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Barbaloin inhibits ventricular arrhythmias in rabbits 
by modulating voltage-gated ion channels
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Abstract
Barbaloin (10-β-D-glucopyranosyl-1,8-dihydroxy-3-(hydroxymethyl)-9(10H)-anthracenone) is extracted from the aloe plant and has 
been reported to have anti-inflammatory, antitumor, antibacterial, and other biological activities.  Here, we investigated the effects of 
barbaloin on cardiac electrophysiology, which has not been reported thus far. Cardiac action potentials (APs) and ionic currents were 
recorded in isolated rabbit ventricular myocytes using whole-cell patch-clamp technique.  Additionally, the antiarrhythmic effect of 
barbaloin was examined in Langendorff-perfused rabbit hearts.  In current-clamp recording, application of barbaloin (100 and 200 
μmol/L) dose-dependently reduced the action potential duration (APD) and the maximum depolarization velocity (Vmax), and attenuated 
APD reverse-rate dependence (RRD) in ventricular myocytes.  Furthermore, barbaloin (100 and 200 μmol/L) effectively eliminated ATX 
II-induced early afterdepolarizations (EADs) and Ca2+-induced delayed afterdepolarizations (DADs) in ventricular myocytes.  In voltage-
clamp recording, barbaloin (10–200 μmol/L) dose-dependently inhibited L-type calcium current (ICa.L) and peak sodium current (INa.P) 
with IC50 values of 137.06 and 559.80 μmol/L, respectively.  Application of barbaloin (100, 200 μmol/L) decreased ATX II-enhanced 
late sodium current (INa.L) by 36.6%±3.3% and 71.8%±6.5%, respectively.  However, barbaloin up to 800 μmol/L did not affect the 
inward rectifier potassium current (IK1) or the rapidly activated delayed rectifier potassium current (IKr) in ventricular myocytes.  In 
Langendorff-perfused rabbit hearts, barbaloin (200 μmol/L) significantly inhibited aconitine-induced ventricular arrhythmias.  These 
results demonstrate that barbaloin has potential as an antiarrhythmic drug.

Keywords: arrhythmias; aloe; barbaloin; ventricular myocytes; late sodium current; peak sodium current; L-type calcium current; 
afterdepolarization; ATX II; aconitine

Acta Pharmacologica Sinica (2018) 39: 357–370; doi: 10.1038/aps.2017.93; published online 26 Oct 2017

# These authors contributed equally to this work.
*To whom correspondence should be addressed.
E-mail mjhua@wust.edu.cn
Received 2017-02-28    Accepted 2017-06-17

Introduction
Researchers have conducted intensive studies to explore the 
potential therapeutic effects of various foods and natural 
herbal plants on diseases. Aloe, a perennial liliaceous natural 
herbal plant,has been used in folk medicine for centuries[1].  
Currently, aloe vera gel is sold commercially worldwide and 
is used as an ingredient in a wide range of food, cosmetic 
and therapeutic products[2].  It has recently been reported 
that incorporating aloe vera gel into emulsion-based goat 
meat nuggets enriches the functional value of the product[3].  
Barbaloin (10-beta-D-glucopyranosyl-1,8-dihydroxy-
3-(hydroxymethyl)-9(10H)-anthracenone) is considered the 
most specific extract of aloe[4] and has been reported to have 

a variety of pharmacological effects, including anti-inflam-
matory, antiviral, antibacterial, antitumor and free radical-
scavenging effects[4-9].  Moreover, Lam et al have found that 
barbaloin protects low-density lipoproteins and erythrocytes 
from oxidative damage, thus indicating that the compound 
may have potential as a therapy for important cardiovascular 
diseases[10].  Thus, we surmised that barbaloin might protect 
the heart from arrhythmia-related cardiac disorders, a topic 
has not previously been investigated.

Cardiac arrhythmias, which are attributed to the dysfunction 
of the cardiac pacemaking and conduction systems, comprise 
a group of severe diseases and are associated with many life-
threatening conditions, such as heart failure and sudden car-
diac death[11, 12].  Therefore, studies to identify drugs that may 
be used for the treatment of cardiac arrhythmia are urgently 
needed.  Heart arrhythmias develop when cardiac electrical 
activity becomes dysfunctional[13]. Cardiac electrical activity is 
determined by the generation and propagation of myocardial 
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action potentials (APs) through various transmembrane ionic 
currents[14].

From the above reports, we hypothesized that barbaloin 
might have cardioprotective effects. Therefore, in the present 
study, we examined the effects of barbaloin on APs, as well 
as on early afterdepolarizations (EADs) and delayed afterde-
polarizations (DADs), in ventricular myocytes to explore its 
potential antiarrhythmic effects.  Additionally, we performed 
experiments to investigate how barbaloin affects transmem-
brane ionic currents, including L-type calcium current (ICa.L), 
late sodium current (INa.L), peak sodium current (INa.P), inward 
rectifier potassium current (IK1)and rapidlyactivateddelayed 
rectifier potassium current(IKr). To test our hypothesis, the 
effects of barbaloin on Langendorff-perfused rabbit hearts 
were also examined.

