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Abstract. It has been previously demonstrated that taurine 
magnesium coordination compound (TMCC) produces antiar-
rhythmic effects in vivo. The present study investigated the 
acute and chronic effect of TMCC on sodium channels in 
HEK cells stably expressing human cardiac Nav1.5 sodium 
channels. The current amplitude, activation and inactivation 
kinetics, recovery time from inactivation, and use‑dependent 
block of sodium channels were analyzed using the whole‑cell 
patch clamp technique. Western blotting was used to analyze 
Nav1.5 expression following chronic TMCC treatment. In HEK 
cells expressing Nav1.5 channels, TMCC acutely inhibited 
Na+ currents in a dose‑dependent manner. In addition, acute 
application of TMCC shifted the activation and inactivation 
curves, and prolonged the recovery time from inactivation, but 
did not exhibit a use‑dependent block of Nav1.5. By contrast, 
chronic TMCC treatment only produced a use‑dependent 
block of Nav1.5 and downregulated Nav1.5 expression. The 
results of the present study suggested that TMCC may produce 
antiarrhythmic actions via acute inhibition of sodium channel 
currents and chronic downregulation of Nav1.5 expression.

Introduction

Voltage‑gated Na+ channels are essential for the generation 
and propagation of action potentials in many excitable cells, 
including cardiac myocytes and neurons. Nav1.5, the cardiac 
isoform of the voltage‑gated Na+ channel α subunit, serves 
an important role in cardiac electrophysiology, including 
initiation of the cardiac action potential, electrical impulse 
conduction and control of action potential duration (1). Nav1.5 
mutations are associated with numerous types of arrhythmia, 

including congenital long QT syndrome type 3, progressive 
cardiac conduction defect, Brugada syndrome,  idiopathic 
ventricular fibrillation, sick sinus syndrome and familial atrial 
fibrillation (2,3). In addition, Nav1.5 is the primary target for 
class 1 antiarrhythmic drugs (4). Inhibition of sodium chan-
nels by class 1 antiarrhythmic drugs decreases the initial 
depolarization of the action potential and slows the propaga-
tion of the electrical impulse, thereby alleviating arrhythmias. 
Identification of novel drugs that target Nav1.5 may be a thera-
peutic strategy for the treatment of cardiac arrhythmia.

Preclinical and clinical studies have demonstrated that 
taurine and magnesium prevent arrhythmias and produce 
cardioprotective effects (5‑8). Previous studies synthesized 
a taurine‑magnesium coordination compound (TMCC), 
and demonstrated that TMCC is able to effectively block 
arrhythmias induced by electrical stimulation, epinephrine, 
aconitine, stophanthin G and cesium chloride in vivo (9‑11). 
TMCC inhibits sodium currents and transient outward potas-
sium currents, and moderately stimulates L‑type calcium 
channels in rat ventricular myocytes  (9,11). In addition, it 
was previously observed that TMCC attenuates ion channel 
dysfunction induced by hypoxia/reoxygenation and ouabain in 
rat ventricular myocytes (9,10). These previous results suggest 
that TMCC may be a novel antiarrhythmic drug, targeting 
sodium, potassium and calcium channels.

During depolarization, Na+ channels undergo conforma-
tional transitions from the resting state to the open state, and 
subsequently to the inactivated state (12). It is well‑known 
that a number of antiarrhythmic drugs, including lidocaine, 
exert a state‑ and use‑dependent inhibition of sodium chan-
nels (13). Although it has been previously demonstrated that 
TMCC inhibits sodium currents in rat ventricular myocytes, 
it remains unclear how TMCC modulates different states of 
cardiac sodium channels. In addition, TMCC inhibits Na+ 
channels in rat ventricular myocytes  (9,10). However, it is 
unclear whether TMCC produces a similar effect in human 
Na+ channels, particularly the cardiac Nav1.5 channel.

