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Background: Higenamine (HG) is an active compound derived from Aconiti root with a cardiotonic effect. It has
been approved by the Chinese SFDA for clinical trials due to its effect as a potent inotropic and chronotropic
agent in the heart. However, the direct mode of action of HG on cardiac electrophysiology is unclear.
Methods: The experiments were performed at both cell levels and the isolated organ. The major cardiac ion
currents and the action potential duration (APD) were measured using patch-clamps in single guinea-pig left
ventricular myocytes. ECG was recorded in isolated guinea pig hearts.

Results: In the left ventricular myocytes, HG increased Ic,; and Ixs in concentration- and voltage-dependent
manners in the left ventricular myocytes. It potentiated the Ic,.1. and Ixs simultaneously for synchronization. The
ECso values were 0.27 pM and 0.64 pM for the Ic,; and Ik, respectively. HG (0.1 uM, 0.5 uM and 1 uM) had no
effect on the Iy, and Iy,. HG slightly prolonged APD at lower concentrations, and shortened the APD at higher
concentrations. HG can induce the delayed after depolarization (DAD), which showed some pro-arrhythmic
effect. In the isolated perfused heart, HG increased the heart rate via an action on the sinoatrial node cells, but
did not induce cardiac arrhythmias, even at high concentrations. The ECso value for the sinoatrial node that
controls the heart rate was 0.13 pM. The sinoatrial node cells appeared to be more sensitive than ventricular
myocytes to HG. The effects of HG on ventricular cells and sinoatrial node cells were both mediated through
stimulation of $1-AR.

Conclusion: We show for the first time that HG produced a predominant action on the sinoatrial node. HG
appears to control the cardiac electrophysiology through its predominant effect on the sinoarial node cells,
without induction of the ectopic activity that causes cardiac arrhythmias. Thus, HG might be useful for the
treatment of bradycardia.

1. Introduction

Aconite has been used as a medicinal herb in Asia for thousands of
years, and is prescribed as a principal herb, in combination with other
components, to treat patients with heart failure symptoms Higenamine
(HG), (1-[(4-hydroxyphenyl) methyl]-1,2,3,4-terahydroisoquinoline-
6,7-diol), is an active compound of the Aconiti root [1]. HG can also be
found in other plants, such as lotus (Nelumbo nucifera), Gnetum par-
vifolium, Tinospora crispa and Tinospora cordifolia. Current studies
have shown multiple pharmacological effects of HG, including positive
inotropic and chronotropic effects, vascular and tracheal relaxation
effect, anti-thrombotic effects, anti-oxidative effects, anti-apoptotic

effects and anti-inflammatory, or immunomodulatory effects, for which
detailed mechanisms have been reported [2]. These beneficial bioac-
tivities have made HG an attractive botanic drug for further study.
Because of its positive inotropic and chronotropic effects, HG was ap-
proved by the Chinese SFDA for clinical study and its Phase III clinical
trial has been completed in China with promising results. Therefore, it
has drawn attention as a potent inotropic and chronotropic agent.
The chemical structure of HG shows some similarity to that of ca-
techolamine, and it activates 3 adrenergic receptors (3-AR) [3]. HG can
stimulate 31-AR, mediating the inotropic and chronotropic effects on
the heart [4,5]. HG has also been reported to have 2-AR agonist ac-
tivity [6], reducing cardiac injury and myocytes apoptosis [7]. HG is
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Fig. 1. The effect of HG on Iy, in isolated
guinea-pig left ventricular myocytes. (A) The
representative current trace of Iy, activated by
a 25ms voltage step to between -100 mV and
70 mV from a holding potential of -100 mV in a
representative ventricular myocytes in the ab-
sence and presence of 0.5 uM HG; (B) Voltage-
current relationship (IV-curve) of Iy, density in
the absence and presence of 0.5uM HG. (C)
Summarized data of normalized Iy, in the
presence of HG (0.1 uM, 0.5uM and 1uM) at
-20mV.n=51to 8.