Materials and methods
Isolation of ventricular myocytes
The animal experiments performed in this investigation were 
approved by the Institutional Animal Care and Use Committee 
of Wuhan University of Science and Technology and complied 
with the ethical standards outlined in the Guide for the Care 
and Use of Laboratory Animals (National Institutes of Health, 
publication No 85-23).  Adult New Zealand white rabbits of 
either sex weighing 1.5–2 kg were anesthetized with ketamine 
(Fujian Gutian Pharmaceutical Co, Ltd, Gutian, Fujian, China, 
30 mg/kg, iv) and xylazine (Shanghai Shifeng Biological Tech-
nology Co, Ltd, Shanghai, China, 7.5 mg/kg, im) 20 min after 
being treated with heparin (2000 U).  After the corneal reflex of 
each rabbit had disappeared, we isolated ventricular myocytes 
from the rabbits by using the procedure detailed below.  First, 
we placed the rabbits in a fixed position and immediately 
performed a thoracotomy to remove their hearts, which were 
placed in a Petri dish filled with Ca2+-free Tyrode’s solution 
containing the following compounds (in mmol/L): NaCl 135, 
KCl 5.4, MgCl2 1, NaH2PO4 0.33, HEPES 10, and glucose 10 
(pH adjusted to 7.4 with NaOH).  Then, we removed the fat 
and connective tissue from each heart, cannulated the aorta, 
and used a modified Langendorff apparatus to retrogradely 
perfuse the heart with Ca2+-free Tyrode’s solution for 5 min to 
eliminate residual blood in the heart cavity.  Subsequently, we 
perfused the heart with Ca2+-free Tyrode’s solution contain-
ing collagenase (type I, 1 mg/mL) and BSA (1 mg/mL) for 
approximately 40 min.  Then, we perfused the heart with KB 
solution containing (in mmol/L) KOH 70, KCl 40, KH2PO4 20, 
MgCl2 1, taurine 20, glutamic acid 50, EGTA 0.5, HEPES 10, 
glucose 10, and HEPES 10 (pH adjusted to 7.4 with KOH) with 
BSA (1 mg/mL) for an additional 5 min before cutting the left 
ventricle into small chunks.  We obtained single ventricular 
myocytes by filtering the chunks through a nylon mesh and 
stored the cells in KB solution containing BSA (1 mg/mL).  All 
perfusates used during this process were bubbled with 95% O2 
and 5% CO2 and were maintained at 37 °C.

Solutions and drugs
A pipette solution containing the following compounds was 

used to record APs (in mmol/L): NaCl 5, KCl 30, K-aspartate 
110, creatine phosphate 5, Mg-ATP 5, EGTA 0.1, HEPES 10, 
and cAMP 0.05 (pH adjusted to 7.3 with KOH).  The bath solu-
tion contained the following (in mmol/L): NaCl 145, KCl 5.4, 
CaCl2 1.8, MgCl2 1.2, HEPES 5, and glucose 10 (pH adjusted to 
7.4 with NaOH).

A pipette solution containing the following compounds was 
used to record ICa.L and INa.L (in mmol/L): CsCl 120, CaCl2 1, 
MgCl2 5, Na2ATP 5, TEACl 10, EGTA 11, and HEPES 10 (pH 
adjusted to 7.3 with CsOH).  The bath solution contained the 
following compounds (in mmol/L): NaCl 135, CsCl 5.4, CaCl2 
1.8, MgCl2 1, BaCl2 0.3, NaH2PO4 0.33, HEPES 10, and glucose 
10 (pH adjusted to 7.4 with NaOH).  We added 10 μmol/L 
nifedipine to the extracellular solution to block ICa.L during INa.L 
recording.

A bath solution containing the following compounds was 
used to record INa.P (in mmol/L): NaCl 30, CsCl2 105, CaCl2 1, 
MgCl2 1, CdCl2 0.05, HEPES 10, and glucose 10 (pH adjusted 
to 7.4 with CsOH).  The pipette solution used for INa.P record-
ing was identical to that used for ICa.L and INa.L recording.

A pipette solution containing the following compounds 
was used to record IKr and IK1 (in mmol/L): KCl 20, MgCl2 1, 
K-aspartate 110, Na2-phosphocreatine 5, GTP 0.1, Mg-ATP 
5, EGTA 5, and HEPES 10 (pH adjusted to 7.3 with KOH).  
The bath solution contained the following compounds (in 
mmol/L): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1, CdCl2 0.2, 
NaH2PO4 0.33, HEPES 10, and glucose 10 (pH adjusted to 7.4 
with NaOH).  We added 30 μmol/L chromanol 293B to the 
extracellular solution to block IKs during IKr recording.

CsCl and KH2PO4 were purchased from Amresco (Solon, 
OH, USA), and EGTA and HEPES were obtained from 
BioSharp (Hefei, China).  ATX II and TTX were purchased 
from the Alomone Labs (Jerusalem, Israel) and Tocris (Ellis-
ville, MO, USA), respectively.  BSA was purchased from 
Roche (Basel, Switzerland), and barbaloin was obtained from 
Beijing Standard Material Network (Beijing, China), dissolved 
in methanol and used within 8 h.  All other chemicals, includ-
ing collagenase (type I), were purchased from Sigma-Aldrich 
Co (St  Louis, MO, USA).

Cellular electrophysiological recording
The bath solutions were maintained at 37 °C and bubbled with 
95% O2 and 5% CO2 throughout the experiment.  The isolated 
ventricular myocytes were sedimented in a cell chamber with 
a 1 mL volume and were mounted on the stage of an inverted 
microscope for 10 min before being superfused with the 
appropriate oxygenized bath solution at a rate of 2 mL/min.  
Glass electrodes with resistances ranging from 1 to 3 MΩ were 
pulled with a two-stage puller (PP-830, Narishige Group, 
Tokyo, Japan) after being filled with pipette solution.  Only 
rod-shaped myocytes showing clear striations were selected 
for sealing.  Their cell membranes were subsequently ruptured 
by pulsed negative suction to form the whole-cell configura-
tion.  Membrane capacitance and series resistance were com-
pensated for to obtain minimal contributions from the capaci-
tive transients.  



359
www.chinaphar.com
Cao ZZ et al

Acta Pharmacologica Sinica

For the AP recordings, we switched the recording mode 
from whole-cell clamp mode to current-clamp mode after 
forming the whole-cell configuration.  We elicited the APs by 
continuously stimulating the cells with 6-ms pulses that were 
1.5-fold greater than the threshold for different cycle lengths 
(CLs).  

For the ICa.L recordings, we used a holding potential of -40 
mV.  The currents used for the current-voltage (I–V) relation-
ship studies were elicited by 300-ms depolarizing pulses from 
-40 mV to +55 mV in 5-mV increments.  The steady-state inac-
tivation protocol comprised 2-s depolarizing prepulses from 
-50 mV to 0 mV in 5-mV increments, which was followed by a 
300-ms test pulse of 0 mV.  

