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Fleutheroside B, a selective late sodium current inhibitor,
suppresses atrial fibrillation induced by sea anemone toxin II

1n rabbit hearts

Pei-pei Zhang', Zhao-fu Guo', Pei-hua Zhang', Zhi-pei Liu, Lv Song', Ze-fu Zhang', Yu-zhong Jia', Zhen-zhen Cao' and Ji-hua Ma'

Eleutheroside B (EB) is the main active constituent derived from the Chinese herb Acanthopanax senticosus (AS) that has been
reported to possess cardioprotective effects. In this study we investigated the effects of EB on cardiac electrophysiology and its
suppression on atrial fibrillation (AF). Whole-cell recording was conducted in isolated rabbit atrial myocytes. The intracellular
calcium ([Ca®'];) concentration was measured using calcium indicator Fura-2/AM fluorescence. Monophasic action potential (MAP)
and electrocardiogram (ECG) synchronous recordings were conducted in Langendorff-perfused rabbit hearts using ECG signal
sampling and analysis system. We showed that EB dose-dependently inhibited late sodium current (/y,), transient sodium current
(InaT), @and sea anemone toxin Il (ATX ll)-increased Iy, with ICsq values of 167, 1582, and 181 uM, respectively. On the other hand, EB
(800 uM) did not affect L-type calcium current (Ic,), inward rectifier potassium channel current (ly), and action potential duration
(APD). Furthermore, EB (300 uM) markedly decreased ATX Il-prolonged the APD at 90% repolarization (APDgg) and eliminated ATX II-
induced early afterdepolarizations (EADs), delayed afterdepolarizations (DADs), and triggered activities (TAs). Moreover, EB (200 uM)
significantly suppressed ATX Il-induced Na'-dependent [Ca®*]; overload in atrial myocytes. In the Langendorff-perfused rabbit
hearts, application of EB (200 uM) or TTX (2 uM) substantially decreased ATX ll-induced incidences of atrial fibrillation (AF),
ventricular fibrillation (VF), and heart death. These results suggest that augmented /y,. alone is sufficient to induce AF, and EB
exerts anti-AF actions mainly via blocking Iya., which put forward the basis of pharmacology for new clinical application of EB.
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INTRODUCTION
Atrial fibrillation (AF) causes a huge burden globally, with its high
morbidity and mortality, and it is the most common disorder of
cardiac rhythm affecting millions of people, especially among the
aged population [1, 2]. Presently, the incidence of ventricular
arrhythmias is less than that of atrial arrhythmias. To the best of
our knowledge, antiarrhythmic agents for rate and/or rhythm
control remain the preferred choice for AF under limited treatment
options, although catheter ablation has been in clinical use. Hence,
investigations on the development of novel drugs against AF
treatment are considered prospective and are urgently needed.
Eleutheroside B (EB, also called syringin; C;;H;,09, My =
372.37), which is the main bioactive constituent derived from
the dietetic herb Acanthopanax senticosus (AS) known as Siberian
ginseng, is used to treat a variety of diseases in traditional Chinese
medicine [3]. EB has been widely reported to possess various
pharmacological activities, including antifatigue [4], anticancer [5],
anti-inflammatory [6], antiirradiation [7], and antidiabetic activities
[8, 9]. Moreover, EB also has immunomodulatory actions [10] and

neuroprotective effects [11, 12]. In addition to the effects
mentioned above, accumulating research has shown that EB
exerts cardioprotective functions, such as defending cardiomyo-
cytes against oxidative stress injury and myocardial structural
changes, including myocardial hypertrophy [13, 14]. EB has also
been demonstrated to protect against arrhythmia caused by
myocardial ischemia/reperfusion in rats [15], but its antiarrhythmic
mechanism has not been clarified.

As far as we know, arrhythmogenesis is mainly due to abnormal
electrical activity, which has been determined by multiple
transmembrane ionic channel currents. Studies on ionic channel
currents are distinctly of great significance in expounding the
mechanisms of arrhythmogenesis and the action of antiarrhyth-
mic drugs. However, thus far, no relative study is available on the
effects of EB on cardiac ion channels.