Fig. 2. The effect of HG on I, in isolated
guinea-pig left ventricular myocytes. (A) The
representative current trace of Ic,1 activated
by a 300 ms voltage step to between -50 mV
and 50 mV from a holding potential of -50 mV
in a representative ventricular myocytes in the
absence and presence of 0.5puM HG; (B)
Voltage-current relationship (IV-curve) of Ica..
density in the absence and presence of 0.5 pM
HG; (C) Concentration-enhancement ratio of
Icar at 0 mV was fitted to Hill equation. n =5
to 7, *P < 0.05 and **P < 0.01 vs CON.
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expected to exert positive inotropic and chronotropic effects on the
heart, similar to that of isoproterenol (Iso). It is also widely believed
that HG has effects on the cardiac electrophysiology similar to that of
Iso. However, the effect of HG on cardiac electrophysiology has not
been well studied. HG prolonged the action potential duration (APD) of
porcine myocardial cells, probably due to an increase in the L-type
Ca?™ current [8]. Yu et al. [9] observed that HG could heighten Pur-
kinje fibre self-discipline and could shorten the APD of the right ven-
tricular papillary muscle of dogs in an in vitro test. It is not clear whe-
ther, or not, the effects of HG on cardiac electrophysiology are similar
to those of Iso.

In the present study, we investigated the direct effects of HG on
cardiac electrophysiology. The effect of HG on the major cardiac ion
currents and the APD was examined in single guinea-pig left ventricular
myocyte using the patch-clamp technique. The effect of HG on ECG was
examined in isolated heart. In addition, the effect of HG was compared
with the effect of Iso that was previously reported, from which we
found the advantage of HG over that of Iso.

2. Material and methods
2.1. Animals

Animal protocols used in this study were approved by the
Laboratories Institutional Animal Care and Use Committee of the
Chinese Academy of Medical Sciences and Peking Union Medical
College. Hartley guinea-pigs (weight 350-400 g, male) were supplied
by Vital River Laboratory Animal Technology Co., Ltd (Beijing, China).
Animals were housed in SPF-grade rooms and had free access to food
and water, with a 12h light/dark cycle (light on from 8:00 AM to 8:00
PM) at ambient temperature (22-24°C) and 45% relative humidity.
Guinea-pigs were anaesthetized by intraperitoneal injection of 2%
pentobarbital sodium (30 mg/kg) and heparin (1000 u/ml). When
deep anesthesia was achieved, the heart and sufficient length of aorta
were excised gently. The heart was used for the following experiments.

2.2. Isolation of single ventricular myocytes

Single ventricular myocytes were enzymatically dissociated from
the heart of adult guinea pigs as described in our previous report [10].
In brief, hearts were retrogradely perfused with Ca?*-free modified
Tyrode's solution composed of (in mM) NaCl 140; KCl 5.4; MgCl, 1;
HEPES 10, and glucose 10 (pH 7.4 with NaOH). After 5 min of perfu-
sion, the solution was switched to one containing Type II collagenase
(0.4 mg/ml, Worthington Biochemical Corporation) and the hearts
were removed from the perfusion apparatus after 10-15 min of perfu-
sion. Myocytes were obtained from most of the transmural left ven-
tricular free wall. The myocytes were kept in a high K* solution, which
contained (in mM) KOH 80, KCI 40, KH,PO, 25, MgSO,4 3, Glutamic
acid 50, Taurine 20, EGTA 0.5, HEPES 10 and glucose 10 (pH 7.3 with
KOH). Cells were then harvested and were used for electrophysiological
recording within 6-8 h after isolation.

2.3. Electrophysiological recordings

Ina and Ig, were recorded using the whole cell patch-clamp tech-
nique. I¢,1, Ixs and AP were recorded using the perforated patch-clamp
technique, and the patch pipettes were backfilled with amphotericin
(500 pg). Borosilicate glass electrodes had tip resistances of 1-3 MQ
when filled with the pipette solution. Uncompensated capacitance
currents in response to small hyperpolarizing voltage steps were re-
corded for offline integration as a means of measuring cell capacitance.
All experiments were performed at room temperature (22-23 °C) using
an Axopatch 200B amplifier (Axon Instrument, Foster City, CA, USA).
The electrical signals were sampled at 2.5-10 kHz and filtered at 1 kHz
using a low-pass filter, and were digitized with an A/D converter
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(Digidata 1322; Axon Instruments). pCLAMP software (Version 8.1;
Axon Instrument) was used to generate voltage-pulse protocols, and to
acquire and analyse the data.