For the INa.P and INa.L recordings, we used a holding potential 
of -90 mV.  The currents used for the INa.P and INa.L I-V relation-
ship studies were elicited by 300-ms depolarizing pulses from 
-70 mV to +40 mV in 5-mV increments and from -80 mV to +60 
mV in 10-mV increments, respectively.  Single INa.L recordings 
were obtained by depolarizing the cells to -20 mV from the 
holding potential.  The INa.P steady-state inactivation protocol 
comprised 100-ms depolarizing prepulses from -110 mV to -50 
mV in 5-mV increments, which was followed by a 100-ms test 
pulse of -30 mV.  

For the IKr and IK1 recordings, we used a holding potential of 
-40 mV.  IKr was elicited by depolarizing pulses from -40 mV 
to +50 mV in 10-mV increments for 3 s and then returning to 
-40 mV for 5 s, whereas IK1 was elicited by pulses that were ini-
tially hyperpolarizing and then depolarizing from -120 mV to 
+50 mV in 10-mV increments for 400 ms.  

All the electrophysiological recordings were obtained with 
an EPC 10 amplifier (HEKA Electronic, Lambrecht, Germany), 
filtered at 2 kHz, digitized at 10 kHz and then stored on a 
computer hard disk for further analysis.

Electrocardiogram (ECG) recordings of Langendorff-perfused 
rabbit hearts
The rabbit hearts used in the present experiments were excised 
as described above.  The hearts were then rapidly cannulated 
in the aortas and perfused with normal Tyrode’s solution with 
a Langendorff apparatus for 15 min before ECG recordings.  
All of the Tyrode’s solution used in the present experiments 
was maintained at 37 °C and bubbled with 95% O2 and 5% 
CO2.  Hearts that did not exhibit a regular spontaneous rhythm 
or that had irreversible myocardial ischemia were excluded 
from analysis.  The ECG recordings were divided into the 
following four groups: a control group, a barbaloin-treated 
group, an aconitine-treated group, and a barbaloin and aconi-
tine co-treatment group.  The rabbit hearts were recorded for 
90 min in all groups.  The hearts were perfused with normal 
Tyrode’s solution throughout the experiments in the control 
group, whereas the hearts in the barbaloin-treated and aconi-
tine-treated groups were perfused with normal Tyrode’s solu-
tion for the first 10 min and 20 min and were then perfused 
with Tyrode’s solution containing 200 μmol/L barbaloin and 
100 nmol/L aconitine, respectively, for the remaining time.  
However, the hearts in the barbaloin and aconitine co-treat-

ment group were first perfused with normal Tyrode’s solution 
for 10 min, then perfused with Tyrode’s solution containing 
200 μmol/L barbaloin for another 10 min, and finally perfused 
with Tyrode’s solution containing both 200 μmol/L barbaloin 
and 100 nmol/L aconitine for the remaining time.  The ECG 
recordings of the Langendorff-perfused rabbit hearts were 
obtained with a BL-420F biological data signal acquisition and 
analysis system (Techman Software, Chengdu, China).

Data analysis
The currents recorded with the whole-cell configuration were 
normalized to current density, which was determined by 
dividing the membrane capacitance, for further analysis.  The 
figures were plotted and fitted with Origin (V7.0, OriginLab, 
Northampton, MA, USA).  The ICa.L and INa.P concentration-
response curves were fitted with the Hill equation, Y=Bmax/
[1+(IC50/D)n], where Bmax is the maximum blockage of cur-
rents, IC50 is the barbaloin concentration for half-maximum 
blockage, D is the barbaloin concentration, and n is the Hill 
coefficient.  Y is the percentage of current blocked, which is 
defined as (Icontrol–Idrug)/Icontrol, where Icontrol and Idrug are the cur-
rent amplitudes before and after barbaloin administration, 
respectively.  The ICa.L and INa.P steady-state activation and 
inactivation curves were fitted with the Boltzmann equation, 
Y=1/{1+exp [(Vm–V1/2)/k]}, where Vm is the membrane poten-
tial, V1/2 is the half-activation or half-inactivation potential, and 
k is the slope factor.  The Y value represents the relative con-
ductance (G/Gmax) and relative current (I/Imax) for the steady-
state activation and inactivation curves, respectively.  All data 
were analyzed using FitMaster (v2x32, HEKA) and Origin 7.0 
and are expressed as percentage and as the mean±SD.  Statis-
tical significance was determined using one-way analysis of 
variance (ANOVA) followed by Student’s t-test.  P<0.05 was 
considered statistically significant.

Results
Effects of barbaloin on APs
The AP parameters assessed in the present study were the 
resting membrane potential (RMP), action potential amplitude 
(APA), maximum depolarization velocity (Vmax) and action 
potential duration (APD).  Of these, the APD was assessed at 
the following two different levels: 50% completion of repolar-
ization (APD50) and 90% completion of repolarization (APD90).  
Barbaloin exerted distinct effects on the different parameters 
when the APs were continuously recorded at a frequency 
of 1 Hz (Figure 1B, Table 1).  After establishing stable AP 
recordings, we added 100 and 200 μmol/L barbaloin to the 
bath solution in succession and found that these additions 
shortened the APD50 and APD90 in a concentration-dependent 
manner without significantly changing the RMP.  Specifically, 
we found that 100 and 200 μmol/L barbaloin shortened the 
APD50 by 8.7%±3.7% and 15.8%±5.0% (n=12, P<0.01 vs 100 
μmol/L barbaloin), respectively, and that 100 and 200 μmol/L 
barbaloin shortened the APD90 by 8.5%±2.2% and 15.5%±3.5%, 
respectively (n=12, P<0.01 vs 100 μmol/L barbaloin).  The 
APD50/APD90 ratio was 0.907±0.020 in the control group, and 
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the APD50/APD90  ratios were 0.902±0.040 (n=12, P>0.05 vs con-
trol) and 0.906±0.020 (n=12, P>0.05 vs control and 100 μmol/L 
barbaloin) in the groups treated with 100 and 200 μmol/L 
barbaloin, respectively.  Both barbaloin treatments decreased 
Vmax to some extent, but only the decrease in Vmax elicited by 
200 μmol/L barbaloin was statistically significant (Table 1).  
Moreover, the effects of barbaloin on the APs were reversible 
(Figure 1A and 1C).