Thus, our paper aimed to shed light on this issue by
investigating the effects of EB on cardiac ion channels in rabbit
atrial myocytes and exploring the underlying mechanisms for its
inhibitory effects on AF.
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MATERIALS AND METHODS

The isolation of cardiac atrial myocytes

All animal use was approved by the Experimental Animal Center of
Wuhan University of Science and Technology and was consistent
with the procedures and protocols of the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health and
regulations on animal experimentation of Hubei, China.

Single cardiac atrial myocytes were isolated from New Zealand
white rabbits (1.5-2.2 kg, CDC, Wuhan, China). In brief, rabbits with
an intravenous injection of heparin (2000U) for 15min were
anaesthetized with sodium pentobarbital (100 mg/kg). Hearts
were excised rapidly and mounted on a Langendorff apparatus
via the retrograde aorta followed by calcium-free Tyrode’s
solution (in mM: NaCl 140, KCl 5.4, MgCl, 1.2, NaH,PO, 0.33,
glucose 10, and HEPES 10, pH 7.4 with NaOH) perfused for 5 min.
Then, the perfusate was changed to enzyme-containing Tyrode’s
solution (1 mg/mL collagenase type I; 1 mg/mL BSA) for ~45 min
at 37°C. Subsequently, the perfusate was replaced with KB
solution containing (in mM): KOH 70, taurine 20, glutamic acid 50,
KCl 40, KH,PO, 20, MgSO, 3, EGTA 0.5, glucose 10, and HEPES 10
(pH 7.4 with KOH) to stop digestion of the enzyme. The left atrial
tissue was then removed from the heart, gently agitated in KB
solution containing BSA (0.3 mg/mL), and finally filtered through
nylon mesh to obtain single dissociated atrial myocytes. The
isolated atrial myocytes were kept in KB solution and were used
for experiments within 1-8 h. All solutions used above were
saturated with oxygen and were kept at 37 °C.

Chemicals and reagents

EB (E-4-3-hydroxyprop-1-enyl-2,6-dimethoxyphenyl-3-D-glucopyr-
anoside, purity = 98%) dissolved in methanol was produced by
Beijing Bei'na BioTech. Co. (Beijing, China). Sea anemone toxin Il
(ATX 1) and tetrodotoxin (TTX) were purchased from Alomone
Labs (JBP, Israel) and Biosharp (Hefei, China), respectively. BSA and
HEPES were obtained from Roche (Basel, Switzerland). CsCl and
EGTA were purchased from Amresco (Solon, OH, USA). Unless
otherwise specified, all other chemicals and reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Electrophysiological measurements
Transmembrane current recording. Atrial myocytes were trans-
ferred into a small cell chamber with a capacity of 1 mL and were
mounted on the stage of an inverted microscope for ~5 min until
the cells adhered to the wall. Next, the perfusate was replaced
with an oxygen-saturated bath solution at a rate of 2 mL/min. Only
the thin rod-shaped myocytes with clear cross striations were
chosen for electrophysiological recording. We used microelec-
trodes with a resistance of 1.5-2.5MQ pulled by a two-step
vertical puller (PP-830, Narishige Group, Japan) after being filled
with pipette solution for current recordings. Electrophysiological
signals of the cardiac myocytes were measured by using an EPC10
amplifier (HEKA Electronic, Germany) and then stored for further
analysis. Low-pass filters were set at 2 kHz and digitized at 10 kHz
in all recordings. Normalized currents were expressed as the
current density in pA/pF. The capacitance and series resistances
were compensated to 60%-80% without electric oscillation. All
experiments were performed at room temperature (22 + 2 °C).
Transient sodium current (/y,1) and late sodium current (/naL)
were elicited from the holding potential (HP) of —90 mV, followed
by a 300ms test pulse at —20 and —30mV, respectively. The
magnitude of the Iy, current was estimated at 200 ms of
depolarizing pulse. An L-type calcium current (Ic,) was generated
from an HP of —40 mV and then given a test pulse of 0 mV for 300
ms. The bath solution of Iy, and /-, contained the following
compounds (in mM): NaCl 135, CsCl 5.4, MgCl, 1.0, BaCl, 0.3, CaCl,
1.8, glucose 10, NaH,PO, 0.33, and HEPES 10 (pH 7.4 with NaOH).
In addition, nifedipine (10 uM) was used to block calcium currents
in Iya recordings. The bath solution of Iy,t contained (in mM):
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NaCl 30, CsCl 105, CaCl, 1.0, glucose 5, MgCl, 1.0, HEPES 5, and
CdCl, 0.05 (pH 7.4 with CsOH). The pipette solution for Iya., InaT
and Ic,. contained (in mM): CsCl 120, CaCl, 1, MgCl; 5, Na,ATP 5,
TEA-CI 10, HEPES 10, and EGTA 10 (pH 7.3 with CsOH).

