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Abstract Cytochrome P4502J2 (CYP2J2) metabolizes arachidonic acid (AA) to cardioprotective

epoxyeicosatrienoic acids (EETs). Dronedarone, an antiarrhythmic drug prescribed for treatment of

atrial fibrillation (AF) induces cardiac adverse effects (AEs) with poorly understood mechanisms.
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Dronedarone
We previously demonstrated that dronedarone inactivates CYP2J2 potently and irreversibly, disrupts

AA-EET pathway leading to cardiac mitochondrial toxicity rescuable via EET enrichment. In this

study, we investigated if mitigation of CYP2J2 inhibition prevents dronedarone-induced cardiac

AEs. We first synthesized a deuterated analogue of dronedarone (termed poyendarone) and demon-

strated that it neither inactivates CYP2J2, disrupts AA-EETs metabolism nor causes cardiac mitochon-

drial toxicity in vitro. Our patch-clamp experiments demonstrated that pharmacoelectrophysiology of

dronedarone is unaffected by deuteration. Next, we show that dronedarone treatment or CYP2J2 knock-

down in spontaneously beating cardiomyocytes indicative of depleted CYP2J2 activity exacerbates

beat-to-beat (BTB) variability reflective of proarrhythmic phenotype. In contrast, poyendarone treat-

ment yields significantly lower BTB variability compared to dronedarone in cardiomyocytes indicative

of preserved CYP2J2 activity. Importantly, poyendarone and dronedarone display similar antiar-

rhythmic properties in the canine model of persistent AF, while poyendarone substantially reduces

beat-to-beat variability of repolarization duration suggestive of diminished proarrhythmic risk. Our

findings prove that deuteration of dronedarone prevents CYP2J2 inactivation and mitigates

dronedarone-induced cardiac AEs.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Omega-6 polyunsaturated fatty acids such as arachidonic acid
(AA) undergo cytochrome P450 (CYP)-dependent metabolism to
epoxides that play important roles in cardiac pathophysiology1.
CYP2J2, an abundant cardiac epoxygenase2,3 metabolizes AA to
four regioisomeric epoxyeicosatrienoic acids (EETs, Supporting
Information Fig. S1)4. EETs are lipid mediators with vaso-
dilatory, angiogenic, anti-apoptotic, anti-inflammatory and ion
channel regulatory functions5. EETs are further deactivated to less
potent dihydroxyeicosatrienoic acids by soluble epoxide hydrolase
(Fig. S1)6. Owing to cardioprotective roles of EETs, transgenic
mice with cardiac-specific overexpression of CYP2J2 were
developed7. These mice exhibited a higher rate of EET biosyn-
thesis and hence were protected from several cardiac pathologies
including doxorubicin-induced cardiotoxicity, ventricular tachy-
arrhythmia and atrial arrhythmogenicity8e10. Conversely, pertur-
bations in cardiac CYP2J2 expression and EET biosynthesis
initiate and progress maladaptive cardiac hypertrophy11,12.
Despite the increasing knowledge of CYP2J2 functions, its role in
drug-induced cardiac adverse effects (AEs) and specifically
proarrhythmic risk remains unknown.

CYP2J2 metabolizes not only endobiotics such as AA but also
several xenobiotics and is inhibited byamiodarone, astemizole,
dronedarone and terfenadine13e15. Amiodarone (Fig. 1A) and
dronedarone (Fig. 1A) are multiple ion channel blocking Class III
antiarrhythmic drugs. Amiodarone is highly efficacious in main-
taining sinus rhythm in atrial fibrillation (AF) patients but is
associated with severe lung and thyroid toxicities16 partly due to
its extensive tissue accumulation17. Dronedarone, a non-iodinated
analogue of amiodarone, has less extensive tissue accumulation
and organ toxicities18 due to favorable pharmacokinetics. Drone-
darone is prescribed in paroxysmal and persistent AF19 yet it is
contraindicated in patients with permanent AF or decompensated
heart failure due to increased mortality20,21. Beyond exacerbation
of heart failure, dronedarone was reported to precipitate patho-
logical ventricular proarrhythmia and Torsades de Pointes (TdP)
in cardio-hemodynamically compromised patients22,23. We pre-
viously reported that dronedarone inactivates CYP2J2 irreversibly
and perturbs the AA-EETs metabolic axis13,24,25. Taken together,
we postulate that the inactivation of CYP2J2 and the subsequent
perturbation of AA-EET metabolism contributes towards drug-
induced cardiac AEs and particularly drug-induced proarrhythmia.

In previous work, we proved that dronedarone undergoes
CYP2J2-mediated desulphonation followed by formation of
hydroxylamino-aryl metabolite and finally quinone oxime reac-
tive intermediate, which in turn inactivates CYP2J213. In other
words, the benzofuran ring on dronedarone is metabolically
susceptible to reactive intermediate formation. Hence, it became
important in this study to design a probe molecule that is devoid
of CYP2J2 inhibition property yet preserves the multiple ion
channel inhibitory pharmacology of dronedarone to investigate
the role of CYP2J2 in drug-induced proarrhythmia. Specifically,
we attempted to reduce CYP2J2-mediated bioactivation of dro-
nedarone via a site-directed deuterated analogue, herein termed
as poyendarone (Fig. 1A). Deuteration is a chemical process
where at least one hydrogen atom in the molecule is substituted
by deuterium. Since deuterium has greater atomic mass,
carbonedeuterium (CeD) bond cleavage energy is relatively
higher (341.4 kJ/mol) than that of carbonehydrogen (CeH)
bond (338.4 kJ/mol)26. This difference in bond dissociation en-
ergy is due to the lower vibrational energy and lower zero-point
energy of CeD vis-à-vis CeH bond27. As it is relatively difficult
to break CeD bond, deuteration is an excellent strategy to pre-
vent proton loss on metabolically labile chemical groups and
prevent reactive metabolite formation.

Here, we report that poyendarone exhibits comparable physi-
cochemical, metabolic, and cardiac ion channel inhibitory prop-
erties as dronedarone but neither inactivates CYP2J2, disrupts
AA-EET metabolism, causes mitochondrial toxicity nor increases
beat-to-beat (BTB) variability in cardiomyocytes. By preserving
CYP2J2 metabolic function and multiple ion channel inhibitory
pharmacology, poyendarone demonstrates comparable efficacy in
a persistent AF canine model while it substantially reduces beat-

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Deuteration of dronedarone preserves its metabolic and pharmacological activities but mitigates the inactivation of CYP2J2.

Chemical structures of (A) amiodarone (left), dronedarone (middle) and poyendarone (right). Poyendarone is structurally identical to dronedarone

except for the replacement of hydrogen atoms with deuterium, D on positions 4, 5,7 on benzofuran ring. (B) HLM metabolizes poyendarone (left)

and dronedarone (right) to the same extent via the first-order kinetics indicated by linear decline in the logarithm of percentage drug remaining (y-

axis) with increasing incubation time (x-axis). Similarly, (C) CYP2J2, (D) CYP3A4 and (E) CYP3A5 metabolizes poyendarone (left) and dro-

nedarone (right) to the same extent via the first-order kinetics. (F) In vitro blockade of NaV1.5 (left), CaV1.2 (middle) and KV11.1 (right) currents

by poyendarone (upper panel) or dronedarone (lower panel). The doseeresponse curve represents percentage blockade of each current against

logarithm of concentration. The graphs were plotted using GraphPad Prism software v8.4.2 (San Diego, CA, USA).

Preserved CYP2J2 activity mitigates dronedarone-induced cardiac adverse effects. 3907
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to-beat variability of repolarization duration (BVR) indicative of
diminished proarrhythmic risk as compared to dronedarone.

2. Results

2.1. Poyendarone and dronedarone have similar
physicochemical, metabolic, and electrophysiological properties

The clogP values for both compounds were 7.2 (Table 1). The
aqueous solubility of poyendarone (2.43 � 0.25 mg/mL) was
comparable to dronedarone (3.22 � 0.34 mg/mL, P > 0.05).
Similarly, the effective permeability yielded a non-significant
difference between poyendarone (4.08 � 0.5 � 10�6 cm/s) and
dronedarone (3.46 � 0.5 � 10�6 cm/s, P > 0.05). Thus, site-
directed deuteration of dronedarone preserved the key physico-
chemical properties.

Intrinsic clearance (CLint) is a key parameter to evaluate the
hepatic and extrahepatic clearance of drugs. CLint of poyendarone
and dronedarone were measured in human liver microsomes
(HLM), CYP2J2, CYP3A4 and CYP3A5. HLM is physiologically
relevant hepatic enzyme system, CYP2J2 is an abundant cardiac
enzyme while CYP3A4 and CYP3A5 are major drug metabolizing
enzymes. The percentages of poyendarone and dronedarone
remaining in HLM (Fig. 1B), CYP2J2 (Fig. 1C), CYP3A4
(Fig. 1D) and CYP3A5 (Fig. 1E) decreased monoexponentially
with increasing incubation time, establishing the first-order elim-
ination kinetics essential for determining CLint. The metabolic
half-life (t1/2), elimination rate constant (k) and CLint values of
poyendarone and dronedarone were comparable across all four
enzyme systems (Table 1) confirming that deuteration did not
modify the hepatic and extrahepatic clearance of dronedarone.