In another group of experiments, we alternated between 
recording 20 APs at a frequency of 1 Hz and recording experi-

mental APs at different frequencies to eliminate the effects of 
changes in frequency on the above parameters.  We found that 
200 μmol/L barbaloin significantly shortened the APD90 at 
frequencies of 0.5, 1 and 2 Hz, whereas 100 μmol/L barbaloin 
significantly decreased the APD90 at all frequencies except 
2 Hz (Figure 1D and 1E).  We also noted an APD reverse-
rate dependence (RRD) in these experiments (Figure 1D and 
1C).  However, 100 and 200 μmol/L barbaloin decreased the 
APD90 at the frequencies of 0.5, 1 and 2 Hz by 15.1%±3.4%, 
12.9%±3.2% (n=8, P>0.05 vs 0.5 Hz), and 9.6%±2.5% (n=8, 

Figure 1.  Effects of barbaloin on action potentials (APs) in rabbit ventricular myocytes.  (A) Representative traces showing that barbaloin exerted 
reversible inhibitory effects on APs.  (B) Representative traces of APs recorded continuously at a frequency of 1 Hz before (control) and after the 
administration of 100 and 200 μmol/L barbaloin. The gray traces are the changes in the APs after the administration of barbaloin.  (C) Bar graphs 
showing the mean APD percentage values for the control, 100 μmol/L barbaloin-treated and wash-out groups (n=10. **P<0.01 vs control.  ##P<0.01 
vs 100 μmol/L barbaloin).  (D) The data for the APD90, which were averaged from 30 sweeps recorded at different cycle lengths (CLs) (n=8.  **P<0.01 
vs control). (E) Representative single traces of APs recorded in an alternating manner at frequencies of 0.5, 1 and 2 Hz before (control) and after the 
administration of 100 and 200 μmol/L barbaloin.
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P>0.05 vs 1 Hz and P<0.05 vs 0.5 Hz) and by 29.8%±5.4%, 
22.4%±3.9% (n=8, P<0.05 vs 0.5 Hz), and 17.8%±3.6% (n=8, 
P>0.05 vs 1 Hz and P<0.01 vs 0.5 Hz), respectively, thus indi-
cating that barbaloin attenuated the APD RRD.

Effects of barbaloin on ATX II-induced APD prolongation and 
EADs, as well as Ca2+-induced DADs
It has been reported that enhanced INa.L causes APD prolonga-
tion and EADs in various pathological conditions[15, 16]. ATX II, 
an INa.Lopener, significantly enhanced INa.L and thus signifi-
cantly increased the incidence of APD prolongation and EADs 
in the ventricular myocytes (Figure 2A and 2C).  To investi-
gate the effects of barbaloin on ATX II-induced APD prolonga-

tion and EADs, we obtained two groups of AP recordings at 
a stimulation frequency of 0.25 Hz.  We found that 10 nmol/L 
ATX II prolonged the APD90 from 211±16 ms to 1129±65 ms 
and induced EADs in 8 of 8 ventricular myocytes (n=9, P<0.01 
vs control; Figure 2A and 2C).  We also found that 100 μmol/L 
barbaloin and 200 μmol/L barbaloin decreased the APD90 from 
1129±65 ms to 602±41 and 389±22 ms, respectively.  Moreover, 
100 μmol/L barbaloin eliminated EADs in 7 of 9 ventricular 
myocytes, whereas 200 μmol/L barbaloin completely elimi-
nated all 9 of the above-mentioned EADs (n=9, P<0.01 vs 10 
nmol/L ATX II and 100 μmol/L barbaloin; Figure 2A, 2D and 
2E).  When the barbaloin was washed out by perfusion with 
the bath solution containing 10 nmol/L ATX II, the APD90 

increased to 988±47 ms, and EADs returned in all 9 ventricu-
lar myocytes  (n=9, P<0.01 vs 100 μmol/L barbaloin and 200 
μmol/L barbaloin; Figure 2A and 2F).

Barbaloin also abolished Ca2+-induced DADs (Figure 3).  As 
mentioned above, we used an extracellular Ca2+ concentra-
tion ([Ca2+]o) of 1.8 mmol/L for the AP recordings.  When 
we increased the [Ca2+]o to 3.6 mmol/L, DADs occurred in 9 
of 9 ventricular myocytes after 10 consecutive APs that were 
recorded at a high frequency of 5 Hz (Figure 3B).  However, 
100 μmol/L barbaloin eliminated DADs in 7 of 9 ventricular 
myocytes, whereas 200 μmol/L barbaloin completely elimi-
nated all 9 of the above-mentioned DADs (Figure 3C and 
3D). When the barbaloin was washed out by perfusion with 
the bath solution containing 3.6 mmol/L CaCl2, the DADs 
returned in all 9 ventricular myocytes (Figure 3E and 3F).

Effects of barbaloin on ICa.L

The run-down phenomenon is an important problem that may 

Table 1.  Effects of barbaloin on the parameters of action potential 
in rabbit ventricular myocytes.  n=12.  *P<0.05, **P<0.01 vs control.  
##P<0.01 vs 100 μmol/L barbaloin.

        Barbaloin (μmol/L)
Parameters Control     100     200

RMP (mV)  87±2  87±3  87±3
APA (mV) 126±8 123±9 120±9
Vmax (V/s) 208±12 199±15 184±17*

APD50 (ms) 218±10 196±13** 167±10##

APD90 (ms) 238±13 215±11** 184±13##

RMP, resting membrane potential; APA, action potential amplitude; Vmax, 
maximum depolarization velocity; APD50, action potential duration at 50% 
completion of repolarization; APD90, action potential duration at 90% 
completion of repolarization.