Action potential (AP), recorded from a single atrial myocyte in
current clamp mode, was elicited with a 1.5x threshold intensity of
5ms at different cycle lengths, with a 5-s interval between each
stimulation pace. Cells were incubated in the abovementioned
Tyrode’s solution. The pipette solution contained (in mM): KCI 20,
MgSO, 1, Na,ATP 4, NasGTP 0.1, K-aspartate 120, and HEPES 10
(pH 7.3 with KOH). Single AP, which was recorded at a stimulation
frequency of 1 Hz, required the additional calcium chelating agent
EGTA in the pipette solution.

Inward rectifier potassium current () was generated from a
holding potential of —40mV to test potentials of +50mV,
followed by a repolarizing step to —40mV for 55, with each
pulse repeated every 10s. The external solution was Tyrode’s
solution with nifedipine (5puM), 4-aminopyridine (2 mM), BaCl,
(0.2 mM), and TTX (1 yM). The pipette solution contained (in mM):
K-aspartate 120, KCI 30, EGTA 10, HEPES 5, MgATP 4, and MgCl, 1
(pH 7.3 with KOH).

ECG and MAP synchronous recording. The rapidly excised hearts,
which were subjected to retrograde cannulation through the aorta
using a modified Langendorff apparatus as described above, were
abidingly perfused with oxygenated standard Tyrode’s solution
containing (in mM): NaCl 137, KCl 5.4, HEPES 10, MgCl, 1.2,
Na,HPO, 1.2, CaCl, 1.8, and glucose 10 (pH 7.4 with NaOH). There
were a total of 5 experimental groups as follows: (1) control group:
hearts were irrigated with Tyrode’s solution throughout the whole
recording process; (2) EB-treated group; (3) ATX Il-treated group;
(4) ATX Il 4+ EB-treated group; and (5) ATX Il + TTX-treated group.
The recording time of monophasic action potential (MAP) and
electrocardiogram (ECG) in each heart lasted for 100 min in all
groups. At first, all hearts were perfused with Tyrode’s solution
until their autonomic rhythm became stable. The perfusates in
groups 2 and 3 were changed into Tyrode’s solution containing
200 uM EB or 7nM ATX Il during the remaining recording time,
respectively. The hearts in groups 4 and 5 were recorded for 60
min after the perfusates were replaced with Tyrode’s solution
containing 7nM ATX Il +200 uM EB or 7 nM ATX Il 4+ 2 uM TTX,
respectively, followed by 7nM ATX Il washing out for the
remaining time. All hearts were warmed at 37°C during the
whole course of recording. AF was defined as the occurrence of
rapid irregular atrial rhythms lasting for 300 ms or more. VF refers
to irregular chaotic waves on the ECG rather than orderly
ventricular rhythms. Heart death was defined as the disappear-
ance of both ECG and AP during the process of recording. MAP
was obtained from the endocardium of the left auricle with a
contact electrode. ECG was recorded by using an ECG electrode
system. The MAP and ECG signals were monitored simultaneously
by a BL-420F biological signal collection and analysis system
(Techman, Chengdu Instrument Co., Chengdu, China).