For Iy, recordings in the ventricular myocytes, the external solution
contained (in mM) NaCl 20, MgCl, 1, CaCl, 1, CsCl 55, CsOH 10,
Glucose 10, glucose 10, HEPES 20, TEA-C1 5 and CdCl, 0.5 (pH 7.4 with
CsOH). The pipette solution contained (in mM) NaCl 5, CsF 135, Mg-
ATP 5, EGTA 10, and HEPES 5 (pH 7.2 with CsOH). TEA-CI (5 mM) was
added to the external solution to block the potassium current. CdCl,
(0.5 mM) was added to the external solution to block the L-type Ca%*
current.

For Ic, recordings in ventricular myocytes, the external solution
contained (in mM) N-methyl-D-glucamine 140, CsCl 5, CaCl, 2, MgCl,
0.5, glucose 10 and HEPES 20 (pH 7.4 with HCI). The pipette solution
contained (in mM) CsCl 120, TEA-Cl 20, Mg-ATP 4, EGTA 10, and
HEPES 10 (pH 7.2 with CsOH).

For potassium channel recordings in ventricular myocytes, the ex-
ternal solution contained (in mM) NaCl 132, KCI 4, CaCl, 1.8, MgCl,
1.2, glucose 5 and HEPES 10 (pH 7.4 with NaOH). The pipette solution
contained (in mM) KCl 140, Mg-ATP 4, MgCl, 1, EGTA 5, and HEPES 10
(pH 7.2 with KOH). Nimodipine (Nim, 1 pM) was added to the external
solution to block the L-type Ca?" current. Na® and T-type Ca%* cur-
rents were inactivated by a holding potential of -40 mV. To record I,
Ik, was blocked by the addition of 1 uM Dofetilide. To record Ik, Ixs was
blocked by the addition of 20 pM chromanol 293B.

For the action potential (AP) recordings, the pipette solution con-
tained (in mM) potassium glutamate 120, KCl 25, MgCl, 1, CaCl, 1,
HEPES 10 (pH 7.4 with KOH). The external solution contained (in mM)
NaCl 138, KCI 4, MgCl, 1, CaCl, 2, NaH,PO, 0.33, glucose 10 and
HEPES 10 (pH 7.4 with NaOH). Action potentials were evoked at a rate
of 0.5Hz or 1 Hz with supra threshold current pulse of 4 —6 ms dura-
tion applied via patch electrodes in the current-clamp mode. The APD
was measured at 50% and 90% repolarization (APDs, and APDg).

2.4. Langendorff-perfused isolated heart preparations and pseudo-ECG
recording

Brief, the hearts of guinea-pigs were quickly removed, and the as-
cending aorta was then immediately cannulated to a Langendorff per-
fusion system (Radnoti Working Heart System, Monrovia, CA, USA)
with warm normal Tyrode's solution equilibrated with 100% O, at a
constant flow of 15 ml/min that maintained an initial perfusion pres-
sure of 60-80 mmHg. The composition of Tyrode's solution (in mmol/L)
was: NaCl 125, KCI 4.5, NaH,PO, 1.8, NaHCO; 24, CaCl, 1.8, MgCl,
0.5, dextrose 5.5, and albumin 50 mg/1 in deionized water. A pseudo-
electrocardiogram (pseudo-ECG) was recorded by three electrodes
placed widely apart with one pole on the aortic root and the other on
the ventricular apex; the last one was used for grounding. The hearts
were allowed to equilibrate for a minimum of 30 min to ensure their
stability over the course of an experiment (up to 4 h of perfusion) when
no pharmacological intervention was applied in a pilot study. The
pseudo-ECG was filtered using a low pass filter at 100 Hz and a high
pass filter at 1-10 Hz, and digitized with the BIOPAC/MP100 system
(BIOPAC Systems, Inc., Goleta, CA, USA). ECG parameters were mea-
sured from at least 10 consecutive complexes at every experimental
time point and averaged valves were analysed. Rate correction of the
QT interval was achieved using Bazetts’s formula [11].