Since dronedarone is a multiple cardiac ion channel blocker28,
we investigated if poyendarone exhibited similar electrophysio-
logical properties in vitro. HEK293FT cells were co-transfected
with hNaV1.5, hCaV1.2 or hKV11.1 (commonly known as
human ether-a-go-go-related gene (hERG)) channel plasmids and
their respective auxiliary subunits. These cells were subjected to
whole-cell patch-clamp recording and the currents namely INa, L-
type Ca2þ (ICa,L), and rapid delayed rectifier Kþ (IKr) respectively
Table 1 Physicochemical, metabolic, and electrophysiological prop

Property

Physicochemical properties

cLogP

Aqueous solubility (mg/mL) (24 h, pH 7.4)

Effective permeability (cm/s) (pH 7.4)

Metabolic stability

Metabolic half-life (t1/2) min CYP2J2

CYP3A4

CYP3A5

HLM

Intrinsic clearance, CLint (mL/min/pmol) CYP2J2

CYP3A4

CYP3A5

Intrinsic clearance, CLint (mL/min/mg) HLM

Ion channel blocking activity

Nav1.5 peak current blockade IC50 (mmol/L)

Cav1.2 peak current blockade IC50 (mmol/L)

KV11.1 tail current blockade IC50 (mmol/L)

HLM: Human liver microsomes
were measured. We tested blockade of specific subunits of cardiac
ion channels namely NaV1.5, CaV1.2, KV11.1 due to their sig-
nificance in initiation and propagation of cardiac action potential.
Both dronedarone and poyendarone caused concentration-
dependent blockade of NaV1.5 peak current (Fig. 1F, Supporting
Information Fig. S3), CaV1.2 peak current (Fig. 1F, and
Supporting Information Fig. S4) and KV11.1 tail current (Fig. 1F,
and Supporting Information Fig. S5). Dose-response curves indi-
cate comparable IC50 values against these currents for poyendar-
one and dronedarone (Table 1). In summary, deuteration of
dronedarone neither alters its physicochemical properties, hepatic
and extrahepatic clearance nor multiple ion channel inhibitory
pharmacology.
2.2. Poyendarone demonstrates diminished mechanism-based
inactivation (MBI) of CYP2J2

The pre-incubation time-dependency and concentration-
dependency of MBI is confirmed when CYP2J2 activity de-
creases with increasing pre-incubation time of inactivator in the
absence of a probe substrate and concentration of inactivator
respectively. The concentration-dependency of MBI is also evident
in the saturation kinetics where observed rate constants of inacti-
vation (kobs) approach maximum plateau as inactivator concen-
tration increases. Using rivaroxaban as a specific probe substrate of
CYP2J2, poyendarone was determined not to cause MBI of
CYP2J2 while dronedarone potently inactivated CYP2J2-mediated
rivaroxaban hydroxylation (Fig. 2A, and Table 2). Using astemi-
zole as another specific probe substrate of CYP2J2, poyendarone
similarly yielded 62-fold less potent MBI of CYP2J2-mediated
astemizole O-desmethylation (kinact/KI Z 0.008 L/mmol$min) as
compared to dronedarone (kinact/KI Z 0.5 L/mmol$min, Supporting
Information Figs. S6AeD). These observations confirmed the
lower extent of bioactivation of poyendarone to the quinone-oxime
intermediate and corroborated the kinetically slower abstraction of
deuterium from a CeD bond29. Furthermore, substrate-dependent
effect on MBI potencies of dronedarone and poyendarone was
observed which could be explained by CYP2J2 inhibitory effect of
astemizole but not rivaroxaban. Substrates such as astemizole,
erties of dronedarone and poyendarone.

Poyendarone Dronedarone

7.2 7.2

2.43 � 0.25 3.22 � 0.34

4.08 � 0.5 � 10�6 3.46 � 0.5 � 10�6

5.32 3.95

7.80 8.05

17.78 12.21

10.26 10.45

0.65 0.88

0.89 0.86

0.39 0.57

13.51 13.26

5.51 3.41

1.15 1.96

0.17 0.16



Figure 2 Time-, concentration-dependent inactivation of CYP2J2, CYP3A4 and CYP3A5 activity by poyendarone and dronedarone with

rivaroxaban as probe substrate. The logarithm of percentage (A) CYP2J2, (B) CYP3A4 and (C) CYP3A5 activity was plotted against pre-

incubation time in the presence of poyendarone (left) and dronedarone (middle) with rivaroxaban as substrate. The observed inactivation rate

(kobs) for CYP2J2, CYP3A4 or CYP2A5 was plotted against the inactivator concentration (right) to calculate kinact and KI for poyendarone and

dronedarone (Table 2). Each point represents mean � SEM of three experiments. The graphs were plotted using GraphPad Prism software v8.4.2

(San Diego, CA, USA).

Preserved CYP2J2 activity mitigates dronedarone-induced cardiac adverse effects. 3909
terfenadine, ebastine, and AA exhibit substrate-dependent auto-
inhibition of CYP2J2 which are expected to overestimate the
inhibitory potency of a test inhibitor such as poyendarone30e34. In
contrast, more accurate MBI kinetics were characterized using
rivaroxaban as probe substrate as it does not exhibit autoinhibition
of CYP2J2.

We employed L-glutathione (GSH) trapping assay to ascertain
the nature of reactive intermediates. GSH is a common nucleo-
philic agent used to trap soft electrophiles such as reactive me-
tabolites. Experimentally, reactions with CYP2J2, test drugs,
NADPH generating system and GSH were incubated, quenched
Table 2 CYP2J2, CYP3A4 and CYP3A5 inactivation kinetic para

substrate. KI and kinact are represented as mean � SEM.

CYP450 enzyme Inactivator kinact (min�1

CYP2J2 Poyendarone n.d.

Dronedarone 0.0400 � 0.0

CYP3A4 Poyendarone 0.0392 � 0.0

Dronedarone 0.0267 � 0.0

CYP3A5 Poyendarone 0.0231 � 0.0

Dronedarone 0.0323 � 0.0

n.d.: not determined as poyendarone does not inactivate CYP2J2.
and the supernatant was concentrated to analyze the GSH-
reactive metabolite adducts using LCeMS/MS. The precursor
ion at mass to charge ratio (m/z) 802 and 800 indicated detection
of GSH conjugates of poyendarone (Supporting Information Fig.
S7A) and dronedarone (Supporting Information Fig. S7B),
respectively. But quinone-oxime nature of the reactive in-
termediates was confirmed based on key product ions with m/z
Z 481 or m/z Z 479 for poyendarone or dronedarone, respec-
tively. The mass spectra associated with the quinone-oxime-GSH
conjugates of poyendarone and dronedarone confirmed the
electrophilicity of their respective intermediates in reacting with
meters for poyendarone and dronedarone using rivaroxaban as a

) KI (mmol/L) kinact/KI (L/mol$min)

n.d. n.d.

08 8.47 � 3.96 0.00471

055 3.19 � 1.52 0.0123

054 5.3 � 2.95 0.00505

022 2.91 � 0.97 0.00793

045 4.44 � 1.76 0.00728
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nucleophiles such as GSH. However, it must be emphasized that
the relative abundance of quinone-oxime-GSH conjugates of
poyendarone was about 6-fold lower than that of dronedarone
corroborating the reduced MBI of CYP2J2 by poyendarone.

It is known that dronedarone also exhibits potent MBI of
CYP3A4 and CYP3A535. Since we aimed to design a chemical
probe that preserves the biological activities of dronedarone but
only mitigates its CYP2J2 inactivation, we investigated if
deuteration of dronedarone would attenuate its inactivation of
additional CYP3A isoforms. Using rivaroxaban as a probe sub-
strate, dronedarone and poyendarone inactivated CYP3A4
(Fig. 2B) and CYP3A5 (Fig. 2C) in a preincubation time-
dependent and concentration-dependent manner. Poyendarone
demonstrated 2.4-fold higher inactivation potency (kinact/
KI Z 0.0123 L/mmol$min) than dronedarone (kinact/
KI Z 0.0050 L/mmol$min) for CYP3A4 while comparable po-
tencies for CYP3A5 inactivation were observed for poyendarone
and dronedarone (kinact/KI Z 0.0063 L/mmol$min, vis-à-vis kinact/
KI Z 0.0079 L/mmol$min, Table 2). In conclusion, site-directed
deuteration of dronedarone abrogated its potent MBI of CYP2J2
while its inactivation of CYP3A4 and CYP3A5 was marginally
affected.

2.3. Poyendarone preserves CYP2J2-mediated AA metabolic
activity

Previously, we determined that dronedarone potently inhibits
CYP2J2-mediated AA metabolism to EETs25. We performed the
same assay with poyendarone and dronedarone concurrently and
Figure 3 Percentage of AA metabolized to each respective EET (y-a

poyendarone or (B) dronedarone (x-axis). Dronedarone inhibits CYP2

Poyendarone prevents CYP2J2-mediated inhibition of AA metabolism an

resents mean � SEM of one experiment performed in triplicates. The differ

post-hoc correction and statistical significance was determined when *P < 0

using GraphPad Prism software v8.4.2 (San Diego, CA, USA).
demonstrated that poyendarone did not yield concentration-
dependent inhibition of CYP2J2-AA metabolism (Fig. 3). In
other words, poyendarone prevents CYP2J2 inhibition and pre-
serves in situ EET levels.

2.4. Poyendarone reduces mitochondrial toxicity in
cardiomyocytes

Previously, we have shown that dronedarone causes significant
mitochondrial toxicity in rat cardiac H9c2 cells by dissipating
mitochondrial membrane potential, inhibiting complex I & II of
the electron transport chain (ETC), uncoupling of ETC, reducing
intracellular ATP and thus leading to cell death in a concentration-
dependent manner24. Notably, these dronedarone-induced cardiac
mitochondrial dysfunctions were mitigated by pre-treatments
with 11,12-EET and 14,15-EET, underpinning the indirect dysre-
gulation of the AA-EETs metabolic axis24. Hence, we investigated
if poyendarone that is devoid of CYP2J2 inactivation would
reduce mitotoxic effects on cardiomyocytes. After exposure of
H9c2 cells to poyendarone and dronedarone for 6 h, the dead cell-
related protease fluorescence signal increased in a concentration-
dependent manner, confirming the 22-fold higher cytotoxicity of
dronedarone (EC50 Z 1.21 � 1.7.23 mmol/L) than poyendarone
(EC50 Z 27.63 � 2.34 mmol/L, Fig. 4A). Simultaneously, dro-
nedarone decreased intracellular ATP levels (IC50 Z
3.10 � 1.46 mmol/L) 13-fold more potently than poyendarone
(IC50 Z 41.52 � 1.29 mmol/L, Fig. 4A).

To investigate the mechanism of ATP reduction, we
measured the inhibition of oxygen consumption rate (OCR) by
xis) by CYP2J2 was plotted against increasing concentration of (A)

J2-mediated AA metabolism in a concentration-dependent manner.

d maintains EET levels at highest tested concentration. Each bar rep-

ent groups were compared with two-way ANOVA followed by Tukey’s

.05, **P < 0.01, ***P< 0.001, #P < 0.0001. Analysis was performed



Figure 4 Poyendarone exhibits lower mitochondrial toxicity in isolated mitochondria. (A) Mitochondrial toxicity profiles in H9c2 cells

incubated with increasing concentrations of poyendarone. Both cytotoxicity (black) and ATP levels (magenta) are expressed as percentages of

control. Data represented as the mean � SEM of experiments performed across three cell passages in triplicates. Increasing concentrations of

poyendarone and dronedarone were compared with control (0 mmol/L) with one-way ANOVA followed by Dunnett’s post-hoc correction. (B)

Lack of inhibition of NADH- or succinate-supplemented ETC activity by poyendarone in isolated rat heart mitochondria. Rotenone (2 mmol/L) or

malonic acid (1 mmol/L) was positive inhibitor for complex I and II, respectively. The graph represents the OCR (as % control), reflective of the

activity of the mitochondrial complexes I and II inhibitor concentrations. Each bar shows mean � SEM for three mitochondrial preparations.

Different groups were compared with control with one-way ANOVA followed by Dunnett’s post-hoc correction. Statistical significance was

confirmed when **P < 0.01 two-way. Analysis was performed using GraphPad Prism software v8.4.2 (San Diego, CA, USA).