Intracellular calcium ([Ca®"];) measurements

To record the [Ca®"]; level, cells were loaded with one of the most
common calcium indicators, Fura-2/AM (1.0 uM), for 20 min at the
room temperature in the dark, followed by washing before use.
First, Fura-2/AM-loaded myocytes with a resting sarcomere length
>1.70um and no spontaneous contractions were placed in a
chamber on an inverted microscope. Second, the cells perfused
with oxygen-saturated standard Tyrode’s solution at a rate of
2 mL/min were recorded stably for 5 min under field stimulation at
a frequency of 1 Hz. All experiments were carried out at 37 °C. The
cell shortening and [Ca®"]; transient were recorded synchronously
by combining a video edge detector with a television monitor
(model IX-70, Olympus, Japan) and a dual-excitation fluorescence
photomultiplier system (lonOptix, Milton, MA, USA). Changes in

Acta Pharmacologica Sinica (2021) 42:209-217



Eleutheroside B suppresses atrial fibrillation

PP Zhang et al.

a b ,.
04| W)N \ 0= ‘ 80 -
20 i i il M | " l
AT 2004 | /¢ —~ 60 "
A i [ S
Zao] | e | S
e | M«— Control §400_ f‘,’ s 20 mP2ms g 40 -
60 ||/ 4 W‘ -90 mV- s 1
‘15 20 V300 ms = |l | Control £ 20
- m w — -1
wl || T L eof |[[Rieesom =27
Il [ATX 1l + EB 100 uM
| Il |ATX Il + EB 50 yM 0-
100 . . T || |ATX 11 10 nM . T .
0 _100 200 300 800+ T T T T T T T
Time (ms) 0 _100 200 300 0 100 200 300
Time (ms) EB (uM)
e
o f
~ 7 75 —
300
i 30 mv—° 60 - &
H -90 mV- S |
o
4 —EB 2000 M c 45
.0 4
] S 304
EB 300 uM | =
g0 | EB200 M '+—EB 1000 M -
EB 100 uM 15 4
Control L‘%EB 500 M ]
100+ T T T 04
0 100 200 300 L
; EB 100 uM
Time (ms) Lcmm. H 10 100 1000
g h EB (UM)
0 i W -5 -
" " - wy
| 3 TR, g Kk T
200{ | /[ | L -4
!/’ » < T
z P 20 A0S S -3
m ~ o
2400 nyeova___L 3.9 ] o0
\TZ“‘ 4— Control J R
| =—ATX 1110 nM -1 4
600 /
<ATX Il + EB 200 uM 1 ™7
’ <—ATX Il washout 0 “o Y \)\‘1\ ot
\\)
800 +———————— °°~/\ ’\%320?/\\« ot
0 _100 200 300 N

Time (ms)

Fig. 1

Effects of EB on Iy, Inat, Or ATX ll-treated Iy, in atrial myocytes. a “yplcal current recordings of Iy, on TTX for the confirmation of
InaL (n=7). b, ¢ The inhibitory effects of EB on ATX ll-enlarged Iy, (n =16,

P <0.01 vs. control for all concentrations). d, e Typical current

recordings of Iy, and Iyt before (control) and after the application of EB at different concentratlons in atrial cells. f The percentage inhibition

curves of EB on Iy, and Inat (n =12 for Iya, *

ATX II; Y¥P <0.01 vs. ATX Il + EB).

[Ca%'); are presented as the ratio of fluorescence signals (Fz40 nm/
F3g0nm) after subtracting background fluorescence.