In the present study, the inhibitory effect of TMCC on 
human cardiac Nav1.5 channels was investigated using HEK 
cells stably expressing Nav1.5. In addition, the chronic effect 
of TMCC on human Nav1.5 was investigated, and the possible 
mechanisms underlying the chronic effect of TMCC on human 
Nav1.5 were examined.
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Materials and methods

Cell culture. HEK‑293 cells (ICE‑Bioscience Co., Ltd., Beijing, 
China) stably expressing Nav1.5 Na+ channels were cultured in 
Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 10% 
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 
200 µg/ml G418 (Amresco, LLC, Solon, OH, USA) at 37˚C in a 
humidified incubator with 5% CO2. Cells were harvested with 
0.25% trypsin‑EGTA solution when the cells reached 70‑80% 
confluence. Single cells were used for the electrophysiological 
experiments.

Electrophysiology. HEK cells stably expressing Nav1.5 were 
placed into a perfusion chamber set on the stage of an inverted 
microscope (Olympus IX51; Olympus Corporation, Tokyo, 
Japan). The electrophysiological recordings were performed 
in the whole‑cell configuration. The patch pipettes were of  
2‑4 mΩ resistance. Data were acquired using an Axopatch  
700B amplifier controlled by Clampex software (version 10.0) 
via a Digidata 1440 analogue‑to‑digital converter (all Molecular 
Devices, LLC, Sunnyvale, CA, USA). The whole‑cell series 
resistance was compensated to >80%. The standard external 
solution contained: 120 mM choline chloride; 25 mM NaCl; 
4 mM CsOH; 0.1 mM CaCl2; 2 mM CoCl2; 1 mM MgCl2; 
10 mM HEPES; and 10 mM glucose, at pH 7.4, adjusted with 
KOH. The pipette solution contained: 140 mM CsCl; 10 mM 
NaCl; 5 mM EGTA; 5 mM HEPES; and 5 mM Na2 ATP, at 
pH 7.3, adjusted with CsOH. TMCC in the external solution 
was added 5 min after whole‑cell configuration was formed. 
In order to measure the Na+ current amplitude, cells were held 
at a holding potential of ‑100 mV, and voltage clamped with 
voltage steps from ‑90 to +25 mV in 5‑mV increments. The 
sodium current (INa) was calculated as the difference between 
the peak current and the holding current level. Steady‑state 
activation curves were obtained from the current‑voltage 
characteristic and fitted to the Boltzmann equation as follows: 
G/Gmax=1/[1+exp(V‑V1/2)/k]; where G is the conduction, 
V1/2 is the voltage of half‑maximal activation and k is a slope 
factor. The voltage‑dependent steady‑state inactivation of INa 
was determined by applying 50 msec voltage steps from ‑150 
to ‑30 mV in 10 mV increments, followed by a 25 msec test 
pulse at ‑30 mV. The data were fitted to the Boltzmann equa-
tion as follows: I/Imax=1/[1+exp(V‑V1/2)/k]; where V1/2 is the 
voltage of half‑maximal inactivation and k is the slope factor. 
A two‑pulse (pre‑pulse and test pulse) protocol was used 
to study the recovery of Nav1.5 channels from inactivation. 
INa was elicited by a 30 msec pre‑pulse from ‑90 to ‑40 mV, 
followed by a 30 msec test pulse from ‑90 to ‑40 mV from a 
holding potential of ‑90 mV. The use‑dependent properties of 
Nav1.5 channels were tested by repetitive pulses of ‑40 mV 
for 10 msec from a holding potential of ‑100 mV, applied at 
1, 3 and 10 Hz for a total of 100 pulses.