Preserved CYP2J2 activity mitigates dronedarone-induced cardiac adverse effects. 3911
poyendarone against complex I & II of the mitochondrial ETC in
isolated rat heart mitochondria. Poyendarone lacked inhibition of
NADH-dependent (IC50 Z 80.42 mmol/L) and succinate-
dependent (IC50 Z 66.70 mmol/L) ETC activities at physiolog-
ical concentrations (Fig. 4B). Compared to previously reported
data on dronedarone24, poyendarone yielded 26-fold and 5-fold
lower potency in inhibiting complex I and II, respectively. In
summary, site-directed deuteration of dronedarone reduced its
mitochondrial toxicity in cardiomyocytes by abrogating ATP
depletion and inhibition of ETC complex I & II.

2.5. Chemical and gene knockdown of CYP2J2 increases BTB
variability in human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs)

Our in vitro patch-clamp data demonstrated that dronedarone and
poyendarone block multiple ion channels with comparable po-
tencies. Additionally, dronedarone potently inactivates CYP2J2
while poyendarone lacks a similar action. Consequently, poyen-
darone is a suitable chemical probe to investigate the role of
CYP2J2 metabolism in drug-induced proarrhythmia. Here, we
first established that CYP2J2 is abundantly expressed in untreated
spontaneously beating hiPSC-CMs clusters (Fig. 5A). Dronedar-
one, but not poyendarone and amiodarone, inhibited CYP2J2-
mediated astemizole O-desmethylation by 98% (P < 0.05) at
physiological drug concentration levels in hiPSC-CM (Fig. 5B,
Supporting Information Fig. S8A).

Several research groups have utilized hiPSC-CM to predict
in vitro drug-induced proarrhythmia using BTB variability derived
from Poincaré plots36,37. In dronedarone-treated hiPSC-CM, the
BTB variability increased with drug concentrations indicated by
high scattering and incoherence compared to poyendarone or
amiodarone based on visual inspection (Fig. 5C, Fig. S8B).
Quantitatively, dronedarone induced 4-fold (P < 0.05) and 3-fold
(P < 0.05) short-term variability (STVRR) and long-term vari-
ability (LTVRR) respectively compared to poyendarone at 1 mmol/
L concentration (Fig. 5D and E, Fig. S8C). In conclusion, dro-
nedarone markedly inhibited CYP2J2 activity and induced
significantly higher BTB variability as compared to poyendarone
at physiologically relevant concentrations in hiPSC-CM.
Next, we questioned if CYP2J2 gene knockdown would
contribute directly towards proarrhythmic effect. Here, CYP2J2
knockdown in hiPSC-CM was first performed using four different
siRNAs (Supporting Information Table S1). Subsequently, cal-
cium transient currents reflective of single cardiac contractions
were measured. All siRNAs diminished CYP2J2 expression by
40%e80% with siRNA-1 and siRNA-3 being the most effective
(Fig. 6A). Using siRNA knockdown, calcium transient durations
(CTD) were computed from the start of calcium depolarization to
the 90% repolarization mark in each cardiac contraction, and the
mean across all contractions was computed per cluster. The BTB
interval and variation between beats (BTB variability) were
further computed between two cardiac contractions per cluster of
hiPSC-CM. CYP2J2 knockdown cells exhibited significantly
higher mean CTD (Fig. 6B), mean BTB interval (Fig. 6C) and
BTB variability (Fig. 6D, Table 3). Poincaré plots revealed sig-
nificant BTB variability for CYP2J2 knockdown hiPSC-CM
clusters (Fig. 6E, right panel) as compared to control (Fig. 6E,
left panel). Quantitatively, the knockdown of CYP2J2 in hiPSC-
CM resulted in 1.7-fold (P < 0.05) and 1.6-fold (P < 0.05)
greater STVRR (Fig. 6F) and LTVRR respectively, as compared to
control (Fig. 6, and Table 3). The results of individual siRNAs for
all measured endpoints were broadly consistent (Fig. S9AeF,
Supporting Information Table S2). In summary, both chemical
inhibition and gene knockdown of CYP2J2 result in a consistent
increase in BTB variability as observed in spontaneously beating
human cardiomyocytes.

2.6. Poyendarone preserves anti-atrial fibrillatory effects in
canine model of persistent AF

Early evidence from in vitro patch-clamp and BTB variability
experiments signaled a favorable antiarrhythmic and reduced
proarrhythmic risk of poyendarone. To confirm these effects
in vivo, poyendarone and dronedarone were studied previously
in healthy dogs38,39 and in canine model of paroxysmal AF
induced by chronic atrioventricular block40. Poyendarone
showed atrial selectivity and lacked ventricular proarrhythmic
propensity in both studies. In this study, persistent AF was
induced by atrial tachypacing for >6 weeks to the atria of



Figure 5 Dronedarone but not poyendarone inhibits CYP2J2 and causes BTB variability at physiological concentration. (A) The percentage of

CYP2J2 gene expression in hiPSC-CMs relative to GAPDH. (B) Inhibition of CYP2J2 in hiPSC-CMs. Percentage CYP2J2 activity was plotted

against 1 mmol/L poyendarone or dronedarone. Each bar represents mean � SEM of three experiments performed in triplicates. The groups were

compared with one-way ANOVA followed by Dunnett’s post-hoc correction. (C) The Poincaré plots of control, 0.001e1 mmol/L poyendarone

(upper panel) and dronedarone (lower panel). Points encompassed in an ellipse and aligned to line of identity indicate minimum BTB variability

while scattered points indicate high BTB variability. (D) SD1 or STVRR and (E) SD2 or LTVRR of control, 0.001e1 mmol/L dronedarone and

poyendarone. Each bar represents mean � SEM of one experiment performed in triplicates. Different groups were compared with control with

one-way ANOVA followed by Dunnett’s post-hoc correction. Statistical significance was confirmed when *P < 0.05, **P < 0.01, ***P < 0.001,
#P < 0.0001. Analysis was performed using GraphPad Prism software v8.4.2 (San Diego, CA, USA).
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chronic atrioventricular block dogs and the anti-AF activity of
the drugs was measured (Fig. 7A)41. No animals exerted any
lethal ventricular arrhythmia or hemodynamic collapse leading
to their death during the experimental period. Animals were
constantly monitored with Holter electrocardiogram for 21 h.
Poyendarone terminated the persistent AF in 2 out of 4 animals
at 12.3 h (#1) and 6.1 h (#3) after the start of the administration,
whereas dronedarone terminated the AF in 2 out of 4 animals at
5.2 h (#1) and 10.6 h (#4) (Fig. 7B). Amiodarone, as a control
drug, converted the AF into sinus rhythm at 7.7 h (#1) and 5.9 h
(#3) after the start of administration; thereafter, the AF spon-
taneously recurred in the former at 5.2 h (#1) after the termi-
nation of AF (Supporting Information Figs. S10A and B).
Vehicle control (ethanol) did not terminate the AF in any animal
during 21 h observation period after its administration
(Fig. S10).

2.7. Poyendarone displays lower BVR in canine model of
persistent AF

To assess the drug-induced proarrhythmic risk in vivo, we
measured corrected QT interval (QTcF) and short-term vari-
ability of ventricular repolarization (STVQT). The four parame-
ters namely, QTcF, change in QTcF from its basal control at each
time point (DQTcF), STVQT and change in STVQT from its basal
control at each time point (DSTVQT) after the administration of
drugs are summarized in Fig. 7C. The pre-drug basal control
values of the QTcF and STVQT (ms) were 267 � 14 and
2.82 � 0.32 in poyendarone-, 261 � 17 and 2.82 � 0.13 in
dronedarone-, 236 � 18 and 2.25 � 0.14 in amiodarone-, and
261 � 9 and 2.41 � 0.14 in ethanol-treated animals (n Z 4 for
each group), respectively. No significant difference was observed
in these pre-drug basal control values among the groups.
Poyendarone, dronedarone, and amiodarone tended to prolong
the QTcF with peak changes of þ7 � 5, þ16 � 11 and þ6 � 7 at
0.5 h after their administrations, respectively, which did not
achieve statistical significance (Fig. 7C, and Figs. S10C and D).
In addition, poyendarone and ethanol shortened the QTcF at 6 h
after their infusion. Meanwhile, dronedarone increased the
STVQT for 0.5e12 h after its administration, of which peak
increment was 3.06 � 0.80 ms at 3 h. Poyendarone and amio-
darone tended to increase the STVQT, of which increments were
1.21 � 0.49 ms at 9 h and 1.05 � 0.41 ms at 1 h, respectively,
which did not achieve statistical significance (Fig. 7C, and
Fig. S10E and F). Most importantly, poyendarone did not elevate
STVQT >5 ms while dronedarone intermittently elevated STVQT

throughout the observation period. Since STVQT >5 ms is a
critical border for the onset of early afterdepolarization, our



Figure 6 CYP2J2 knockdown (CYP2J2 KD) perturbed electrophysiological properties in cardiac cells. (A) qPCR was performed 96 h post-

siRNA transfection where there was a 40%e80% knockdown of CYP2J2 compared to the control treatment across all siRNA treatments.

Comparison were performed with one-way ANOVA followed by Dunnett’s post hoc test (***P < 0.001, nZ 3). CYP2J2 KD exhibited higher (B)

mean calcium transient duration (CTD), (C) mean beat-to-beat (BTB) interval and (D) BTB variability. (E) Poincaré plots were mapped where

each point refers to the RR interval (beat cycle length) of nthþ1 cardiac beat being plotted against nth beat. Poincaré plots: Control (left), CYP2J2

KD (right). Poincaré plot descriptors (F) short term variability (STVRR) and (G) long term variability (LTVRR) define the extent of variability.

Data provided was expressed as mean � SD. Each point represents the measured parameter of a single cardiomyocyte cluster measured within a

30 s window. Boxplots depict the median of the datasets, the lower and upper quartiles and the minimum or maximum values within

1.5 � interquartile range from the lower and upper quartiles, respectively. Number of clusters measured: Control, nZ 62; CYP2J2 KD (including

all four individual treatment conditions), n Z 271. Nonparametric ManneWhitney U test was used to assess significant difference in the un-

derlying data (****P < 0.0001). Analysis was performed using GraphPad Prism software v8.4.2 (San Diego, CA, USA).
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results suggested the lack of torsadogenic potential of poyen-
darone. In summary, we have demonstrated that poyendarone
preserves the anti-atrial fibrillatory properties while exhibiting
significantly lower proarrhythmic risk in the canine model of
persistent AF.