Statistical analysis and presentation

All values are expressed as individual observations or as the mean
+ SEM of n represented cell counts in each group. Figures were
plotted and fitted with Origin 8.0 (Origin Lab Co., Northampton,
MA, USA). The incidence of case =n/Nx 100%, where n is the
number of AF, VF, or heart death cases and N represents the total
number of cardiac cases. The concentration-response curves of
InaL @and Iyt were fitted according to the Hill equation, Y = Bay/[1
+ (IC50/D)", where By is the maximum inhibition of the current,
IC5 is concentration of EB at half-maximum inhibition, D is the
concentration of EB, and n represents the Hill coefficient. Y,
defined as (lcontrol — larug)/lcontrolr i the percentage of current
inhibited, where Icontro and lgryg represent the current amplitudes
before and after the treatment with EB, respectively. Data for all
statistical analyses were evaluated by using unpaired and/or
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*P < 0.01 vs. control; n=18 for Iy.r, &
hlstogram showing the inhibitory effect of EB on ATX ll-enhanced Iy, was reversible in atrial cells (n =8, **P <0.01 vs. control; ®

&P <0.01 vs. control). g, h Representatlve traces and
P <0.01 vs.

paired Student’s t tests between two groups as appropriate, and
repeated one-way ANOVA followed by Tukey's test was applied
for multiple group comparisons. The difference considered
statistically significant was set at P a value of <0.05 or <0.01.

RESULTS

Effects of EB on endogenous Iy, Inat, and ATX ll-treated Iy, in
atrial myocytes

In our trials, Iy, (test voltage at —20 mV) was identified by the
selective IyaL blocker TTX (Fig. 1a, b). EB exerted a concentration-
dependent inhibitory effect on the amplitude of Iyt and Iya.,
whose ICs, values obtained from the fitted dose-response curves
were 1582 and 167 uM, respectively (Fig. 1c, e). The ICs, ratio of EB
on Inat and IyaL Was 9.47; that is, the inhibitory effect of EB on Iy,
was 9.47-fold more favorable than that on /y,r. In addition, EB
dose-dependently inhibited ATX Il-increased Iy, and the inhibi-
tion of Iy, by EB was reversible after rinsing with ATX Il (Fig. 1g-i).
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Fig. 2 Effects of EB on Ic,, Ik, and AP in single atrial myocytes. a-c Representative traces of Ic,., I, and APs in the absence and presence of
EB 400 and 800 pM, respectively. d-f Histogram showing the inhibitory effects of EB on Ic,, Ik, and APs. Data shown as mean + SEM (n = 12 for

Ica; N =10 for I; n =12 for AP; P> 0.05 vs. control for all).

Effects of EB on Ica, I, and AP in atrial myocytes

We further explored the potential effects of EB alone on the Ica, Ik,
and AP, which are closely associated with arrhythmias. Before and
after administration of 400 and 800 uM EB, EB did not exert
noticeable effects on I, (Fig. 2a), lk1ail (Fig. 2b), or APDg, (Fig. 2¢).

Effects of EB on EADs, DADs, and TAs induced by ATX Il in atrial
myocytes

In this study, APs were elicited at a frequency of 0.2Hz. We
observed that early afterdepolarization (EAD) appeared first, later
followed by the occurrence of afterdepolarization (DAD), and
finally, triggering activities (TAs) occurred with passage of time
after the application of 5nM ATX Il (Fig. 3a). ATX Il not only
prolonged the values of APDg but also induced EADs and DADs in
18/18 of the tested atrial myocytes, 8 of which were observed to
have sustained TAs. EB showed inhibitory effects on the ATX II-
prolonged APDg, and eliminated EADs, DADs, and even TAs,
which reappeared after a rinse with ATX Il (Fig. 3b).

Effects of EB on [Ca®"]; transients induced by ATX Il in atrial
myocytes

ATX Il increased the diastolic [Ca*];, maximum velocity of [Ca?™y;
rise, amplitude of [Ca®"], and maximum velocity of [Ca®']; decay,
all of which were distinctly inhibited after exposure to EB (Fig. 4).
However, diastolic [Ca®*]; increased, but the amplitude of [Ca®'];
and the rise and decay velocity of [Ca®']; transient were inversely
reduced after washing out with ATX Il alone (Fig. 4b).