Western blotting. Following treatment with 10, 100 µM and 
1 mM TMCC (synthesized in the laboratory of the present 
study) at 37˚C for 24 h, HEK cells stably expressing Nav1.5 Na+ 
channels were homogenized in lysis buffer containing 20 mM 
Tris (pH 7.5), 150 mM NaCl, 1% Triton X‑100, sodium pyro-
phosphate, β‑glycerophosphate, EDTA, Na3VO4, and leupeptin 

(Beyotime Institute of Biotechnology, Haimen, China) for 
30 min on ice. The lysates were centrifuged at 12,000 x g at 
4˚C for 15 min. Protein concentrations were determined using 
the Bradford method. Proteins (50 µg) were separated using 
SDS‑PAGE on a 6% gel and transferred onto polyvinylidene 
fluoride membranes by electroblotting. Membranes were 
incubated with primary antibodies against Nav1.5 channel 
(rabbit anti‑human Nav1.5; 1:200; cat. no. H0912; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight. β‑actin 
(1:500; cat. no. L2812, Santa Cruz Biotechnology, Inc.) was 
used as a loading control. Membranes were subsequently incu-
bated with horseradish peroxidase‑conjugated goat anti‑rabbit 
secondary antibodies (1:10,000, cat. no. 074‑1506; KPL, Inc., 
Gaithersburg, MD, USA) at room temperature for 1 h. Bands 
were visualized using an enhanced chemiluminescence kit 
(Beyotime Institute of Biotechnology) by exposure to Kodak 
X‑ray film. Results was analyzed using Image J software, version 
1.48 (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis. Data are presented as the mean ± standard 
error. Curves were fitted using Clampfit software (version 10.0; 
Molecular Devices, LLC), and the calculations and graphical 
presentations were generated using Origin software (version 
6.0; OriginLab Corporation, Northampton, MA, USA). 
Statistical analyses were performed using SPSS software 
(version 13.0, SPSS Inc., Chicago, IL, USA). One‑way analysis 
of variance was used to compare the difference among groups, 
followed by post hoc univariate analysis of variance between 
groups tests. Paired t‑tests were used to compare the differ-
ences prior to and following treatment within a group. P<0.05 
was considered to indicate a statistically significant difference.

Results

TMCC inhibits cardiac sodium channel Nav1.5 expressed 
in a stable cell line. The sodium channel Nav1.5 is primarily 
expressed in cardiac muscles and Nav1.5 mutations are associ-
ated with cardiac arrhythmia (14). The present study analyzed 
the effect of TMCC on the cardiac sodium channel Nav1.5 in 
HEK cells stably expressing Nav1.5. TMCC (between 1 µM 
and 10 mM) inhibited sodium currents in HEK cells in a 
dose‑dependent manner (Fig. 1A). Treatment with TMCC at 1, 
10 and 100 µM, and 1 and 10 mM concentrations inhibited the 
peak currents of Nav1.5 channels by 14.13±0.47, 22.65±1.14, 

Table I. Effects of TMCC on peak INa in HEK‑293 cells stably 
expressing Nav1.5 channels.

TMCC concentration	 Inhibition, %

1 µM	 14.13±0.47
10 µM	 22.65±1.14
100 µM	 31.57±3.22
1 µM	 34.67±4.41
10 µM	 41.45±2.76

Data are presented as the mean ± standard error of the mean. TMCC, 
taurine magnesium coordination compound; INa, Na current.
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31.57±3.22, 34.67±4.41 and 41.45±2.76%, respectively (Fig. 1A; 
Table I). The inhibition of peak currents at various concentra-
tions of TMCC was used to generate the dose‑response curve 
(Fig. 1B). I/V curves demonstrated that TMCC (100 µM) 
inhibited Nav1.5 currents across the range of tested voltages, 
with the maximum inhibition at ‑40 mV (Fig. 1C). The half 
activation potential was shifted from ‑52.27±1.1 mV in control 
cells to ‑58.83±0.59 mV in cells treated with 100 µM TMCC 
(n=6; Fig. 1D). The slope factor k was not notably altered 
between the control group and the TMCC‑treated group. 
In addition, the half inactivation potential was shifted from 
‑80.38±0.20 mV in control cells to ‑86.28±0.27 mV in cells 
treated with 100 µM TMCC (Fig. 1E).