Figure 2.  Barbaloin suppressed ATX II-induced early afterdepolarizations (EADs) and action potential duration (APD) prolongation in rabbit ventricular 
myocytes.  (A) Representative single APs recorded at a stimulation frequency of 0.25 Hz.  (B, C, D, E and F) show representative traces from the groups 
subjected to control, 10 nmol/L ATX II, 10 nmol/L ATX II and 100 μmol/L barbaloin, 10 nmol/L ATX II and 200 μmol/L barbaloin and wash-out treatment, 
respectively.  These 3 consecutive APs were recorded at a stimulation frequency of 0.25 Hz with a CL of 12.5 s.
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affect the results of studies assessing ICa.L by using the whole-
cell configuration.  In our previous study, we have found that 
ICa.L tends to be stable for approximately 10 min to 25 min after-
the whole-cell configuration is established[17].  Therefore, for 
our studies of ICa.L, we began adding barbaloin 10 min after we 
established whole-cell configurations, because, at that point, 
the ICa.L amplitudes tended to be stable, and we completed 
the entire experiment within 15 min to prevent the run-down 
phenomenon from affecting our results.  The amplitude of the 
ICa.L after inhibition with 100 μmol/L barbaloin recovered after 
the drug was washed out (Figure 4A).  At -5 mV, the voltage 
at which the ICa.L density was largest, 100 μmol/L barbaloin 
decreased the ICa.L density by 61.7%±3.7%; however, the ICa.L 

density returned to 90.5%±8.3% after the drug was washed out 
(Figure 4B).  These results indicated that the effects of barb-

aloin on ICa.L were reversible and that the ICa.L remained stable 
throughout the experimental period.

Barbaloin (10, 50, 100 and 200 μmol/L) decreased ICa.L in a 
concentration-dependent manner (Figure 4C–E).  The con-
centration-response curves for the effects of barbaloin on ICa.L 
were plotted and then fitted with the Hill equation to obtain 
an IC50 value of 137.06 μmol/L (Figure 4E).  

Barbaloin left-shifted the ICa.L steady-state inactivation but 
had no significant effect on the ICa.L steady-state activation 
(Figure 4F and 4G).  The V1/2 for the ICa.L steady-state inactiva-
tion was shifted from -26.90±0.17 mV in the control group to 
-29.70±0.20 mV in the 200 μmol/L barbaloin-treated group 
(n=8, P<0.05 vs control), and the corresponding k value was 
shifted from 5.37±0.17 to 5.32±0.19 (n=8, P>0.05 vs control).  
However, in the absence and presence of 200 μmol/L barbal-

Figure 3.  Barbaloin suppressed delayed afterdepolarizations (DADs) induced by the extracellular addition of CaCl2 in rabbit ventricular myocytes.  
Ten consecutive APs were recorded at a frequency of 5 Hz with a CL of 7 s.  (A, B, C, D and E) show representative traces from the groups subjected 
to control, 3.6 mmol/L CaCl2, 3.6 mmol/L CaCl2 and 100 μmol/L barbaloin, 3.6 mmol/L CaCl2 and 200 μmol/L barbaloin and wash-out treatment, 
respectively.  F.  Incidence of DADs in the control group, in the presence of 3.6 mmol/L CaCl2 alone, after the addition of 100 μmol/L barbaloin and 200 
μmol/L barbaloin and in the wash-out group (n=9.  **P<0.01 vs control.  ##P<0.01 vs 3.6 mmol/L CaCl2.  &&P<0.01 vs 100 μmol/L barbaloin.  $$P<0.01 
vs 200 μmol/L barbaloin).
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Figure 4.  Effects of barbaloin on L-type calcium current (ICa.L) in rabbit ventricular myocytes.  (A) Representative traces showing that barbaloin exerted 
reversible inhibitory effects on ICa.L. (B) The bar graphs show the mean ICa.L percentage values for the control, 100 μmol/L barbaloin-treated and wash-
out groups (n=8.  **P<0.01 vs control.  ##P<0.01 vs 100 μmol/L barbaloin).  (C) Representative ICa.L traces from the control and 50, 100 and 200 μmol/L 
barbaloin-treated groups.  (D) ICa.L current-voltage (I–V) relationships in the control and 10, 50, 100 and 200 μmol/L barbaloin-treated groups (n=8.   
*P<0.05, **P<0.01 vs control.  #P<0.05, ##P<0.01 vs 10 μmol/L barbaloin.   &P<0.05, &&P<0.01 vs 50 μmol/L barbaloin.  $P<0.05, $$P<0.01 vs 100 
μmol/L barbaloin).  (E) The concentration-response relationship curve for the effects of barbaloin on ICa.L, fitted to the Hill equation.  (F) Representative 
traces for ICa.L steady-state inactivation in the control and 200 μmol/L-treated barbaloin groups. (G) Curves for ICa.L steady-state activation and 
inactivation before (control) and after the administration of 200 μmol/L barbaloin, fitted to the Boltzmann equation.
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oin, the V1/2 values for steady-state activation were -8.71±0.28 
mV and -9.04±0.27 mV (n=8, P>0.05 vs control), respectively, 
and the corresponding k values were 7.27±0.29 and 7.53±0.28 
(n=8, P>0.05 vs control). 

Effects of barbaloin and TTX on INa.L

INa.L is generally known as a TTX-sensitive current that 
is almost completely blocked by 4 μmol/L TTX[16].  The 
amplitude of the current enhanced by 10 nmol/L ATX II 
was decreased to almost zero after the administration of 4 
μmol/L TTX (Figure 5A).  The INa.L density was increased from 
-0.32±0.02 pA/pF to -1.45±0.10 pA/pF by 10 nmol/L ATX II 
(n=8, P<0.01 vs control).  The administration of 4 μmol/L TTX 
decreased the current density from -1.45±0.10 to -0.06±0.01 
pA/pF (n=8, P<0.01 vs control and 10 nmol/L ATX II).  These 
results suggested that the inward current recorded in the con-
trol and ATX II-treated groups was INa.L.