SPRINGERNATURE

Effects of EB on ATX ll-induced AF in Langendorff-perfused rabbit
hearts

This part of the experiment consisted of five groups as follows:
control (n=3); ATX Il (n=11); ATX I+EB (n=11); ATX Il +TTX
(n=5); and EB (n=5). When the hearts were exposed to ATX I
alone, atrial premature beats (APBs) first appeared, followed by
frequent APBs, followed by intermittent AF, and finally evolved into
persistent AF and/or VF (Fig. 5a). In the ATX Il group, the number of
cases for AF and VF both occurred, AF occurred alone, and heart
death was 5, 5, and 7 out of 11 rabbit hearts, respectively.
Spontaneous AF appeared after ATX Il washout in ATX Il + EB and
ATX Il + TTX group (Figs. 5b, 6a). The number of cases for AF, VF,
and heart death were 1, 0, and 1 out of 11 rabbit hearts in the ATX
Il + EB group, respectively. The incidences of spontaneous AF, VF,
and heart death were far higher in the ATX Il group than in the ATX
Il + EB group (Fig. 6b; 91% vs. 9%, P < 0.01; 45% vs. 0, P < 0.01; 64%
vs. 9%, P<0.01). In addition, spontaneous AF reappeared after
washing out with ATX Il, and no spontaneous AF, VF. or heart death
occurred in the control, ATX Il + TTX and EB alone groups.

DISCUSSION

EB originates from the traditional tonic herb Ciwujia with efficacy
for good health and is used extensively in China, Russia, Korea.
and Japan [16]. However, the effects of EB on ion channels in atrial
myocytes remain unclear. Our study was the first to elaborate this
issue and investigate its potential anti-AF mechanisms. The key
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findings of this study showed that EB preferentially inhibited /ya.
far beyond the Iy, while EB had no inhibitory effects on Ic,, Ik, or
AP. In addition, EB concentration-dependently inhibited ATX II-
increased Iy, in atrial myocytes. Given the abovementioned
results, EB provides higher selectivity for Iy, than the other ion
currents, which reveals that EB may have the potential to become
a selective Iy, inhibitor.

InaL is @ small and persistent inward current in normal hearts,
but an elevation in Iy, exerts proarrhythmic action under
pathologic conditions [17]. The Iy, selective opener ATX Il and
inhibitor TTX are used as classic drug models in many studies.
Observations have shown that Iy, is enhanced in myocardial cells
by various acquired pathological factors, such as myocardial
ischemia/hypoxia [18], oxidative stress [19], and especially
myocardial structural diseases, including hypertrophic cardiomyo-
pathy [20] and heart failure [21]. Pathologically enlarged Iy, has
been documented to bring about APD prolongation and [Ca®"];
overload, finally resulting in arrhythmia [22, 23]. Therefore,
inhibition of pathologically enlarged Iy, exerts prospective
antiarrhythmic value. Na® channel inhibitors that are class |

Acta Pharmacologica Sinica (2021) 42:209-217

*P<0.01 vs. ATX II; %P < 0.01 vs. ATX Il

antiarrhythmic agents clinically inhibit Iy, as well as Iyar, which
may slow intracardiac excitatory conduction and lead to
arrhythmia, thereby even increasing mortality [24]. Due to the
drawbacks above, traditional antiarrhythmic drugs that block /.t
in clinical use are strictly limited, particularly among patients with
ischemic heart disease and myocardial infarction [25]. Therefore, it
makes a lot of sense to look for selective Iy, inhibitors with little
or no effect on Iyat.