2.8. Disclosure

Aneesh V. Karkhanis, Gopalakrishnan Venkatesan, and Eric
Chun Yong Chan hold patent titled ‘Cardiac Therapeutic’
describing the synthesis and use of poyendarone. Publication
Number: WO2021006817, International Application Number:
PCT/SG2020/050389.
Table 3 Electrophysiological parameters in control (nonspecific siR

Electrophysiological

parameter

Control

Mean CTD (s) 1.440 � 0.650

Mean BTB (s) 1.586 � 0.831

BTB variability 0.146 � 0.125

STVRR (ms) 152 � 130

LTVRR (ms) 136 � 124
3. Discussion

In this study, we aimed to investigate the role of CYP2J2 meta-
bolism in drug-induced cardiac AEs. We judiciously designed a
deuterated chemical probe, poyendarone, that fulfilled important
chemical/biological criteria for investigating complex dronedarone-
induced cardiac AEs. First, deuteration of dronedarone neither
altered its physicochemical properties, hepatic and extrahepatic
clearance nor multiple ion channel inhibitory pharmacology. Hence,
poyendarone belongs to the same Biopharmaceutical Classification
System Class II compound and Class III antiarrhythmic drug as
dronedarone. These findings also suggested similar in vivo phar-
macokinetics of dronedarone and poyendarone, which indeed
NA) and CYP2J2 KD hESC-CMs.

CYP2J2 KD Fold change

(CYP2J2 KD/control)

1.720 � 0.805 1.19

1.988 � 1.238 1.25

0.249 � 0.276 1.71

258 � 321 1.70

217 � 225 1.6



Figure 7 Poyendarone terminates persistent AF and exhibits lower torsadogenic risk. (A) Experimental plan for induction of atrioventricular

block by catheter ablation and persistent AF by chronic atrial tachypacing at 600 bpm for more than 6 weeks in female beagle dogs. (B) Time

courses of the anti-AF effects of poyendarone hydrochloride (n Z 4), dronedarone hydrochloride (n Z 4) and vehicle ethanol (n Z 4). Anti-

arrhythmic effects of poyendarone (left) and dronedarone (right) on the conscious dogs with persistent AF. Typical tracings of Holter electro-

cardiogram (NASA lead: upper; and CM5 lead: lower in each panel). Poyendarone and dronedarone terminated the persistent AF at 6.1 and 5.2 h

after their administration, respectively (arrows). Thereafter, poyendarone and dronedarone maintained the sinus rhythm in the dogs until 21 h after

their administration. (C) Time courses of changes in QTcF, DQTcF, STVQT and DSTVQT after poyendarone and dronedarone administration. Time

courses of the anti-AF effects, typical tracings of Holter electrocardiogram and time courses of changes in proarrhythmia parameters of amio-

darone are depicted in Fig. S10. The QT interval was corrected with Fridericia’s formula: QTcF Z QT/(RR/1000)1/3 with RR given in ms80. The

change in QTcF from its basal control at each time point was calculated (DQTcF). The STVQT was calculated by following formula: STV Z S|

QTnþ1�QTn|/[50 � O2]. The change in STVQT from its basal control at each time point was calculated (DSTVQT). Data are presented as

mean � SEM (n Z 4 per group for poyendarone, dronedarone and vehicle control). Filled symbols represent statistically significant differences

(P < 0.05) from each control at specific time points while open symbols represent non-significant differences. KruskaleWallis test was used to

assess statistical difference in the underlying data. Analysis was performed using GraphPad Prism software v8.4.2 (San Diego, CA, USA).
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corroborated the results of our previous pharmacokinetic studies in
healthy dogs38. The similar electrophysiological pharmacology
further ensures that any rescue of drug-induced proarrhythmic ef-
fects of poyendarone is not strictly related to variable multiple ion
channel inhibitory pharmacology.

Next, we demonstrated that deuteration of dronedarone
exhibited substrate-dependence albeit significantly lower MBI of
CYP2J2. Specifically, poyendarone either lacks MBI of CYP2J2
or exhibits dramatically lower potency in the MBI when rivar-
oxaban or astemizole was adopted as the probe substrate,
respectively. The GSH trapping data further underlined that the
benzofuran ring on the dronedarone molecule is susceptible to
reactive metabolite formation and blocking of specific sites on the
ring lowered or completely diminished the potency of CYP2J2
inactivation. Additionally, using differentially deuterated ana-
logues of dronedarone, we confirmed that only deuteration on
specific sites of the benzofuran ring is crucial for mitigating the
MBI of CYP2J2 (data not shown).

In a previous study, dronedarone was found to cause MBI of
CYP3A4 via two distinct mechanisms35 viz. (1) dronedarone
undergoes dealkylation to form N-desbutyldronedarone (NDBD)
followed by hydroxylation to form reactive nitroso intermediate
leading to metabolite-intermediate (MI) complex formation; (2)
dronedarone undergoes desulfonation followed by quinone-oxime
intermediate formation (same as observed for CYP2J2). Our
previous results confirmed that dronedarone does not form nitroso
intermediates or MI complexes with CYP2J213. Hence CYP2J2
inactivation is primarily driven by quinone-oxime intermediate
forming covalent adducts with enzyme active site. As N-alkyl
chains were not deuterated in poyendarone, the dealkylation
mechanism is not affected by the site-directed deuteration and
therefore poyendarone retains inactivation effect against
CYP3A4/5. Additionally, in a previous study, Schofield et al.42

have shown that deuteration of N-alkyl chains does not prevent
N-dealkylation reaction by CYP3A4/5. Hence the cardinal step of
N-dealkylation and subsequent nitroso formation is resistant to
deuteration. As a result, deuterating N-alkyl chains would have
not resolved the MBI of CYP3A4/5. In conclusion, it is scien-
tifically logical that poyendarone causes marginal MBI of
CYP3A4/5 but not CYP2J2.
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Finally, we also confirmed that poyendarone prevented CYP2J2-
mediated AA metabolism inhibition and preserved the in situ EET
levels. This result implies that mitigating the MBI of CYP2J2
preserves its AA-EETs metabolism activity. Hence, the toxicolog-
ical differences between the two drugs are attributed to preservation
of the AA-EET metabolic axis. Our laboratory has previously re-
ported that EET enrichment rescued cardiomyocytes from
dronedarone-induced mitochondrial toxic insults via activation of
mitoKATP channels which in turn preserved mitochondrial mem-
brane potential, hindered mitochondrial permeability transition pore
opening, reduced ATP loss, and prevented cell death24. In corrob-
oration, we demonstrated that poyendarone preserved CYP2J2
epoxygenase activity and EET levels in vitro and therefore allevi-
ated mitochondrial toxicity in cardiomyocytes.

EETs not only prevent mitochondrial toxicity but also modu-
late several cardiac ion channels. For instance, EETs enhance ICa,L
currents via cAMP/PKA pathway and activate the ATP sensitive-
Kþ (KATP) channels by reducing the channel sensitivity to ATP in
rat cardiomyocytes7,43. Transgenic mice with cardiac-specific
CYP2J2 overexpression and subsequent elevated intracardiac
EET levels, exhibit enhanced cardiac ICa,L, KATP, transient out-
ward Kþ

( Ito) currents, and shortened cardiac action potential
duration without incidences of arrhythmogenesis or sudden car-
diac death44. In parallel, cardiac-specific CYP2J3/10�/� trans-
genic rats (rat isoforms of human CYP2J2) exhibited 75% loss in
metabolic activity and 66.6% reduction in in vivo probe substrate
clearance compared to WT rats45. Additionally, creatine kinase-
muscle brain type, serum creatine kinase and their ratio were
considerably increased indicative of myocardial injury and car-
diomyocyte damage46. In a separate report, CYP2J2 silencing in
adult human ventricular cardiomyocytes revealed significant
transcriptional modulation of the genes associated with cardiac
remodeling and ion channel signaling pathways, with roles in
cardiomyopathies and arrhythmias47. In both studies, CYP2J2
deletion was not associated with sudden cardiac death in rats or
excessive cell death in human cardiomyocytes. The researchers
opined that after CYP2J2 deletion, a second pathophysiological
“hit” may be essential to observe cardiac AEs47. Our findings
confirmed that both dronedarone-mediated inhibition and genetic
knockdown of CYP2J2 increased parameters related to BTB
variability, underscoring the direct role of CYP2J2 in heart rhythm
control. Conversely, the preservation of CYP2J2 metabolism by
poyendarone decreased BTB variability significantly. Taken
together, we postulate that the second “hit” may manifest in the
form of drug inhibition of CYP2J2 thus compounding drug-
induced proarrhythmic effects leading to fatal consequences.

Previously, we replicated anti-atrial fibrillatory effects of dro-
nedarone and poyendarone in healthy38,39 and paroxysmal AF
dogs40. Dronedarone delayed atrioventricular (AV) and intraven-
tricular (IV) conduction and ventricular repolarization and dis-
played moderate atrial selectivity. Interestingly, poyendarone
displayed 1.7-fold greater atrial selectivity compared to drone-
darone in addition to the delays in AV and IV conduction38,39.
Dronedarone also significantly prolonged the phase-3 repolariza-
tion period possibly due to modest induction of Ca2þ overload
while poyendarone hardly altered phase-3 repolarization period
suggesting a lack of Ca2þ overload48. It has been reported that the
prolongation of the terminal repolarization period leads to con-
duction delay at an incomplete repolarization level leading to re-
entry arrhythmia occurs, which is associated with a high drug-
induced torsadogenic risk44. Here, we further investigated the
relative effects of poyendarone in persistent AF canine model
which was prepared by chronic atrial tachypacing (600 bpm for
>6 weeks) of the standard chronic atrioventricular block dog
model. This model has been extensively employed in cardiovas-
cular research on drug-induced TdP which is in line with clinical
observations49. Initially, vehicle ethanol failed to terminate the
persistent AF, confirming that the cardioversion of AF observed
after the administration of the drugs would depend on their cardiac
electrophysiological actions. Since 3 mg/kg, i.v. of poyendarone
suppressed AF in the paroxysmal AF model dogs40, we selected
the dose in this study to assess its anti-AF effect on the persistent
AF canine model. Like dronedarone, poyendarone terminated the
AF in 2 out of 4 animals, resulting in sinus rhythm (50%). These
findings are consistent with the similar in vitro electrophysiolog-
ical pharmacology of the compounds. To further characterize anti-
AF efficacy of poyendarone, we compared its effects with amio-
darone50 on the surrogate markers of anti-AF action such as inter-
atrial conduction time and atrial effective refractory period in
canine model of paroxysmal AF. At a basic pacing cycle length of
200 ms, simulating the electrophysiological condition in atria
during AF40,49 the potency for the inter-atrial conduction time
prolongation was in the order of poyendarone (þ13 ms)Zdro-
nedarone (þ13 ms) > amiodarone (þ1 ms), whereas that for the
atrial effective refractory period prolongation was in the order of
poyendarone (þ9 ms) > dronedarone (þ4 ms) > amiodarone
(�3 ms), which could at least in part explain the recurrence of AF
in one animal after amiodarone administration (#1 in Figs. S10A
and B). These observations also support the comparable anti-AF
potency between poyendarone and dronedarone against the
persistent AF canine model in this study. Importantly, lethal
ventricular arrhythmia such as TdP or hemodynamic collapse was
not observed during the experimental period, indicating a favor-
able cardiac safety profile of each drug at their anti-AF dose.

