis in BrS (or ERS). Rather, these investigations
provide support for the hypothesis that, in experimental models that mimic the phenotypic
manifestations of genetic factors and ion channel heterogeneities responsible for JWS, repolar-
ization abnormalities alone are capable of recapitulating all features of the JWS observed
clinically.

Acacetin exerted a potent ameliorative effect regardless of whether the JWS phenotype was
generated using a gain of function of outward currents (Figs 7 and 8) or a loss of function of
inward currents (Figs 3A and 3B and 4).

Study limitations

Acacetin has diverse biological activity in that it has been shown to be hepatoprotective, neuro-
protective, immunomodulatory, anticancer [35-40], anti-inflammatory [35,41-43], antipy-
retic-antinociceptive [35,44], aromatase-inhibitory [45], antioxidant and antibiotic [46] in its
actions. Despite this broad testing and application, acacetin is reported to have very low or no
acute toxicity in experimental studies [1].

While the pharmacological models that we employ may not precisely mimic the effect of
the diverse oligogenic genetic variants underlying the clinical syndromes, “more realistic”
transgenic large mammal models do not exist. Our observations using the wedge models over
20 years ago suggested for the first time that an early repolarization pattern in the ECG, previ-
ously thought to be totally benign, can reveal the presence of a substrate for the development
of malignant arrhythmias [2], and identified novel approaches to therapy of both BrS and ERS
[47].
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It can also be argued that arterially-perfused wedge preparations do not represent the com-
plete anatomical structure of the heart and thus may not fully recapitulate the disease pheno-
type. The arterially perfused canine ventricular wedge model is capable of recapitulating all
features of the BrS and ERS (e.g. the response to pharmacologic agents, to ablation, to changes
in heart rate, as well as electrocardiographic and arrhythmic manifestations). These models
permitted us and other groups the ability to elucidate the cellular mechanisms and thus to rec-
ommend novel therapeutic approaches, including the use of quinidine and isoproterenol for
the treatment of the JWS [4], which are widely used in the clinic today to deal with JWS-associ-
ated electrical storms or as an adjunct to ICD therapy. In subsequent studies, these same tech-
niques were used to demonstrate the effectiveness of cilostazol and milrinone [48]. Cilostazol,
quinidine, and isoproterenol are all part of the recommended therapy included in the recent
expert consensus conference report [3]. These models have also identified ECG markers such
as Tpeak-Tend and QT/RR relationships that have proved useful in risk stratification of
patients with inherited cardiac arrhythmia syndromes [49-52]. Finally, the present study pro-
vides important validation of the results obtained in the wedge models by demonstrating these
same mechanisms in the whole-heart model of the JWS.
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