In our present study, we revealed that EB concentration-
dependently inhibits Iy, and Iy, with a ratio of 1Csq values of 9.47;
that is, the inhibitory effect of EB on Iy, was 9.47-fold stronger
than that on /Iy,7. However, the IC5o ratios of Iyt to Iya for
common class | antiarrhythmic drugs, such as mexiletine,
flecainide, disopyramide, and procaine, are 1.91, 1.00, 0.94, and
0.99, respectively [26]. Ranolazine, whose ICsq ratio of Iyat t0 InaL IS
4.49 in ventricular myocytes, is accepted as a preferred inhibitor of
InaL in clinical use [26, 27]. Nevertheless, ranolazine also blocks /k,
in its therapeutic concentration range, bringing uncertainty and
controversy to its safety and efficacy against arrhythmias [28]. In
contrast, EB allowed I, and /¢ to remain unaffected at a high
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Fig. 4 The effects of EB on ATX ll-treated [Ca®']; transient in a single atrial myocyte. a Representative traces of [Ca®"]; transients in the
presence of different treatments in time scales. Single atrial myocytes were field stimulated at a frequency of 1Hz. Changes in [Ca®']; jare
presented as the ratio of fluorescence signals (Fz40 nm/F3g0 nm) after subtractlng background fluorescence. b The summary data of diastolic[Ca®'];,
maximum velocity of [Ca +]I rise, amplitude of [Ca%* 1, and maximum velocity of [Ca? *; decay were shown as mean = SEM under control
conditions, 3 nM ATX II, ATX Il + 200 pM EB, and ATX Il alone washout. (n = 14, **P < 0.01 vs. control for all; %P < 0.01 vs. ATX Il for all; n = 12, $5p<
0.01 vs. ATX Il + EB; **P<0.01 vs. ATX Il + EB).

concentration (800 uM). In particular, no significant inhibition from to participate in arrhythmia in previous studies. More importantly,
EB on lk avoids the accompanying proarrhythmic effects due to Ix- in our results, EB potently prevented Na'-dependent [Ca®'];
prolonged APD and improves its safety for drug use. These results overload and sequentially alleviated the imbalance of sarcoplas-
indicate that EB has the potential to become a more effective and mic reticulum calcium transport. In short, EB prevented [Ca®'];
specific Iya. inhibitor. overload and eventually protected hearts against arrhythmias via
Increased Iy, has a very large impact on the occurrence and inhibition by EB on ATX ll-enhanced Iy, Which thus illustrates the
development of EADs and DADs, which play crucial roles in triggered underlying mechanism of EB on antiarrhythmia induced by Ca*"
arrhythmias. Hence, the Iy, opener ATX Il was employed to induce overload in atrial myocytes.
EADs and DAD:s in this study. ATX Il not only prolonged APD but also Currently, AF is a commonly encountered atrial arrhythmia in
induced EADs, DADs, and even TAs, which was in line with previous clinical use [34, 35]. Investigations have shown that the pathologic
studies [29, 30]. On the one hand, the ATX ll-enhanced Iy, prolonged increase in Iya. is responsible for the pathogenesis of AF [25, 36].
APD, which gave enough time to reactivate Ic,, and thus promoted Myocardial ischemia/infarction has been reported to increase IyaL
the appearance of EADs [29]. On the other hand, the enhanced Iy, alone with susceptibility to AF [37, 38]; thus, we presumed that
increased persistent Na™ influx, boosting reverse NCX activities and protection from EB against myocardial ischemia/infarction and AF
producing Na'-dependent [Ca®']; overload, which in turn strength- may correlate to its inhibitory effect on an enlarged Iy, Therefore,
ened the forward NCX activity with 3 Na™* entering and 1 Ca** exiting, we further investigated the effects of EB on enlarged Iy, -induced
generating an inward current causing DADs that ultimately evolved atrial arrhythmias in Langendorff-perfused rabbit hearts. In our
into TAs when the cells repolarized to their resting potential [31, 32]. study, we observed that enlarged Iy, induced by ATX I
Our results provide evidence that EB not only effectively shortens APD individually directly induced spontaneous AF, implying an
but also eliminates EADs, DADs, and TAs elicited by ATX Il by enhancement in /g, is an important contributor to AF. We also
inhibiting /o in atrial cells. The inhibitory effects of EB on Iya. found that the incidence of ATX ll-induced AF (91%) was
appeared to play a vital role in its antiarrhythmic action. apparently higher than that of VF (45%) in 11 rabbit hearts, and
Homeostasis in [Ca®>']; is of crucial importance to maintain the incidences of AF (9%, 0) and VF (0, 0) induced by ATX Il were
normal physiological functions. Many studies have confirmed that substantially reduced with the application of EB and TTX,
[Ca®"];, overload under pathological conditions can trigger respectively. In addition, our previous findings showed that the
arrhythmias [33]. Therefore, we further explored the effects of current density of Iy, is richer in the atria than in the ventricle
EB and ATX ll-enhanced Iy, on Ca%" transients in atrial myocytes. [39, 40]. Combined with these research findings, atrial tissues may
In our [Ca®']; transient experiments, the diastolic [Ca®']; be more sensitive to ATX Il than ventricular tissues; that is, the
concentration further increased, indicating that [Ca®']; overload enhanced Iy, is more likely to induce AF compared with VF in
was further aggravated after ATX Il washout. The amplitude and accordance with our results mentioned above. In addition, the Iya.
rise and decay velocity of [Ca®']; are irreversible, which suggests inhibitor TTX eliminated spontaneous AF induced by ATX II,
that the regulation of sarcoplasmic reticulum calcium was indicating that the suppression of Iy, showed a positive anti-AF
disrupted. Given the above, ATX Il not only caused [Ca®']; effect, which was in accordance with the results obtained from EB
overload but also ultimately led to [Ca®']; transient dysfunction under all other identical conditions in our performed experiments.
during reperfusion treatment with ATX Il, which has been proven Above all, EB protection of hearts against AF was closely
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Fig. 5 Effects of EB on ATX ll-induced arrhythmias in Langendorf-perfused rabbit hearts (APB represented atrial premature beat). a, b
Representative recordings of MAP (upper records in each panel) and ECG (lower records in each panel) recorded synchronously in ATX I
group, ATX Il + EB group during different period.