2.5. Drugs

Higenamine (HG) was from the Institute of Materia Medica Chinese
Academy of Medical Sciences (Beijing, China), with a purity over 98%.
The other chemicals were bought from the Sigma or Tocris. In some of
experiments, the cardiac electrophysiology effects of HG (0.5 M) were
tested in isolated cardiomyocyte and isolated heart in the presence of 3-
AR blocker propranolol (Pro, 10 uM), or a selective 31-AR antagonist
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Fig. 3. The effect of HG on Iy in isolated
guinea-pig left ventricular myocytes. (A) The
representative current trace of Iy, in a re-
presentative ventricular myocytes in the ab-
sence and presence of 0.5uM HG. Ik tail cur-
rents is elicited on repolarization to a test
potential of -40 mV after 2s pre-pulse poten-
tials between -40mV and 50mV from a
holding potential of -40; (B) Voltage-current
relationship (IV-curve) of Ix, in the absence
and presence of 0.5 uM HG. Normalized I, tail
currents were fitted Boltzmann equation; (C)
Concentration-enhancement ratio of I, for in-
creasing the current at 40 mV was fitted to Hill
equation. n=5 to 7, *P < 0.05 and
**P < 0.01 vs CON.

Fig. 4. The effect of HG on I, in isolated
guinea-pig left ventricular myocytes. (A) The
representative current trace of Iy, in a re-
presentative ventricular myocytes in the ab-
sence and presence of 0.5 uM HG. I, tail cur-
rents is elicited on repolarization to a test
potential of -40 mV after 2s pre-pulse poten-
tials between -40mV and 60mV from a
holding potential of -40; (B) Voltage-current
relationship (IV-curve) of Iy, in the absence
and presence of 0.5 uM HG. Normalized I, tail
currents were fitted Boltzmann equation.n = 5
cells. (C) Summarized data of normalized I, in
the presence of HG (0.1 pM, 0.5puM and 1 uM)
atOmV.n=5to 6.
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Fig. 5. HG increased both I, and Ix in a time-
dependent manner. (A) The representative
current trace of I, and Igithat recorded at the
same time in a representative ventricular
myocytes without and with 0.5pM HG.
Holding potential is —50mV, voltage first
jump to —10mV for 200ms to record peak
Ca?* current, then further jump to + 40 mV
for 2 s to record slow activated Ixs. Tail current
of Ixs could be best observed at —30 mV. The
pulse was repeated every 10 s following the HG
perfusion. Recordings were done in the pre-
sence of 5uM E-4031 to eliminate Ix.. (B) The
current is shown as a function of time. The I,
was measured as peak current at —10mV.
Steady-state Iy, was measured at the beginning
of the -30 mV repolarization potential. They

Con

-30 mV

- 25 could best be fitted with one exponential
| P function. (n = 6).
X
420 o
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CGP 20712A (300 nM), or a selective f2-AR antagonis ICI-118,551 (ICI,
100 nM).

2.6. Statistical analysis

+

The results are presented as the mean + standard error (S.E.M.).
Statistical comparisons were done using the unpaired or paired
Student's t-tests. All data were analysed using two-tailed tests and
p < 0.05 was set as the cut-off for significance level. The ECs, value
was calculated using the Hill equation to fit the experimental points.
The software SPASS (19.0) was used for the calculations.

3. Results
3.1. Effects of HG on the major cardiac currents in left ventricular myocytes

In isolated guinea pig ventricular myocytes, we examined the effect
of HG on the major cardiac ion currents, including the sodium channel
(Ina), the L-type Ca?* current (Ic.p), the slowly activating delayed-
rectifier potassium current (Is), and the fast delayed rectifier potassium
channel (Ig,).

We first investigated the effects of HG on inward currents, including
Ina and Ic,p. Fig. 1A shows the representative Iy, activated by the
voltage protocol as shown in the insert in a representative ventricular
myocyte, in the absence or presence of 0.5 pM HG. Ventricular myocyte
was depolarized from a holding potential of —100mV to various test
potentials of —100 to 70 mV for 25 ms to evoke inward currents. The
relationship between voltage and current was calculated based on the
inward peak current density (Fig. 1B). Fig. 1C shows that there was no
significant different in the amplitude of Iy, recorded in the presence of
HG (0.1 uM, 0.5uM and 1 pM) that compared to the control. Fig. 2A
shows the representative Ic,; activated by the voltage protocol as
shown in the insert in a representative ventricular myocyte, with or
without 0.5uM HG. Ventricular myocytes was depolarized from a
holding potential of —50 mV to various test potentials of —40 to 50 mV
for 300 ms to evoke inward currents. A holding potential of -50 mV
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inactivated Iy,. The Ic, current was remarkably increased by 0.5uM
HG. The enhancement of I, current reached to a stable state within
5 min after addition of HG into the bath, and the effect was completely
reversible (data not shown). The IV curves showed that HG markedly
increased the inward currents during different depolarization potential
(Fig. 2B). The current density of I, was increased from 1.21 = 0.15
t0 3.24 = 0.33pApF latOmV (n = 6, P < 0.01). The percentage of
increase in the amplitude of the I, current elicited on test potentials
(OmV) was calculated and plotted against concentrations of HG
(Fig. 2C). The mean data are well described by the Hill equation with an
ICs value of 0.27 uM.