After we identified INa.L, we performed experiments to 
explore the effects of barbaloin on INa.L.  We found that 200 
μmol/L barbaloin had no significant effect on the amplitude 
of INa.L (Figure 5C).  However, barbaloin significantly attenu-
ated the amplitude of the INa.L enhanced by ATX II (Figure 5D, 
5E and 5G).  Specifically, we found that 100 and 200 μmol/L 
barbaloin decreased INa.L in the ATX II-treated group by 
36.6%±3.3% and 71.8%±6.5%, respectively (n=8, P<0.01 vs 100 
μmol/L barbaloin).  Moreover, the inhibitory effects of barb-
aloin on the ATX II-increased INa.L were reversible (Figure 5B 
and 5F).

Effects of barbaloin on INa.P

The inhibitory effect of barbaloin on INa.P was concentration 
dependent (Figure 6C–E).  Barbaloin did not exert significant 
inhibitory effects on INa.P at the concentration of 10 μmol/L 
(Figure 6D).  However, barbaloin gradually suppressed INa.P 
when its concentration was sequentially increased to 100, 400 
and 800 μmol/L (Figure 6C and 6D).  The inhibitory effects of 
10, 100, 400 and 800 μmol/L barbaloin on INa.P at -35 mV were 
fitted with the Hill equation, and the IC50 value was 559.80 
μmol/L (Figure 6E).  Moreover, the inhibitory effects of barb-
aloin on INa.P were reversible (Figure 6A and 6B).

Barbaloin exerted different effects on INa.P steady-state 
inactivation and steady-state activation (Figure 6F and 6G).  
Specifically, 200 μmol/L barbaloin increased the V1/2 for INa.P 
steady-state inactivation from -78.00±0.33 mV to -94.12±0.77 
mV (n=8, P<0.01 vs control).  The corresponding k values 
were 12.28±0.44 and 12.29±0.55 in the control and 200 μmol/
L barbaloin-treated groups, respectively (n=8, P>0.05 vs con-
trol).  However, barbaloin had no significant effect on INa.P 
steady-state activation before or after the administration of 
200 μmol/L barbaloin, because the V1/2 values for INa.P were 
-45.83±0.30 mV and -45.35±0.30 mV, respectively (n=8, P>0.05 
vs control), and the k values were 3.83±0.27 and 4.01±0.27, 
respectively (n=8, P>0.05 vs control).  

Effects of barbaloin on IK1 and IKr

IKr is the rapid component of the delayed rectifier K+ current, 

which, in the present study, was measured as a tail current 
(IKr-tail) that was recorded during the period in which the cell 
membrane repolarized to the holding potential.  Barbaloin did 
not exert significant effects on IKr-tail at the concentrations of 
100 or 800 μmol/L (Figure 7A, 7B).  In agreement with these 
findings, we found that IK1 was almost unchanged after the 
administration of 100 and 800 μmol/L barbaloin (Figure 7C, 
7D).

Effects of barbaloin on aconitine-induced ventricular arrhythmias 
in Langendorff-perfused rabbit hearts
Aconitine is an alkaloid derived from herbal aconitum plants 
that has been reported to cause arrhythmia[18-20].  In the present 
study, 100 nmol/L aconitine led to an accelerated heart rate 
and caused ventricular tachycardia (VT) and ventricular fibril-
lation (VF) in Langendorff-perfused rabbit hearts (Figure 8A, 
8B and 8C).  Barbaloin (200 μmol/L) decreased the heart rates 
in both the barbaloin-treated group and the barbaloin and 
aconitine co-treatment group (Figure 8B and 8C).  Moreover, 
200 μmol/L barbaloin effectively delayed the onset time and 
decreased the incidence of VT and VF induced by 100 nmol/L 
aconitine (Figure 8A, 8B, 8C and 8D).

Discussion
Barbaloin is a major component of the herbal plant aloe and 
has been reported to have multiple pharmacological effects.  
However, the effects of barbaloin on cardiac electrophysiology 
had been unknown.  To the best of our knowledge, this study 
is the first to explore the effects of barbaloin on APs, multiple 
transmembrane ionic currents in cardiomyocytes and Langen-
dorff-perfused rabbit hearts.  In the present study, we found 
that barbaloin has multiple effects on ventricular myocytes.  
First, barbaloin shortened the APD50, and the APD90, decreased 
the Vmax and attenuated the APD RRD.  Second, barbaloin 
eliminated EADs and DADs.  Third, barbaloin significantly 
inhibited ICa,L, INa.P and ATX II-induced INa.L enhancements.  
Fourth, barbaloin exerted no significant effects on IK1 or IKr.  
Finally, barbaloin inhibited the aconitine-induced ventricular 
arrhythmias in Langendorff-perfused rabbit hearts.

It is well known that APs are generated by transmembrane 
ionic currents.  Therefore, AP alternations may be attributed 
to changes in different transmembrane ionic currents.  In the 
present study, barbaloin had distinct effects on different AP 
parameters.  Barbaloin did not exert significant effects on the 
RMP at the above-mentioned experimental concentrations, a 
finding supported by our observation that IK1 was unchanged.  
Although barbaloin significantly decreased INa.P, the con-
centrations of the drug that were administered herein were 
higher than those that exhibited effects on APs.  This finding 
accounts for the slight decrease in Vmax after barbaloin treat-
ment.  In contrast, barbaloin significantly shortened the APD50 
and APD90 and decreased the APD90 to almost the same extent 
as it decreased the APD50.  Moreover, the APD50/APD90 ratios 
were almost equal in the absence and presence of barbaloin, 
thus indicating that barbaloin affects the plateau phase of the 
AP.  This phenomenon was elucidated further in subsequent 
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experiments.  Barbaloin significantly decreased ICa.L, the major 
inward current of the plateau phase of the AP, but did not 
have significant effects on IK1 or IKr.  Thus, the inhibitory effects 

of barbaloin on ICa.L appeared to be the main contributor to the 
APD-shortening effects of the drug.  