The effect of TMCC on the recovery of Nav1.5 channel 
from inactivation was subsequently investigated. A two‑pulse 
(pre‑pulse and test pulse) protocol was used for the recovery 
experiment. The two‑pulse protocol was repeated by varying 
the interval between the two pulses from 5 to 100 msec in 
5  msec increments. The fractional current measured by 
Itest/Ipre‑pulse was plotted against the pulse interval, and fitted 
to a single exponential function (Fig. 1F). The recovery time 
constant was 11.43±0.17  msec for the control group and 
19.28±1.15 msec for the TMCC‑treated group (n=6).

The use‑dependent phenotype of Nav1.5 channels in 
the presence of 100 µM TMCC was subsequently assessed. 
TMCC did not significantly block peak currents during repeti-
tive pulses of ‑40 mV for 10 msec from a holding potential of 
‑100 mV, applied at 1, 3 and 10 Hz for a total of 100 pulses 
(Fig. 2).

Chronic effects of TMCC on Nav1.5 sodium channels 
expressed in a stable cell line. The present study investigated 

the chronic effect of TMCC on Nav1.5 sodium channels in 
HEK cells expressing Nav1.5 channels. The current density 
at ‑40  mV was ‑285.61±28.92  pA/pF in control cells and 
‑226.7±24.13 pA/pF in Nav1.5‑expressing HEK cells treated 
with 100 µM TMCC for 24 h (Fig. 3A). Although the current 
density of INa in TMCC‑treated cells exhibited a tendency 
toward attenuated currents compared with control cells, no 
statistically significant difference was observed. There was no 
obvious shift of I/V curves of INa between the control group 
and the TMCC‑treated group (Fig.  3A). The half activa-
tion potential was ‑51.22±0.82 mV in the control group and 
‑53.16±0.99 mV in the TMCC‑treated group, and the slope 
factor k was 2.69±1.17 in the control group and 3.28±0.74 in 
the TMCC‑treated group. There was no notable difference in 
the half activation potential and the slope factor k between 
the control group and the TMCC‑treated group (Fig. 3B). In 
addition, there was no notable difference in the half activa-
tion potential and the slope factor k between the control group 
(V1/2=‑72.06±0.39 mV; k=5.50±0.35) and the TMCC‑treated 
group (V1/2=‑73.67±0.35 mV; k=5.46±0.31) (Fig.  3C). The 
recovery time constant was not altered between the control 
group (6.38±0.22  msec) and the TMCC‑treated group 
(7.08±0.95 msec) (Fig. 3D). Treatment with 100 µM TMCC 
for 24 h significantly blocked peak currents during repetitive 
pulses of ‑40 mV for 10 msec, from a holding potential of 
‑100 mV applied at 10 Hz, although not 1 or 3 Hz, for a total of 
100 pulses (Fig. 4).

Using western blotting, the chronic effect of TMCC on 
Nav1.5 expression in HEK cells stably expressing Nav1.5 
channels was further analyzed. Treatment with TMCC  
(10, 100 µM and 1 mM) for 24 h significantly decreased Nav1.5 
expression (P<0.05 vs. control; Fig. 5).

Figure 1. Effect of TMCC on Nav1.5 sodium currents in HEK cells stably expressing Nav1.5 channels. (A) Representative traces of INa at ‑40 mV recorded 
from control cells, and cells treated with 1, 100 µM, and 10 mM TMCC. (B) The inhibition of peak currents at various concentrations of TMCC was used to 
plot the dose‑response curve. The plot was fitted to Hill equations. The IC50 of TMCC was 8.1±0.5 µM. (C) I/V measurements of INa recorded in control cells 
and cells treated with 100 µM TMCC. (D) The steady‑state activation and (E) inactivation of Nav1.5 sodium channels in control cells and cells treated with 
100 µM TMCC. (F) The recovery from inactivation of INa elicited by a 30 msec pre‑pulse from ‑90 to ‑40 mV, followed by a 30 msec test pulse from ‑90 to 
‑40 mV from a holding potential of ‑90 mV. The two pulse protocol was repeated by varying the interval between two pulses from 5 to 100 msec in 5 msec 
increments. The fractional current measured by Itest/Ipre‑pulse was plotted against the pulse interval, and fitted to a single exponential function. TMCC, taurine 
magnesium coordination compound; INa, Na current.
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Discussion