To compare the proarrhythmic potential of the drugs quantita-
tively, we assessed the QTcF as well as STVQT which is a
highly specific and sensitivemarker for drug-induced proarrhythmia.
Although QT prolongation is traditionally used to predict torsado-
genic risk, STVQT was proven to be a superior parameter51. More-
over, its utility has been established in several pre-clinical and clinical
studies52e54. In our study, the potency for the DQTcF prolongation
was in the order of dronedarone > poyendarone � amiodarone,
indicating that the effect of dronedarone on repolarization
period could be attenuated by the deuteration. Meanwhile, the
extent of increase in the STVQT was in the order of
dronedarone > poyendarone � amiodarone, indicating that pro-
pensity of poyendarone to cause BVR was lower than dronedarone
in vivo. This observation supports the hypothesis that poyendarone
has a lower proarrhythmic risk than dronedarone and preservation of
CYP2J2 metabolism plays a role in drug-induced proarrhythmia.

Our work has provided novel mechanistic insight into the role
of CYP2J2 in drug-induced cardiac AEs and proarrhythmia.
Several marketed drugs such as ketoconazole & itraconazole
(antifungal), doxorubicin and imatinib (anticancer) and nortrip-
tyline (antidepressant) cause or exacerbate heart failure possibly
by inducing ventricular tachycardia and potently inhibit CYP2J2
in vitro55. We propose that CYP2J2 must be explored as a possible
novel toxicity target and could be incorporated into the Compre-
hensive In Vitro Proarrhythmia Assay testing framework56. More
importantly, specific CYP2J2 inhibitors being developed as novel
anticancer drugs such as compound C26 must be evaluated for its
torsadogenic propensity30.
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Association of CYP2J2 polymorphisms with cardiovascular
diseases has been recently explored. CYP2J2*7 is one of the most
common polymorphisms with allelic frequency varying greatly
with ethnicity (1.1%e1.2% in Caucasian, 2.6% in Chinese, and
11%e17% in African populations)57. CYP2J2*7 polymorphism
due to substitution of G>T in the CYP2J2 promoter region results
in 48% loss in promoter activity and 30% lower serum EET
levels57,58. Interestingly, CYP2J2*7 incidence positively corre-
lates to the risk of coronary artery disease and myocardial
infarction in specific populations58,59. However, there are no
studies exploring the distribution of CYP2J2*7 and its patholog-
ical implications in AF patients. In such patients, lower basal EET
levels might serve as a torsadogenic substrate and hence poyen-
darone may be more suited anti-AF therapy than dronedarone due
to negligible BVR. Moreover, screening patients for CYP2J2*7
expression would prove to be a useful strategy for personalized AF
treatment.

Lastly, although deuteration is an established approach to
improve the pharmacokinetic and toxicological properties of
drugs; it was only recently that USFDA granted accelerated reg-
ulatory approval to the first deuterated drug, deutetrabenazine
(Austedo�)60,61. This has renewed interest in deuteration strate-
gies and spurred the development of several drug candidates61.
Accelerated approval for deutetrabenazine was possibly based on
previous safety studies of the approved, parent, nondeuterated
drug, tetrabenazine60. Contrary to traditional drug development
timelines, this regulatory change may significantly shorten the
clinical drug development timeline and save enormous costs. In
light of this progress, further efficacy and safety studies of
poyendarone could be performed first in animal models of per-
manent AF and decompensated heart failure49 followed by in a
targeted cohort of patients. Past preclinical and clinical studies of
dronedarone coupled with selected trials of poyendarone may
facilitate poyendarone’s regulatory approval for a safe and effi-
cacious pharmacotherapeutic management of AF.

4. Conclusions

Cardiac AEs precipitated by dronedarone in terms of mitochon-
drial toxicity, increased BTB in cardiomyocytes and higher
proarrhythmic risk in persistent AF models are attributed to MBI
of CYP2J2 and depletion of in vivo EET levels. Here we designed
poyendarone, a deuterated analogue of dronedarone, that cir-
cumvents CYP2J2 inactivation, preserves AA-EET metabolism
and mitigates both dronedarone-induced mitochondrial toxicity
and proarrhythmia in cardiomyocytes. Poyendarone further pre-
serves antiarrhythmic pharmacology while it significantly reduces
proarrhythmic risk in persistent atrial fibrillation dogs. In
conclusion, the preservation of functional CYP2J2 activity pre-
vents dronedarone-induced cardiac AEs. Moreover, poyendarone
is a potentially novel, safe, and efficacious antiarrhythmic drug.

5. Experimental

5.1. Synthesis of poyendarone

Chemicals. All reagents except poyendarone were of analytical
grade and purchased from SigmaeAldrich (St. Louis, MO, USA)
unless otherwise mentioned. HPLC-grade acetonitrile (ACN) was
purchased from Tedia Company Inc. (Fairfield, OH, USA). Water
was obtained using a Milli-Q water purification system (Millipore,
Billerica, MA, USA). Poyendarone was synthesized as described
in the supplementary file (Supporting Information Fig. S2).

Briefly, all synthetic reactions were routinely monitored by
thin-layer chromatography (TLC) on silica gel plate (precoated 60
F254 Merck plate). Column chromatography was performed using
silica gel 60 (Merck, 70e230 mesh). Compounds were dissolved
in HPLC grade methanol for determination of mass to charge
(m/z) using the AB Sciex 2000 mass spectrometer with electro-
spray ionization (ESI). 1H NMR spectra were determined in
deuterated chloroform (CDCl3) and deuterated dimethyl sulfoxide
(DMSO-d6) solutions on Bruker DPX Ultrashield NMR spec-
trometer (400 MHz), with chemical shifts given in parts per
million (d) downfield relative to tetramethylsilane (TMS) as in-
ternal standard, and J values (coupling constants) given in hertz.
The following abbreviations were used: s, singlet; d, doublet; t,
triplet; p, pentet; sxt, sextet; m, multiplet. The synthesis scheme is
shown in Fig. S2.

5.1.1. 2-(Bromomethyl)-4-nitrophenol(3,5,6-d3) (D1)
Concentrated sulfuric acid (0.121 mL) was added to a mixture of
4-nitro(2,3,5,6-d4)phenol (1.25 g, 8.73 mmol/L) and 48% HBr
solution (15.8 mL) at room temperature, followed by 35%
formalin solution (0.760 g, 24.4 mmol/L, 2.8 eq). The reaction
mixture was heated at 75 �C with stirring for 6 h. Following which
the reaction mixture was poured slowly into ice water mixture and
stirred for 1 h. The obtained solid was filtered, washed with cold
water and then dried under vacuum to obtain a beige solid.
Toluene (50 mL) was added to the solid and the mixture was
heated with stirring at 85 �C for 1 h. The mixture was cooled to
5 �C and stirred for 1 h at the same temperature. The resulting
solid was filtered, washed with toluene and then dried under
vacuum to get a white solid as the product. Yield: 76.5%, 1H NMR
(400 MHz, DMSO-d6): d 4.70 (s, 2H), 11.61 (s, 1H). The

1H NMR
spectrum of the synthesized product is shown in Fig. S2A.

5.1.2. 2-((Bromotriphenylphosphoranyl)methyl)-4-
nitrophenol(3,5,6-d3) (D2)
To a solution of 1.5 g (6.38 mmol/L) of 2-(bromomethyl)-4-
nitrophenol(3,5,6-d3) (D1) in toluene (10 mL) was added 1.67 g of
triphenyl phosphine (6.38 mmol/L) and the mixture was refluxed
for 1 h. After completion of the reaction, the mixture was cooled,
and the resulting precipitate was filtered. The filtrate was evapo-
rated to dryness and stirred with toluene (10 mL) for 30 min and
filtered to obtain a solid. Both solids were combined and dried
under vacuum to obtain a white solid. Yield: 99.0%, 1H NMR
(400 MHz, CDCl3): d 4.76e4.80 (d, JZ 14.0 Hz, 2H), 7.57e7.66
(m, 12H), 7.78e7.82 (m, 3H). The 1H NMR spectrum of the
synthesized product is shown in Fig. S2B.

5.1.3. 2-Butyl-5-nitro-1-benzo(4,6,7-d3)furan (D3)
To a solution of 1.65 g (3.32 mmol/L) of 2-((bromo-
triphenylphosphoranyl)methyl)-4-nitrophenol(3,5,6-d3) (D2) in
10 mL of CHCl3 was added 0.522 g (6.6 mmol/L, 2 eq) of pyri-
dine. 0.500 g (4.05 mmol/L, 1.25 eq) of valeroyl chloride was
slowly added to the mixture with stirring at room temperature. The
mixture was refluxed for 2 h and then 25 mL of toluene was added
and about half of the solvent was evaporated under reduced
pressure. 1.0 g (9.96 mmol/L, 3 eq) of triethylamine was then
added and refluxed for a further 3 h. The resulting reaction
mixture was cooled and the triphenyl phosphine oxide formed
was filtered, washed with ethyl acetate and the filtrate was
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concentrated under vacuum. The viscous residue formed was
purified by column chromatography using petroleum ether: ethyl
acetate (95:5) to obtain a colorless residue. Yield: 73.5%, 1H
NMR (400 MHz, CDCl3): d 0.85e0.89 (t, J Z 7.20 Hz, 3H),
1.28e1.38 (m, 2H), 1.70e1.78 (m, 2H), 2.87e2.91 (t,
J Z 7.60 Hz, 2H), 7.53e7.55 (d, J Z 8.80 Hz, 1H). The 1H NMR
spectrum of the synthesized product is shown in Fig. S2C.

5.1.4. (2-Butyl-5-nitro-1-benzo(4,6,7-d3)furan-3-yl)(4-
methoxyphenyl)methanone (D4)
To a solution of 2-butyl-5-nitro-1-benzo(4,6,7-d3)furan (D3)
(1.4 g, 6.29 mmol/L) in 15 mL dichloromethane was slowly added
4-methoxybenzoyl chloride (1.61 g, 9.45 mmol/L, 1.5 eq) and
tin(IV) chloride (4.1 g, 15.7 mmol/L, 2.5 eq) over 1 h at 0e5 �C
and stirring was continued for 24 h at room temperature. The
reaction mixture was cooled at 0e5 �C following which water
(10 mL) was added slowly and the mixture was stirred for about
30 min. The aqueous layer was separated and extracted with
dichloromethane (3 � 10 mL). The combined organic layer was
evaporated under reduced pressure. The crude compound obtained
was purified by column chromatography using petroleum ether:
ethyl acetate (85:15) to obtain a white solid as product. Yield:
93.5%, 1H NMR (400 MHz, CDCl3): d 0.86e0.89 (t, JZ 7.40 Hz,
3H), 1.29e1.38 (m, 2H), 1.71e1.78 (m, 2H), 2.88e2.92 (t,
J Z 7.60 Hz, 2H), 3.90 (s, 3H), 6.96e6.99 (d, J Z 8.80 Hz, 2H),
7.80e7.83 (d, J Z 8.80 Hz, 2H). The 1H NMR spectrum of the
synthesized product is shown in Fig. S2D.