APD RRD indicates that the APD shortens as the heart rate 

Figure 5.  Effects of barbaloin on ATX II-induced late sodium current (INa.L) enhancements and under normal conditions in rabbit ventricular myocytes.  (A) 
Representative single traces of the effects of 4 μmol/L TTX on ATX II-induced INa.L enhancement.  (B) Representative single traces showing that barbaloin 
exerted reversible inhibitory effects on ATX II-induced INa.L enhancement.  (C) Representative single traces of the effects of 200 μmol/L barbaloin on 
INa.L under normal conditions.  (D) Single traces of the effects of barbaloin on ATX II-induced INa.L enhancements at a membrane potential of -20 mV.  (E) 
Representative traces of the effects of barbaloin on ATX II-induced INa.L enhancements at membrane potentials of -80, -60, -50, -40 and -20 mV.  (F) Bar 
graphs showing the mean ATX II-increased INa.L percentage values for the control, 100 μmol/L barbaloin-treated and wash-out groups (n=10.  **P<0.01 
vs control.  ##P<0.01 vs 100 μmol/L barbaloin).  (G) The I-V relationship for the effects of barbaloin on ATX II-induced INa.L enhancement (n=8.  *P<0.05, 
**P<0.01 vs control.  #P<0.05, ##P<0.01 vs 10 nmol/L ATX II.  &P<0.05, &&P<0.01 vs 100 μmol/L barbaloin).
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Figure 6.  Effects of barbaloin on peak sodium current (INa.P) in rabbit ventricular myocytes.  (A) Representative traces showing that barbaloin exerted 
reversible inhibitory effects on INa.P.  (B) Bar graphs showing the mean INa.P percentage values for the control, 400 μmol/L barbaloin-treated and wash-
out groups (n=10.  *P<0.05, **P<0.01 vs control.  ##P<0.01 vs 400 μmol/L barbaloin).  (C) Representative INa.P traces from the control and 100, 400 
and 800 μmol/L barbaloin-treated groups.  (D) I-V relationships for INa.P in the control and 10, 100, 400 and 800 μmol/L barbaloin-treated groups (n=8.  
*P<0.05, **P<0.01 vs control.  #P<0.05, ##P<0.01 vs 10 μmol/L barbaloin.   &P<0.05, &&P<0.01 vs 100 μmol/L barbaloin.  $P<0.05, $$P<0.01 vs 400 
μmol/L barbaloin).  (E) The concentration-response relationship curve for the effects of barbaloin on INa.P, fitted to the Hill equation.  (F) Representative 
traces of INa.P steady-state inactivation in the control and 200 μmol/L barbaloin-treated groups.  (G) Curves for INa.P steady-state activation and 
inactivation before (control) and after the administration of 200 μmol/L barbaloin, fitted to the Boltzmann equation.
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or stimulation frequency increases, and vice versa.  The trans-
mural dispersion of repolarization (TDR) of the ventricle is 
determined mainly by the difference in the APD between mid-
myocardial and endocardial myocytes[21].  In the present study, 
barbaloin attenuated the APD RRD.  When the RRD decreased, 
the TDR decreased, thus indicating that barbaloin decreases 
the TDR.  The TDR increases in pathological conditions, such 
as heart failure, thus resulting in ventricular tachyarrhyth-
mias (VTs)[22].  Therefore, our results indicated that barbaloin 
attenuates VT by decreasing the TDR.  Moreover, it has been 
reported that ICa.L inhibition significantly decreases the TDR 
and thus ultimately suppresses VTs[23].  From these findings, 
we speculate that barbaloin is likely to decrease the TDR by 
inhibiting ICa.L, thereby attenuating arrhythmias.

EADs play an important role in arrhythmogenesis.  Increases 
in INa.L have been reported to be important with respect to the 
occurrence of EADs[15, 24].  Another important inward current 
constituting the plateau phase of the AP, the INa.L, has been 
documented to be enhanced by various pathological factors, 
such as heart failure, hypoxia/ischemia and oxidative stress, 
and to lead to APD prolongation[25-27].  APD prolongation 
provides sufficient time for ICa.L re-activation, thus resulting 
in EADs [28].  In the present study, ATX II, an INa.L opener, was 

administered to induce EADs.  Our results demonstrated that 
administering ATX II facilitated the occurrence of EADs and 
APD prolongation, and these findings were consistent with 
those of previous studies[15, 24].  Barbaloin eliminated these ATX 
II-induced EADs and significantly attenuated the effects of 
ATX II on the APD.  Furthermore, barbaloin also significantly 
inhibited ATX II-induced INa.L enhancement.  These findings 
indicated that barbaloin eliminates ATX II-induced EADs by 
inhibiting INa.L enhancement; hence, these currents may be a 
promising target for the treatment of arrhythmias[29].

DADs, an important cause of arrhythmias, occur under Ca2+ 
overload conditions in cardiomyocytes.  Ca2+ overload drives 
the reverse Na+/Ca2+ exchange current (INCX), which func-
tions as an inward current characterized by the simultaneous 
entry of 3 Na+ and exit of 1 Ca2+, and ultimately leads to the 
development of a transient inward current ITi that is known 
tocause DADs[30].  Katra et al have reported that rapid pacing 
contributes to spontaneous calcium release (SCR) from the sar-
coplasmic reticulum[31], thus indicating that rapid pacing is an 
effective means of increasing cytoplasmic Ca2+ levels.  How-
ever, increases in [Ca2+]o are also known to be one of the con-
tributors to enhancements of ICa.L; as such, increases in [Ca2+]o 

lead to subsequent increases in Ca2+ influx and Ca2+ overload.  

Figure 7.  Barbaloin had similar effects on inward rectifier potassium current (IK1) and rapidly activated delayed rectifier potassium current (IKr) in rabbit 
ventricular myocytes.  (A) Representative IKr traces from the control and 100 and 800 μmol/L barbaloin-treated groups.  (B) I–V relationships for IKr-tail 
in the control and 100 and 800 μmol/L barbaloin-treated groups (n=8, P>0.05 for both 100 and 800 μmol/L barbaloin vs control).  (C) Representative 
IK1 traces from the control and 100 and 800 μmol/L barbaloin-treated groups.  (D) I–V relationships for IK1 in the control and 100 and 800 μmol/L 
barbaloin-treated groups (n=8, P>0.05 for both 100 and 800 μmol/L barbaloin vs control).
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In the present study, we administered increased [Ca2+]o and 
rapid pacing to induce DADs, and this endeavor was success-
ful.  Barbaloin eliminated these DADs.  ICa.L inhibition, which 
directly decreases Ca2+ influx, appeared to be responsible for 
the antiarrhythmic effects of barbaloin.  