The action of HG on outward current including Ixs and Ix, was also
examined in the guinea pig ventricular myocytes. Fig. 3A shows the
representative voltage-dependent Iy traces recorded by the voltage
protocol as shown in the inset in a representative ventricular myocyte
in the absence or presence of 0.5uM HG. Ventricular myocytes were
depolarized from a holding potential of —40 mV to various pre-pulse
potentials of —40 to 60 mV for 2s and were repolarized to —40 mV to
evoke outward tail currents in the presence of the I, blocker, dofetilide
(1 uM). The Ik tail current was remarkably increased by 0.5 pM HG.
The enhancement of Ixs by HG was completely reversible (data not
shown). The voltage dependence of the activation was calculated based
on the normalized Ik tail current (Fig. 3B). HG was more potent when
increasing the tail current at more positive potentials. The activation
curve was fit using the Boltzmann equation. There was no significant
shift of V; ,, between before and after HG application. The percentage of
increase in the amplitude of the Iy, tail current elicited on repolariza-
tion to a test potential of —40mV after a 2-s prepulse potential of
40mV was calculated and plotted against concentrations of HG
(Fig. 3C). The mean data are well expressed by the Hill equation with
an ECsq value of 0.64 uM. We recorded I, tail current like before our
previous report [10]. There was no effect of HG (0.1 uM, 0.5uM and
1uM) on Ik, in guinea pig ventricular myocytes (Fig. 4).
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Fig. 6. The effect of HG on the action potential duration in isolated guinea-pig left ventricular myocytes. (A-C) The representative action potential recorded in
different condition and the summary of changes of action potential duration; (D) Summary the incidence of DAD in the presence of HG; (E) and (F) the changed of
APD after application of HG; 20 s and 3 min refer to the time of HG perfusion. n = 5-7, *P < 0.05 and **P < 0.01 vs CON.

3.2. Time-dependent activation of Ic, and Ixs by HG

As described, HG increased Ic,.; and Ik, the two antagonizing cur-
rents during repolarization in cardiomyocytes. Based on the above re-
sults, we found that I I, and I, had different sensitivity to HG. Here,
we investigated time-dependent increases in Ic,.; and I in the presence
of HG (1 uM). Fig. 5 shows that Ic,; and Ixswere recorded simulta-
neously, consistent with the previous report [12], and both I¢, 1 and Ixs
increased in a time-dependent manner. Fig. 5A shows the re-
presentative traces of I, ; and I,. Curve fitting analysis for the I, ; and
Ixs with one exponential function resulted in a time-constant of 34.5s
for the I, increase and 40.2 s for I increase (Fig. 5B). A similar time
course was found between Ic,.; and Igs in the increase by HG.

3.3. Effects of HG on the APD in left ventricular myocytes

In mammalian hearts, the APD is determined by the delicate balance
of outward and inward currents during the repolarization phase. We
examined the effect of HG on the APD in single left ventricular myo-
cytes. HG induced bidirectional effects on the APD. At a stimulation
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frequency of 0.5 Hz, HG slightly prolonged the APD at low concentra-
tions (Fig. 6A), but significantly shortened the APD and induced the
delayed after depolarization (DAD) at high concentrations (Fig. 6B and
C, see arrows), showing some pro-arrhythmogenic effects. The in-
cidence of inducing DAD by HG was higher at 1 Hz than that seen at
0.5 Hz (Fig. 6D). Fig. 6E shows that HG first prolonged the APD, and
then shortened the APD after adding 0.5 M HG via the bath perfusion
system. However, HG alone produced the APD shortening effect in the
cell-side delivery system (Fig. 6F). These results indicated that the bi-
directional effects of HG on the APD was concentration dependent.
Although HG markedly affected the APD, it did not influence the am-
plitude of the action potential and the resting potentials.