5.1.5. 2-Butyl-5-nitro-1-benzo(4,6,7-d3)furan-3-yl)(4-
hydroxyphenyl)methanone (D5)
To a solution of 1.02 g (2.86 mmol/L) of (2-butyl-5-nitro-1-
benzo(4,6,7-d3)furan-3-yl)(4-methoxyphenyl)methanone (D4) in
dichloromethane (50 mL) was added AlCl3 (2.29 g, 17.2 mmol/L,
6 eq) slowly over 1 h with stirring at 0e5 �C. The mixture was
refluxed for 24 h and cooled to room temperature and subse-
quently to 0e5 �C. Water (10 mL) was added slowly and the
mixture was stirred for about 30 min. The organic layer was
separated and concentrated under vacuum to give a residue which
was purified by column chromatography using petroleum ether:
ethyl acetate (90:10) to obtain a yellowish oil. Yield: 98.0%, 1H
NMR (400 MHz, CDCl3): d 0.87e0.90 (t, J Z 7.20 Hz, 3H),
1.30e1.39 (m, 2H), 1.72e1.80 (m, 2H), 2.90e2.94 (t,
JZ 7.60 Hz, 2H), 6.94e6.96 (d, JZ 8.80 Hz, 2H), 7.77e7.80 (d,
J Z 8.80 Hz, 2H). The 1H NMR spectrum of the synthesized
product is shown in Fig. S2E.

5.1.6. 2-Butyl-5-nitro-1-benzo(4,6,7-d3)-furan-3-yl)(4-(3-
(dibutylamino)propoxy)phenyl)methanone (D6)
To a solution of 0.800 g (2.3 mmol/L) of (2-butyl-5-nitro-1-
benzo(4,6,7-d3)furan-3-yl)(4-hydroxyphenyl)methanone (D5) in
20 mL of acetone was added 3.23 g (2.3 mmol/L, 1 eq) of
anhydrous K2CO3 and 4.79 g (2.3 mmol/L, 1 eq) of 1-chloro-3-di-
n-butylaminopropane at room temperature. The reaction mixture
was refluxed at 60 �C overnight. The reaction mixture was cooled
and evaporated under reduced pressure. To the resulting solid,
water (20 mL) was added and stirred for 5 min and extracted with
dichloromethane (3 � 20 mL). The organic layer was evaporated
under reduced pressure to obtain a crude residue which was
further purified by column chromatography using petroleum ether:
ethyl acetate (70:30) to obtain a yellowish oily residue. Yield:
77.0%, 1H NMR (400 MHz, DMSO-d6): d 0.80e0.84 (m, 9H),
1.22e1.27 (m, 6H), 1.30e1.37 (m, 4H), 1.64e1.72 (m, 2H),
1.82e1.85 (t, J Z 6.40 Hz, 2H), 2.33e2.36 (t, J Z 7.00 Hz, 4H),
2.51e2.53 (m, 2H), 2.82e2.86 (t, JZ 7.60 Hz, 2H), 4.12e4.15 (t,
JZ 6.00 Hz, 2H), 7.08e7.10 (d, JZ 8.80 Hz, 2H), 7.81e7.83 (d,
J Z 8.80 Hz, 2H). The 1H NMR spectrum of the synthesized
product is shown in Fig. S2F.

5.1.7. 5-Amino-2-butyl-1-benzo(4,6,7-d3)-furan-3-yl)(4-(3-
(dibutylamino)propoxy)phenyl)methanone (D7)
A mixture of 0.114 g (0.22 mmol/L) of (2-butyl-5-nitro-1-
benzo(4,6,7-d3)furan-3-yl)(4-(3(dibutylamino)propoxy)phenyl)
methanone (D6), 0.106 g (1.33 mmol/L, 6 eq) of iron powder,
0.5 mL of ethanol and 0.25 mL of water was stirred at room
temperature for 10 min. The reaction mixture was cooled to 15 �C
and 0.5 mL of concentrated HCl was added. The reaction mixture
was stirred for 3 h at 65 �C, cooled, poured into ice water mixture
and stirred for 30 min. The aqueous layer was extracted with
dichloromethane (3 � 5 mL). The pH of the organic layers was
adjusted to 8e9 using aqueous ammonia solution. Both the
organic and aqueous layers were separated. The aqueous layer was
extracted with dichloromethane (3 � 5 mL) and both the organic
layers were combined, dried with Na2SO4 and removed under
reduced pressure to obtain a colorless oil. Yield: 80.3%, 1H NMR
(400 MHz, CDCl3): d 0.87e0.91 (m, 9H), 1.25e1.37 (m, 6H),
1.42e1.49 (m, 4H), 1.71e1.79 (m, 2H), 1.99e2.02 (m, 2H),
2.47e2.50 (m, 4H), 2.65e2.69 (m, 2H), 2.89e2.93 (t,
J Z 7.60 Hz, 2H), 4.11e4.14 (t, J Z 6.20 Hz, 2H), 6.96e6.98 (d,
J Z 8.80 Hz, 2H), 7.80e7.82 (d, J Z 8.80 Hz, 2H). The 1H NMR
spectrum of the synthesized product is shown in Fig. S2G.

5.1.8. Methanesulfonamide, N-(2-butyl-3-(4-(3-(dibutylamino)
propoxy)benzoyl)-1-benzo(4,6,7-d3)-furan-5-yl)hydrochloride
(D8)
To a warmed solution of 0.100 g (0.207 mmol/L) of (5-amino-2-
butyl-1-benzo(4,6,7-d3)furan-3-yl)(4-(3-(dibutylamino)propoxy)
phenyl) methanone (D7) in anhydrous dichloromethane (3 mL)
was added 0.0197 g (0.249 mmol/L, 1.2 eq) of pyridine and
0.028 g (0.249 mmol/L, 1.2 eq) of methane sulfonylchloride
slowly over 5 min at 35 �C. The resulting mixture was stirred at
the same temperature for 3 h and then cooled to room temperature.
This mixture was then washed with 2 � 5 mL of water, 2 � 5 mL
of 5% NaHCO3 solution and 1 � 5 mL of water. The organic
phase was separated and concentrated, which was further purified
by column chromatography using petroleum ether: ethyl acetate
(10:90) to obtain a brown oily residue in 80% yield. To this res-
idue 5 mL of methanol was added and a solution of hydrochloric
acid (0.100 mL) in 0.4 mL of methanol was added over 20 min.
The reaction mixture was stirred for 3 h at 0 �C and the obtained
solid was filtered and washed with methanol and dried to obtain
the final compound (poyendarone) as pale brown solid. ESI-MS
(m/z) calculated for C31H41D3N2O5S [MþH]þ 559.77. Yield:
79.0%, overall yield: 25.0%, 1H NMR (400 MHz, MeOH-d4):
d 0.83e0.88 (m, 3H), 0.89e0.93 (t, J Z 7.20 Hz, 6H), 1.27e1.33
(m, 6H), 1.43e1.47 (m, 4H), 1.69e1.77 (m, 2H), 1.94e1.99 (m,
2H), 2.45e2.49 (m, 4H), 2.64e2.68 (t, J Z 7.40 Hz, 2H),
2.86e2.89 (t, J Z 7.60 Hz, 2H), 2.96 (s, 3H), 4.12e4.16 (t,
J Z 6.00 Hz, 2H), 7.03e7.06 (d, J Z 8.8 Hz, 2H), 7.78e7.87 (d,
J Z 9.2 Hz, 2H), 13C NMR (400 MHz, MeOH-d4): 13.7, 19.5,
20.7, 23.2, 24.7, 26.7, 28.7, 31.1, 38.8, 51.2, 54.0, 66.3, 115.6,
117.9, 128.9, 129.7, 132.3, 132.7, 133.3, 135.5, 152.7, 163.9,
165.5, 167.5, 192.5. The 1H and 13C NMR spectrum of the syn-
thesized product is shown in Figs. S2H and S2I, respectively.
HPLC purity (254 nm); 98.4%, eluent: 60% acetonitrile/0.1%
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formic acid in water, TR Z 4.6 min (Fig. S2J). The 1H and 13C
NMR spectra of dronedarone are shown in Fig. S2K and S2L,
respectively.

5.2. Determination of lipophilicity, aqueous solubility,
permeability, and in vitro metabolic stability

5.2.1. Lipophilicity calculation
Lipophilicity or the computational log P values (clogP) of
poyendarone and dronedarone were estimated using ChemSketch
software (ACD Labs v2020.1.2).

5.2.2. Aqueous solubility determination
Aqueous kinetic solubilities of poyendarone and dronedarone
were determined using Multiscreen PCF filter plates (Millipore).
10 mL of 10 mmol/L stock solution of poyendarone or dronedar-
one was added to the universal aqueous buffer, pH 7.4 (1%
DMSO, v/v), and sonicated. 300 mL of the mixture was transferred
to the 3 wells of MultiScreen HTS-PCF filter plate and agitated for
24 h at 250 rpm at room temperature and filtered. After filtration,
ACN was added to the filtrate to give 80:20 buffer/ACN compo-
sition and the UVabsorbance was determined at 300 nm to give an
estimate of aqueous solubility.

5.2.3. Effective permeability measurement
Effective permeability of test compounds was determined by
Parallel Artificial Membrane Permeability Assay (PAMPA) using
Multiscreen-IP PAMPA and Receiver plates (Millipore). 1% w/v
solution of lecithin in dodecane and 300 mL of 10-fold diluted
solution (prepared in 1� PBS buffer) of poyendarone and dro-
nedarone were applied to donor plate. An equal volume of
1� PBS buffer was added to the corresponding well in the
acceptor plate. The donor/acceptor plate unit was placed in an air-
tight container and agitated for 16 h, 250 rpm at room tempera-
ture. 250 mL/well of solution of donor wells and acceptor wells
were transferred to separate wells in a 96-well UV plate and UV
absorbance was measured at 300 nm. Similarly, the permeability
of standard compounds namely caffeine, carbamazepine, quini-
dine, verapamil, warfarin, and propranolol were measured. The
absorbance of the solutions was determined at lmax of the standard
compound on a microplate reader (caffeine 296 nm, carbamaze-
pine 316 nm, quinidine 330 nm, verapamil 290 nm, warfarin
336 nm, propranolol 300 nm).