It has been previously demonstrated that TMCC produces 
antiarrhythmic effects (9‑11). Previous studies have suggested 
that the inhibition of sodium channels by TMCC contributes 
to the antiarrhythmic effect (11); however, the antiarrhythmic 
mechanisms associated with TMCC remain to be completely 
elucidated. In the present study, the effect of TMCC on the 

human cardiac sodium channel Nav1.5 was analyzed in HEK 
cells stably expressing Nav1.5 channels. It was observed that 
TMCC inhibited Nav1.5 currents in a dose‑ and voltage‑depen-
dent manner. The inhibition of Nav1.5 currents exhibited no 
use‑dependence when TMCC was applied acutely, although 
the inhibition was use‑dependent when TMCC was applied 
chronically. Additionally, chronic treatment with TMCC 
downregulated Nav1.5 expression. The results of the present 

Figure 3. Chronic effect of TMCC on the Nav1.5 sodium channel in HEK cells stably expressing Nav1.5 channels. (A) I/V measurements of INa recorded in 
control cells and cells treated with 100 µM TMCC for 24 h. (B) The steady‑state activation and (C) inactivation of Nav1.5 sodium channels in control cells and 
cells treated with 100 µM TMCC for 24 h. (D) The recovery from inactivation of INa recorded in control cells and cells treated with 100 µM TMCC for 24 h. 
n=6. TMCC, taurine magnesium coordination compound; INa, Na current.

Figure 2. TMCC does not exhibit use‑dependent inhibition of Nav1.5 sodium channels. Na current recorded from control cells and cells treated with 100 µM 
TMCC was elicited by repetitive pulses at ‑40 mV for 10 msec from a holding potential of ‑100 mV, applied at (A) 1, (B) 3 and (C) 10 Hz for a total of 100 pulses. 
Peak currents were measured, normalized to the initial peak current amplitude and plotted against the corresponding pulse. The curve was fitted to a single 
exponential function. (D) Results of quantification. n=6. TMCC, taurine magnesium coordination compound.
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study demonstrated that TMCC may produce its antiar-
rhythmic effect via inhibition of Nav1.5 sodium currents and 
downregulation of Nav1.5 expression.

The voltage‑gated Na+ channel is important for the excit-
ability of cardiac ventricular myocytes, and is a primary 
target for class 1 antiarrhythmic agents, including quinidine, 
lidocaine, and phenytoin  (15). It was previously observed 
that TMCC inhibited INa currents, and prevented arrhythmias 
induced by electrical stimulation, epinephrine, aconitine, 
stophanthin G and cesium chloride (9‑11). Therefore, inhibi-
tion of sodium channels by TMCC may contribute to its 
antiarrhythmic action. Nav1.5 has been demonstrated to be 
the cardiac isoform of the voltage α subunit, which forms the 
ion‑conducting pore (16). In the present study, it was observed 
that acute application of TMCC inhibited Nav1.5 currents in a 
dose‑dependent manner. However, TMCC at a concentration 
of 10 mM only inhibited ~40% of sodium currents, suggesting 
that TMCC is a moderate sodium channel inhibitor. In addition, 
it was demonstrated that TMCC shifted the activation curve of 
Nav1.5 currents to the left, suggesting that TMCC may bind 

to the activated state of Nav1.5 and facilitate the opening of 
the channel. TMCC additionally shifted the inactivation curve 
of Nav1.5 currents to the left, suggesting that TMCC may 
promote inactivation of the channel. Therefore, the primary 
blocking effect of TMCC on Nav1.5 currents may be caused by 
accelerating the inactivation of Nav1.5 channels. The results 
of the present study demonstrated that the recovery time of 
Nav1.5 channels from inactivation was prolonged following 
acute application of TMCC, strengthening the hypothesis that 
TMCC acts primarily on the inactivated state of the Nav1.5 
channel.