3.4. Effects of HG on ECG in isolated heart

The effects of HG on ECG parameters were determined in the
Langendorff-perfused isolated guinea-pig hearts. Representative ECG
traces are illustrated in Fig. 7A in the absence or presence of HG. HG
significantly increased the heart rate by affecting in sinoatrial node cells
(Fig. 7B) with an ECs( value of 0.13 pM (Fig. 7C). HG shortened the QTc
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HG concentration. n = 6, *P < 0.05 and **P < 0.01 vs CON.

interval only when the concentration was over 1 uM (Fig. 7D), and its
effect on other ECG parameters was not seen. HG did not induce cardiac
arrhythmias even when the concentration was higher (10 uM).

3.5. HG stimulates f1-AR to modulate cardiac electrophysiology

Based on the results above, we realized that the sensitivity to HG
was different between ventricular myocytes and sinoatrial node cells.
HG can activate (-adrenergic receptors (B-AR) in the heart [3], and
exerts inotropic and chronotropic effects by B1-AR [4,5]. To investigate
whether, or not, the cardiac electrophysiology response to HG is
mediated through 3-AR, we determined the effect of HG on the APD in
single myocytes and on the heart rate in isolated hearts in the presence
of different 3-AR blockers. As illustrated in Fig. 8A and B, pretreatment
of ventricular myocytes with the non-selective 3-AR blockade propra-
nolol (Pro, 10 uM) almost totally abolished the effect of HG (0.5 uM) on
the APD and heart rate (Fig. 8). We then examined the B-AR subtypes
that might be involved in the HG-induced effect in the APD and heart
rate. The results showed that the 31-AR antagonist, CGP20712 A (CGP,
300 nM), comparably abolished the effect of HG on the APD and heart
rate as well. Then, we also assessed the role of $2-AR stimulation in the
response to HG. The effect of HG on the APD and heart rate was not
affected by ICI-118,551 (ICI, 100 nM, a selective B2-adrenergic receptor
antagonist), suggesting that $1-adrenergic stimulation is the primary
modulation of HG on the APD and heart rate. Thus, HG might regulate
the cardiac electrophysiology mainly through B1-AR activation.
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4. Discussion

In this study, we examined the direct effect of HG on cardiac elec-
trophysiology. We found three important points regarding the direct
effects of HG on cardiac electrophysiology. First, HG increased Ic,; and
Ixs in concentration- and voltage-dependent manners, and potentiated
the Ic,1 and Iy simultaneous synchronization. There was no effect of
HG on Iy, and Ik,. Second, HG activated I¢,.;, Ixs and heart rate with un-
identical ECsq values. The sinoatrial node cells were more sensitive to
HG compared to ventricular cells. HG significantly increased the heart
rate by effects on sinoatral node cells and the ECs, value was 0.13 pM.
However, the ECsq values were 0.27 uM and 0.64 pM for I, and Iks,
respectively. Third, the effects of HG on ventricular cells and sinoatrial
node cells were both mediated through stimulation of B1-AR. This
agrees with the previous report [4], showing that HG is a beta 1-
adrenoceptor agonist and that it had positive inotropic and chrono-
tropic effects on isolated murine atria.

Two major currents modulated by adrenergic stimulation are I,
and I Although the electrophysiological mechanism of HG was si-
milar to that of isoproterenol (Iso), which promotes the influx of Ca2+
and increases repolarization K* current, we found that the two currents
had different response times to HG and Iso stimulation. Iso activated
Icar in @ manner that was faster than that for Ixs [12]. § adrenergic (B-
AR) signaling stimulated by Iso potentiated the L-type Ca current (I,
faster than the slow delayed rectifier potassium current (Igs), which
transiently prolongs the action potential duration (APD) and promote
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Fig. 8. Effects of HG on the APDy, and heart rate in the presence of B-AR blockers.(A) Summary data of APDg, (n = 5-8). (B) Summary data of heart rate. n = 5,