5.2.4. Metabolic stability assays
The metabolic stability experiments were performed to derive
intrinsic clearance (CLint) values via the substrate depletion
method as described before13,35. Briefly, 1 mmol/L dronedarone
or poyendarone was incubated with the HLM (0.5 mg/mL),
rCYP2J2 (20 pmol/mL), rCYP3A4 (10 pmol/mL) or rCYP3A5
(10 pmol/mL) and NADPH generating system consisting of
NADPH A (NADPþ and glucose 6-phosphate) and B (glucose-6-
phosphate dehydrogenase) (BD Gentest, Woburn, MA, USA). At
specific time points, aliquots were collected and quenched using
ice-cold ACN with internal standard (IS) and the parent com-
pound was analyzed with liquid chromatography-tandem mass
spectrometry (LCeMS/MS). CLint was determined by plotting
percentage substrate remaining against incubation time and
fitting to one-phase decay model as described previously1.
5.3. Whole-cell patch clamp measurement in transfected
HEK293FT cells

Cell culture. HEK293FT cells (ATCC, Manassas, VA, USA) were
cultured in DMEM (Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin and streptomycin
and maintained in 5% CO2 incubator at 37 �C. For transfection,
cells were seeded on the petri dishes containing coverslips and
grown overnight.

5.3.1. Measurement of Nav1.5 current
Cells were co-transfected with 3.0 mg of human NaV1.5 channel
plasmid and 1.5 mg of human auxiliary b1 subunit plasmid by
lipofectamine 2000 (Thermo Fisher Scientific)62. The cells were
grown for 24 h in 5% CO2 incubator at 37

�C, split and seeded on
poly-D coated coverslip 24 h before patch clamp analysis. To
record NaV1.5 current, the internal solution (pipette solution)
contained (in mmol/L) 130 CsF, 5 NaCl, 5 EGTA, 10 HEPES, 2
MgCl2, 2 TEA-Cl pH 7.2 (adjusted with CsOH). The external
solution contained (in mmol/L): 135 NaCl, 4.2 CsCl, 1.2 MgCl2,
1.8 CaCl2, 10 HEPES and glucose, adjusted to pH 7.4 with NaOH.
Cells were treated with increasing concentrations of poyendarone
or dronedarone (1e10 mmol/L). Whole cell currents were obtained
under voltage clamp with an Axopatch200B or Multiclamp 200B
amplifier (Molecular Device, San Jose, CA, USA), low-pass
filtered at 5e6 kHz and the series resistance was typically
<5 MU after >70% compensation. The P/4 protocol was used to
subtract online the leak and capacitive transients. Dose-response
curve was fitted with log(inhibitor) vs response variable slope as
Eq. (1):

Y ZBottomþ ðTop�BottomÞ
�
1þ 10ðLogIC50�X Þ�Hill Slope

� ð1Þ

5.3.2. Measurement of Cav1.2 current
Cells were co-transfected with 1.7 mg of human CaV1.2 a1C car-
diac isoform (1a/8a splice variant) and 1.25 mg of human auxiliary
b2 and a2/d1 subunits by lipofectamine 200063,64. The cells were
grown for 24 h in 5% CO2 incubator at 37

�C, split and seeded on
poly-D coated coverslip 24 h before patch-clamp analysis. To
record CaV1.2 current the internal solution (patch-pipette solution)
contained the following (in mmol/L): 138 Cs-MeSO3, 5 CsCl, 5.0
EGTA, 10 HEPES, 1 MgCl2, 2 mg/mL Mg-ATP, pH 7.3 (adjusted
with CsOH), 290 mOsm with glucose. The external solution
contained the following (in mmol/L): 10 HEPES, 140 tetraethy-
lammonium methanesulfonate, 5 CaCl2 (pH adjusted to 7.4 with
CsOH and osmolality to 290e310 with glucose). Pipettes of
resistance 1.5e2 MU were used. Cells were treated with
increasing concentrations of poyendarone (1e5 mmol/L) or dro-
nedarone (1e5 mmol/L). Doseeresponse curve was fitted with
log(inhibitor) vs response variable slope Eq. (1).

5.3.3. Measurement of KV11.1 current
Cells were co-transfected with 2 mg of KV11.1 channel plasmid and
1 mg of KCNE1 plasmid by lipofectamine 200065. The transfected
cells were incubated for 24 h in 5% CO2 incubator at 37

�C 48 h
post transfection, the cells were split and seeded on poly-D lysine
coverslip one day before recording. To record KV11.1 current, the
internal solution (pipette solution) contained (in mmol/L)
130 K-gluconate, 10 KCl, 5 EGTA, 10 HEPES, 1 MgCl2, 0.5
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Na3GTP, 4 Mg-ATP, Na-phoshocreatine pH 7.4 (adjusted with
KOH). The external solution contained (in mmol/L): 125 NaCl, 2.5
KCl, 25 Na-gluconate, 1.0 MgCl2, 1.8 CaCl2, 10 HEPES and 11.1
glucose, adjusted to pH 7.4 with NaOH. Cells were treated with
increasing concentrations of poyendarone (10 nmol/Le1 mmol/L)
or dronedarone (10 nmol/Le1 mmol/L). Whole cell currents were
obtained under voltage clamp with an Axopatch200B or Multi-
clamp 200B amplifier, low-pass filtered at 1 kHz and the series
resistance was typically<5 MU after>70% compensation. The P/4
protocol was used to subtract online the leak and capacitive tran-
sients The Kv11.1 current was evoked from holding potential of
�80 mV to 2.5 s pulses of 20 mV. The tail currents were subse-
quently recorded upon returning the voltage to �60 mV. Dose-
response curve was fitted with log(inhibitor) vs response variable
slope as Eq. (1).

5.4. MBI of CYP2J2, CYP3A4 or CYP3A5

Time- and concentration-dependent inactivation of CYP2J2,
CYP3A4 and CYP3A5 by poyendarone or dronedarone was
determined using the two-step incubation method as described
before35. Briefly, primary mixtures comprising dronedarone or
poyendarone (0e20 mmol/L) were incubated with rCYP2J2,
rCYP3A4 or rCYP3A5 (20 pmol/mL) and NADPH B in potassium
phosphate buffer and reaction was initiated with NADPH A. At
different pre-incubation time points at 37 �C, aliquots were trans-
ferred to a secondary incubation mixture consisting of rivaroxaban
and NADPH regenerating system resulting in 10- or 20-fold dilution
for CYP2J2 or CYP3A4/5 respectively. The secondary mixtures
were incubated for 30 min with CYP2J2 or 2 h with CYP3A4/5.
Reaction mixtures were quenched with ice-cold ACN with IS and
centrifuged. The supernatants were analyzed for morpholinone
moiety of rivaroxaban using LCeMS/MS as described before66.
CYP2J2 inactivation was separately confirmed using another probe
substrate astemizole as described previously13. MBI parameters
such as the maximum inactivation rate constant (kinact) and inacti-
vator concentration at half-maximum inactivation rate constant (KI)
were determined as described previously13. The kinact/KI ratio
measures the potency of MBI where higher the kinact/KI ratio, the
more potent is the enzyme inactivation.

5.4.1. GSH trapping assay
Incubation mixtures containing 500 pmol/mL rCYP2J2, 50 mmol/L
poyendarone or dronedarone NADPH B, 100 mmol/L potassium
phosphate buffer (pH 7.4) and 50 mmol/L reduced L-glutathione
(GSH) were pre-incubated for 5 min and NADPH A was added to
initiate the reaction. The final volume of incubation mixture was
500 mL and three replicates of the incubation mixtures were pre-
pared for each test compound. After 60 min of incubation at 37 �C,
500 mL of ice-cold ACN was added to quench the reaction. The
solutions were centrifuged at 16,000�g at 4 �C for 15 min. The
supernatant was pooled and evaporated under the gentle stream of
nitrogen using TurboVap LV (Caliper Life Science, Hopkinton,
MA). The residue was reconstituted with 60 mL 3:7 v/v ACN-water
mixture. The mixtures were vortexed for 5 min and centrifuged
16,000�g at 4 �C for 15 min and the supernatant was extracted for
LCeMS/MS analysis as described before13. Negative control ex-
periments were performed without the presence of test compounds.
5.5. Inhibition of CYP2J2-mediated AA metabolism

AA, 5,6-EET, 8,9-EET, 11,12-EET, 14,15-EET were purchased
from (Cayman Chemical, Ann Arbor, MI, USA). Assay for inhi-
bition of CYP2J2-mediated AA metabolism by poyendarone or
dronedarone was carried out as published before25. Briefly,
CYP2J2, AA and poyendarone or dronedarone were co-incubated
with NADPH (Nacalai Tesque, Kyoto, Japan) for 2 h, the reaction
mixture was then quenched with ice-cold ACN, and centrifuged.
The EETs were measured in the supernatant using LCeMS/MS.
Inhibition of AA metabolism was determined as reduced EET
formation and represented as percentage control (no inhibitor).

5.6. In vitro cardiac mitochondrial toxicity assays

5.6.1. Concurrent measurement of cytotoxicity and ATP
depletion in cardiac cells
Rat cardiac cells, H9c2 (ATCC), were cultured in low glucose
DMEM and differentiated with all-trans retinoic acid according to
established protocols67. The cytotoxicity and intracellular ATP
depletion were measured concurrently in differentiated rat cardiac
H9c2 cells on treatment with poyendarone or dronedarone with
Mitochondrial ToxGlo™ kit (Promega, Madison, WI, USA) ac-
cording to manufacturer’s protocol.

5.6.2. Oxygen consumption in isolated rat heart mitochondria
Healthy male Wistar Han rats were housed at the National Uni-
versity of Singapore (NUS) animal facility in a 12 h light/day
cycle. Animal chow and water were provided ad libitum. The
animals were sacrificed and rat hearts were isolated according to
ethical regulations of the NUS Institutional Animal Care and Use
Committee (Protocol No: R15-0027). The mitochondria from
freshly resected whole heart were isolated using published pro-
tocol68. The mitochondrial protein was measured using Pierce™
BCA protein assay kit (Thermo Fisher Scientific). The purity of
the isolated mitochondria was assessed with citrate synthase
assay69.

The OCR is reflective of mitochondrial complex I and II ac-
tivity when supplemented with specific respiratory substrates such
as NADH and succinate respectively. The activity of ETC was
assessed using the Clarke-type oxygen electrode. Mitochondrial
suspension was co-treated with NADH (1 mmol/L) and succinate
(4 mmol/L) and poyendarone or dronedarone (1e100 mmol/L).
Rotenone (0.5 mmol/L) and malonic acid (0.5 mmol/L) were used
as positive control inhibitors of complex I and II respectively.
Percentage saturation was measured and extent of inhibition of the
complexes was reported as percentage of control (only substrate)
values as described previously24.