associated with its inhibitory effects on Iy, which might be the EB have mainly focused on animal models and human cells. A
basis for its anti-AF action. previous study showed that EB (100 mg/kg, i.p.) possesses

At present, EB has not yet been available as a drug in clinical hepatoprotective effects and improves the survival rates of mice
usage, and thus, studies on the variety pharmacological actions of with hepatic failure [41]. A recent study reported that EB (256 uM)
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Fig. 6 Effects of TTX on arrhythmias induced by ATX Il in Langendorf-perfused rabbit hearts (APB represented atrial premature beat).
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EB vs. EB group; **P< 0.01 ATX Il + TTX vs. ATX Il group for all).

exerts a protective effect on acute kidney injury with little effect
on cell viability in mouse and human kidney-2 cell models [42]. In
addition, injections and tablets of Ciwujia as compound Chinese
medicines, which have not been reported to have toxic side
effects except for causing hypertensive responses, have currently
been used in clinical practice in China. Furthermore, EB is the main
bioactive ingredient of Ciwujia, serving as one of the most popular
herbal dietary supplements used over the years in America and
England [43]. Taken together, EB has shown the characteristics of
low toxicity, high safety, low adverse effects and good tolerance.
Considering that blocking Iy, may be a promising approach for
AF treatment, EB can potentially be developed as a potent and
effective  therapeutic agent for the prevention and
treatment of AF.

Last but not least, the biggest highlight of our study is that we
are the first to discover that EB has a selective inhibitory effect on

SPRINGERNATURE

P <0.01 vs. control group for all; gep 0.01 ATX Il 4 EB vs. ATX Il group for all; ** P < 0.01 ATX Il +

InaL rather than the other ion channels in atrial myocytes and this
study illuminates the underlying mechanisms of EB on anti-AF
actions. The following limitations of this study should be noted.
First, the animal model of AF in this study, which is induced by the
Inau channel opener ATX |Il, cannot completely imitate the
occurrence of the pathological state of AF in organisms because
the pathogenesis of AF is very complicated. Second, we only
explored the anti-AF effects of EB from the perspective of cardiac
ion channels. There may be other potential mechanisms of EB
against AF that remain unknown.

In summary, our findings prove that EB exerts selective Iy,
inhibition characteristics. Suppression of Iy, is the principle
underlying electrophysiological mechanism of the anti-AF
effects of EB in rabbit heart models, which puts forward a
pharmacological basis for new clinical applications of EB in the
near future.
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