**P < 0.01 vs HG.

EAD in single ventricular myocytes [12]. However, we found that HG
increases Ic,pwith a time course similar to that of Ix;, and HG only
induced DAD in single ventricular myocytes. The effect of HG on the
APD in guinea pig ventricular myocytes was different from that of Iso.
HG slightly prolonged the APD in lower concentrations, and shortened
the APD in higher concentrations, but Iso prolonged the APD in guinea
pig ventricular myocytes [13,14]. In addition, Yu et al. [9] showed that
HG was able to shorten the action potential duration of the right ven-
tricular papillary muscle of dogs in vitro, but increased the effective
refractory period. However, Iso shortened the APD and shortened the
effective refractory period, which might lead to cardiac arrhythmias
[15]. Comparing the effects of HG with Iso, we found that the mod-
ulation mechanisms on the cardiac electrophysiology might be different
between HG and Iso, although their effects were both mediated through
B1-AR.

HG consistently increased the heart rate as shown in previous re-
ports [4]. In our study, we confirm that HG increased the heart rate in
isolated hearts and this is the first time to show that HG had a pre-
dominant action on the sinoatrial node. We observed that the sensitivity
to HG’s regulation in I, Iy, and heart rate was different, with heart
rate > Ic,p > Ig. It was previously claimed that sympathetic stimu-
lation modulates different cardiac electrophysiology using different
signal transduction pathways. This suggests that different mechanism
(PKA or PKC pathway) might be involved in the sympathetic stimula-
tion effects of HG on ventricular myocytes and sinoatrial node cells.
Although HG induced DAD in single ventricular myocytes and produced
arrhythmias, it did not induce cardiac arrhythmias in isolated perfused
hearts. The priority response to HG in the sinoatrial node is a possible
explanation. This was consistent with the study conducted by Yu et al,
in which no ventricular arrhythmia was observed in the rabbits treated
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with HG [16]. As the pro-arrhythmic action of Iso was found in the
perfusion-isolated heart [17], HG seems to be safer than Iso.

Sick sinus syndrome (SSS) comprises a variety of conditions invol-
ving sinus node dysfunction (SND) which occurs as a result of anato-
mical damage to the sinoatrial node of the heart. Abnormalities in this
syndrome include sinus bradycardia, sinus arrest or exit block, combi-
nations of sinoatrial and atrioventricular nodal conduction dis-
turbances, and atrial tachyarrhythmias [18]. Currently, no medications
are routinely used to treat symptomatic SND. However, acute treatment
with the anticholinergic agent atropine and the adrenergic agonist
isoprenaline (Iso) may be warranted. HG appears to control the cardiac
electrophysiology through its predominant effect on the sinoatrial node
cells, and does not induce ectopic activity that might cause cardiac
arrhythmias. Indeed, it has been reported that HG has a marked ther-
apeutic effect on SSS in a rabbit model by increasing sinus node self-
discipline [16]. HG is also safe in human subjects [19,20]. Thus, HG
might be useful in treating bradycardia, as a potential medicine for sick
sinus syndrome. The modulation of ionic currents that contribute to the
pacemaker activity of HG needs further investigation.

A traditional Chinese formulation, Shenfu decoction (SFD) [21,22],
first documented in 1465, has been used to treat heart failure for many
centuries. Aconite is one of the two main components of SFD. The daily
dose suggested by the Chinese pharmacopoeia (2015) is 3-15 g per day.
HG, which could be de novo synthesized now, is the active component of
Actonite. According to the Chinese pharmacopoeia, the HG content is
low in Actonite.However, as its ECsq for heart rate is only 0.13 pM, the
amount of HG in the herbal preparations of Aconite might be sufficient
for clinical “use”. To fully understand the cardiac electrophysiology of
HG, further investigation is necessary.
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5. Conclusions

In summary, we demonstrated, for the first time, that HG produced
a predominant action in the sinoatrial node, compared to ventricular
myocytes. The effect of HG appears to be different from that of Iso on
cardiac electrophysiology, although the effects of both agents are
mediated by B1-AR. HG appears to control the cardiac electro-
physiology through its predominant effect on the sinoatrial node cells,
and it does not induce ectopic activity that might cause cardiac ar-
rhythmias. Thus, HG might be useful for the treatment of bradycardia.
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