5.7. In vitro assessment of drug induced CYP2J2 inhibition on
cardiac BTB variability

5.7.1. Cell culture
Human foreskin fibroblasts (Lonza, Basel, Switzerland) were
reprogrammed to form human induced pluripotent stem cells
(hiPSC) using a viral-free method and differentiated to car-
diomyocytes as described in published reports70. CYP2J2 gene
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expression was quantified with RT-PCR as described in the
Supporting Information Section 1.1.

5.7.2. CYP2J2 inhibition in hiPSC-CMs
HiPSC-CMs were co-incubated with poyendarone, dronedarone or
amiodarone (1 mmol/L) and CYP2J2 substrate, astemizole
(1 mmol/L) in EB2 media for 24 h at 37 �C in a humidified at-
mosphere of 5% CO2. The cells were then washed with 1� PBS
twice and dislodged using Accutase� (Thermo Fisher Scientific)
cell detachment solution. The cells were centrifuged, and the su-
pernatant was discarded. The pellets were resuspended ice-cold
ACN with 1 mmol/L buspirone (IS) and sonicated for 15 min on
ice. The lysate was centrifuged and the supernatant was analyzed
for the formation of O-desmethylastemizole using LCeMS/MS as
described before13. The data was represented as percentage of
CYP2J2 activity relative to control cells (no inhibitor).

5.7.3. Measurement of BTB variability in hiPSC-CMs
Electrophysiological perturbations of hiPSC-CMs were measured
using multi-electrode array recording system (Multichannel
Systems, Reutlingen, Germany). HiPSC-CMs were treated with
dronedarone, poyendarone or amiodarone (0e10 mmol/L) and
extracellular field potentials durations (FPD, equivalent to QTc)
were measured for 5 min at baseline and 5 min after drug
application as described before71. The local activation maps were
generated using Cardio2D software (Multichannel Systems).
FPD measurements were normalized (corrected FPD [cFPD])
to the beating rate of the contracting areas with the Bazzet
correction formula: cFPD Z FPD/((RR interval)̂1/2) as described
previously72.

BTB variability in response to drug treatment was visualized in
Poincare plots. Poincaré plots are a graphical representation where
each point refers to the RR interval (beat cycle length) of nthþ1
cardiac beat that is being plotted against nth beat. Poincaré plot
descriptors SD1 (short term variability or STVRR) and SD2 (long
term variability or LTVRR) define the extents of variability73.
Poincaré plots with scattered points and incoherent alignment to the
line to identity are indicative of BTB variability and vice versa. SD1
and SD2 changes due to dronedarone, poyendarone or amiodarone
were measured at varying concentrations (0e10 mmol/L) using
Kubios HRV2.2 (Department of Applied Physics, University of
Eastern Finland, Kuopio, Finland)74.

5.8. In vitro assessment of CYP2J2 knockdown on cardiac BTB
variability

5.8.1. Cell culture
The human embryonic stem cells (ESCs) with a knocked in,
constitutively expressed Genetically Encoded Calcium Indicator
GCaMP6s were maintained on matrigel coated plates in Stem-
MACS™ iPS-Brew XF (Miltenyi Biotec, Bergisch Gladbach,
Germany) and passaged in clumps using Collagenase IV (1 mg/
mL) enzymatic treatment. For differentiation, ESCs were
passaged in single cells using Accutase (Nacalai Tesque, Kyoto,
Japan), and subjected to the previously established small molecule
based GiWi cardiomyocyte differentiation protocol75. On Day 7,
the media was replaced with RPMI-1640 (GE Healthcare, Chi-
cago, IL, USA) supplemented with B27 with insulin (B27þ)
(Miltenyi Biotec) for maturation and refreshed every 2 days. On
Day 21, the glucose level in the media was slowly reduced to 0%
by Day 28 to facilitate the metabolic selection of more matured
cardiomyocytes that rely on b-oxidation. The cardiomyocytes (H7
CMs) were used for siRNA transfections on Day 28.

5.8.2. siRNA knockdown of CYP2J2
Set of four self-delivery modified Accell™ siRNAs (Table S1) and
delivery media (Cat #B-005000, Dharmacon, Lafayette, CO,
USA) were transfected into adherent cells following the supplier’s
protocol. Briefly, individual wells of Day 28 H7 CMs were treated
with 1 mmol/L of an individual siRNA in Accell siRNA Delivery
Media for 72 h. Control H7 CMs were treated with 1 mmol/L non-
targeting siRNA. The delivery media was replaced with low
glucose B27þ media for 24 h before video analysis and RNA
harvesting for qPCR analysis to confirm CYP2J2 knockdown as
described in Supporting Information Section 1.2.

5.8.3. Fluorescent Ca2þ imaging and video analysis of
GCaMP6s H7 CMs
Calcium transients of H7 CM clusters post-treatment were imaged
using a Nikon ECLIPSE Ti-S (Melville, NY, USA) fluorescent
microscope and recorded using an Andor Zyla 4.2 sCMOS camera
at 15 fps. Video data was analyzed using Nikon’s NIS-Elements AR
and processed using RStudio v1.2.1335 to identify fluorescent
peaks corresponding to single cardiac contractions. Calcium tran-
sient durations were computed from the start of calcium depolari-
zation to the 90% repolarization mark in each cardiac contraction,
and the mean across all contractions was computed per cluster.

BTB intervals were computed as the time between two cardiac
contractions. The interval mean and variation between beats were
computed per cluster. Individual BTB intervals in each cluster
were further utilized to generate Poincaré plots using the R library
RHRV76. Each cardiac cluster generates a single Poincaré plot and
two Poincaré parameters—SD1 (STVRR) and SD2 (LTVRR). The
treatment groups were statistically compared using Poincaré pa-
rameters of the individual cardiac cluster as the dataset. To sum-
marize the data for viewing purposes, the Poincaré plots were
generated from combining data from all the clusters per treatment.

5.9. Measurement of anti-atrial fibrillatory properties and
torsadogenic risk of poyendarone and dronedarone in persistent
AF canine model

5.9.1. Animal husbandry
Experiments were performed on female beagle dogs (Kitayama
Labes Co. Ltd., Nagano, Japan) weighing approximately 10 kg
(n Z 16). All experiments were reviewed and approved by Ani-
mal Care and User Committee of Toho University (No.19-52-396
and No.20-53-396), and performed according to the Guideline for
the Care and Use of Laboratory Animals of Toho University,
ARRIVE guidelines77,78 and the NIH Guide for the Care and Use
of Laboratory Animals.

5.9.2. Production of the chronic atrioventricular block dog and
induction of persistent AF
After the animals (n Z 16) were anesthetized with thiopental
sodium (30 mg/kg, i.v.), catheter electrodes (Cordis-Webster Inc.,
CA, USA) were positioned at the compact atrioventricular node to
develop the complete atrioventricular block with catheter ablation
technique41. More than 1 month later, the dogs were initially
anesthetized pentobarbital sodium (30 mg/kg, i.v.). After intuba-
tion, anesthesia was maintained by isoflurane inhalation (0.5%e
1.5% v/v) vaporized in oxygen with a volume-limited ventilator.
Tidal volume and respiratory rate were set at 20 mL/kg and 15
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breaths/min, respectively. After a left fourth intercostal thoracot-
omy was performed, two sets of the electrode of temporary pacing
lead (streamline atrial 6492; Medtronic Inc., MN, USA) were
sutured onto the Bachmann bundle of the atria50. The pacing leads
were connected to the rapid pulse-generating pacemaker (TNT-
002AL; Taisho Biomed Instruments Co., Ltd., Osaka, Japan)
placed at the gluteal region through the subcutaneous tunnel. More
than 4 weeks after implanting the pacemaker, the atria were
electrically driven at 400e600 bpm for >6 weeks. After con-
firming the onset of AF, the pacing was maintained at 600 bpm for
another 2 weeks. Then, the atrial pacing was stopped under the
monitoring of Holter electrocardiogram (QR2100; Fukuda M-E
Kogyo Co., Ltd., Tokyo, Japan), and the duration of AF was
assessed using the Holter analysis system (HS1000; Fukuda M-E
Kogyo Co., Ltd.). If the AF persisted >24 h, the dog was judged
for the use as the persistent AF model.

5.9.3. Drug treatment
Poyendarone hydrochloride was dissolved with 100% ethanol in a
concentration of 20 mg/mL to prepare 3 mg/150 mL/kg. Drone-
darone hydrochloride (Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan) and amiodarone hydrochloride were dissolved in the same
manner. The other drugs used were thiopental sodium (Ravonal�,
Mitsubishi-Tanabe Pharma Co., Osaka, Japan), pentobarbital so-
dium (Tokyo Chemical Industry Co., Ltd.), and isoflurane (iso-
flurane inhalation solution [Pfizer], Mylan Seiyaku Ltd., Osaka,
Japan).

5.9.4. Measurement of electrocardiogram
The atria of the persistent AF model animal were electrically driven
at 600 bpm for another 1 week. Under the monitoring of Holter
electrocardiogram, the atrial pacing was stopped in conscious state.
The 16 dogs were randomized into four groups to receive amio-
darone, dronedarone, poyendarone or vehicle ethanol. As these
dogs were prepared using highly consistent surgical procedures as
described, there were no further specific blinding, inclusion and
exclusion criteria. Approximately 2 h after the termination of the
atrial pacing, poyendarone hydrochloride (3 mg/kg, n Z 4), dro-
nedarone hydrochloride (3 mg/kg, n Z 4), amiodarone hydro-
chloride (3 mg/kg, n Z 4) or vehicle ethanol (0.15 mL/kg, n Z 4)
was intravenously administered over 30 s. Then, the animals were
caged and their Holter electrocardiogram was monitored for >21 h
after the start of administration. These non-lethal doses of the drugs
were based on previous experiments40,79.

5.10. Statistical analyses

Statistical analyses were performed using GraphPad Prism soft-
ware v8.4.2 (San Diego, CA, USA) unless otherwise mentioned.
Values are presented as mean � SEM or SD of experiments car-
ried out at least twice with replicates. Statistical significance of
differences between two groups was determined with Student’s t-
test, one-way or two-way analysis of variance (ANOVA) with
Tukey’s post-hoc test. The normality of data was determined by
the ShapiroeWilk test. Accordingly, nonparametric tests such as
ManneWhitney U (for two groups) or KruskaleWallis (for mul-
tiple groups) tests were used followed by Dunn’s correction for
multiple comparisons were used. Differences within parameters in
in vivo studies were evaluated with one-way, repeated-measures
ANOVA followed by contrasts as a post-hoc test for mean values
comparison whereas those among the groups were done by one-
way, factorial ANOVA followed by Tukey’s multiple
comparison testing. A P-value <0.05 was considered statistically
significant.
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