The major source of intracellular Ca2+ ([Ca2+]i), ICa.L contrib-
utes greatly to Ca2+ influx and maintaining [Ca2+]i homeostasis.  
Ca2+ participates in many important cellular activities, such 
as intracellular signaling pathways and cardiac excitation-
contraction-coupling[32, 33]; thus, [Ca2+]i homeostasis is of great 
importance for the regulation of vital functions.  The results 
of several reports have indicated that many pathological con-
ditions cause intracellular Ca2+ overload and thereby lead to 
arrhythmias[18, 34-37].  In the present study, barbaloin decreased 
the amplitude of ICa.L in a concentration-dependent manner.  
When the amplitude of ICa.L decreases, the number of open 
calcium channels decreases, thus decreasing Ca2+  flow into 
the cell.  Additionally, barbaloin accelerated ICa.L steady-state 
inactivation and thereby decreased the quantity of Ca2+ flow-
ing into the cell during the inactivation process.  These find-
ings indicated that barbaloin effectively decreases [Ca2+]i and 
subsequently relieves intracellular Ca2+ overload and may thus 
potently suppress Ca2+ overload-induced arrhythmias.

In our previous study, we have found that increases in INa.L 
contribute to the development of intracellular Ca2+ overload 
by enhancing INCX

[25, 38].  Another study has demonstrated that 
elevated [Ca2+]i activates the CaMK II and PKC pathways, 

and ultimately increases INa.L and results in the formation of a 
vicious cycle[39].  Thus, inhibiting pathological increases in INa.L 
is of great importance with respect to attenuating intracellular 
Ca2+ overload and ultimately alleviating arrhythmias.  In this 
study, barbaloin exerted significant inhibitory effects on ATX 
II-induced increases in INa.L, thus suggesting that the drug also 
attenuates intracellular Ca2+ overload and protects the heart 
from arrhythmia through this mechanism in addition to those 
mentioned above.  

INa.P is responsible for the upstroke of the AP in individual 
cardiomyocytes and determines myocardial excitability[40].  
When the amplitude of INa.P decreases, the Vmax of the AP 
decreases, thereby contributing to decreases in myocardial 
excitability.  It has been reported that increases in myocardial 
excitability result in tachyarrhythmias, such as ventricular 
fibrillation[41]. Thus, decreasing cardiac myocyte excitability 
is an effective means of attenuating tachyarrhythmias.  In 
the present study, barbaloin had significant inhibitory effects 
on INa.P, thus indicating that barbaloin is effective at decreas-
ing the numbers of open sodium channels and consequently 
decreasing the Na+ influx and accordingly the cardiac myocyte 
excitability.  Moreover, barbaloin shifted the INa.P steady-state 
inactivation to a more negative potential and accelerated the 
INa.P inactivation process, thus decreasingthe Na+ influx dur-
ing the inactivation process and the cardiac myocyte excit-
ability.  Together, the above findings indicated that barbaloin 
decreases cardiac myocyte excitability by inhibiting INa.P and 

Figure 8.  Effects of barbaloin on aconitine-induced ventricular arrhythmias in Langendorff-perfused rabbit hearts.  (A) Representative ECG traces at 
onset time in the aconitine-treated group.  (B) Representative ECG traces at the same time as A in the barbaloin and aconitine co-treatment group.  (C) 
The heart rates of the Langendorff-perfused rabbit hearts for the first 30 min of recording time in four different groups.  The arrows indicate the time 
when barbaloin or aconitine was added to the perfusate.  (D) The onset time of aconitine-induced ventricular arrhythmias in the aconitine-treated and 
barbaloin and aconitine co-treatment groups (n=8.  **P<0.01 vs aconitine group).  (E) The incidence of aconitine-induced ventricular arrhythmias in the 
aconitine-treated and barbaloin and aconitine co-treatment groups (n=8, **P<0.01 vs aconitine group).
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thereby exerting its antiarrhythmic effects.
Although barbaloin had inhibitory effects on multiple ion 

channels, it exerted no effects on IKr even when it was admin-
istered at a much higher concentration than those used in 
other experiments.  A variety of clinical drugs are likely to 
cause arrhythmias by inhibiting IKr

[42, 43].  Thus, determining 
the potency of a particular drug’s ability to antagonize IKr is 
important when assessing the proarrhythmic effects of new 
drugs. The above findings regarding the effects of barbaloin 
on IKr  support the safety of this drug.

It is well known that a decreased heart rate contributes to 
a lower tendency to develop tachyarrhythmias[44].  Barbaloin 
decreased the heart rate in the Langendorff-perfused hearts, 
thus indicating that barbaloin has the potential to rescue 
tachyarrhythmias.  Aconitine has been reported to increase the 
INa.P, thereby inducing intracellular Na+ accumulation and thus 
leading to intracellular Ca2+ overload[19].  Additionally, aconi-
tine increases the ICa.L and consequently aggravates the intra-
cellular Ca2+ overload and ultimately causes arrhythmias[19, 45].  
In the present study, barbaloin was effective in delaying the 
onset time and the incidence of aconitine-induced ventricular 
arrhythmias.  The above findings indicate that the inhibitory 
effects of barbaloin on INa.P, INa.L and ICa.L, which can relieve 
intracellular Ca2+ overload, may underlie its antiarrhythmic 
mechanisms.

In conclusion, barbaloin is an effective antiarrhythmic com-
ponent extracted from aloe, and its ability to inhibit ICa.L, INa.P 
and ATX II-enhanced INa.L appear to underlie its antiarrhyth-
mic effects.  Moreover, barbaloin exerted no effects on IKr, thus 
suggesting that it is a highly safe drug.  Together, our find-
ings indicate that barbaloin has potential as an antiarrhythmic 
drug.
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