In contrast to the acute effect of TMCC, it was observed 
that chronic treatment with TMCC did not significantly inhibit 
Nav1.5 currents, shift the activation and inactivation curves, 
or prolong the recovery time from inactivation. The results 
of the present study suggested that chronic TMCC treatment 
did not significantly alter Nav1.5 channel kinetics. However, 
it was observed that chronic, and not acute, application of 
TMCC exhibited a use‑dependent blockade of Nav1.5. It is 
well‑known that certain antiarrhythmic agents, including 

Figure 4. TMCC exhibits a use‑dependent inhibition of Nav1.5 sodium channels. A‑C. Na current at (A) 1, (B) 3 and (C) 10 Hz recorded from control cells and 
cells treated with 100 µM TMCC for 24 h. (D) Results of quantification. n=6. TMCC, taurine magnesium coordination compound.

Figure 5. TMCC inhibits Nav1.5 expression in HEK cells stably expressing Nav1.5 channels. (A) Representative western blot analysis exhibiting Nav1.5 
expression in control cells and cells treated with 10, 100 µM, and 1 mM TMCC for 24 h. β‑actin was used as a loading control. (B) Quantification of Nav1.5 
expression normalized to β-actin. n=6. *P<0.05, **P<0.01 vs. control. TMCC, taurine magnesium coordination compound.
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lidocaine, block sodium channels in a use‑dependent (also 
termed frequency‑dependent) manner (17). This use‑dependent 
blockade of sodium channels renders the drug a more potent 
blocker when sodium channels are activated with a higher 
frequency in disease states, including arrhythmia. Therefore, 
the results of the present study, demonstrating that chronic 
treatment with TMCC may produce a use‑dependent block of 
the Nav1.5 channel, suggest that TMCC may produce a more 
potent antiarrhythmic effect when used for a prolonged period.

In addition to the use‑dependent inhibition of Nav1.5 
channels, chronic treatment with TMCC resulted in a signifi-
cant decrease in Nav1.5 expression. It has been reported that 
certain drugs, including arsenic trioxide, prolong action poten-
tial duration and QT interval by inhibiting potassium channel 
expression (18,19). In addition, class I antiarrhythmic agents 
have been reported to upregulate cardiac Na+ channel expres-
sion, which is believed to cause arrhythmias secondary to the 
therapy (20,21). Therefore, inhibition of Nav1.5 expression 
may be a therapeutic strategy for the treatment of arrhyth-
mias (22). The results of the present study, demonstrating that 
chronic treatment with TMCC inhibited Nav1.5 expression, 
suggest that TMCC may produce antiarrhythmic effects via 
downregulation of Nav1.5 expression.

In conclusion, the present study investigated the acute and 
chronic effect of TMCC on sodium channels in HEK cells 
expressing human cardiac Nav1.5 channels. It was observed 
that acute application of TMCC inhibited Nav1.5 currents, 
shifted the activation and inactivation curves, and prolonged 
the recovery time from inactivation in HEK cells expressing 
Nav1.5 channels. By contrast, chronic treatment with TMCC 
resulted in a use‑dependent block of Nav1.5 channels and 
a downregulation of Nav1.5 expression. The results of the 
present study demonstrated that TMCC may produce antiar-
rhythmic actions via acute inhibition of sodium channels and 
chronic downregulation of Nav1.5 expression.
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