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Abstract

The effects of sulfur dioxide (SO,) derivatives (bisulfite and sulfite, 1:3 M/M) on voltage-dependent sodium channel in isolated rat ventricular
myocyte were studied using the whole cell patch-clamp technique. SO, derivatives increased sodium current (/y,) in a concentration-dependent
manner. SO, derivatives at 10 uM significantly shifted steady-state inactivation curve of Iy, to more positive potentials, but did not affect the
activation curve. SO, derivatives markedly shifted the curve of time-dependent recovery of Iy, from inactivation to the left, and accelerated the
recovery of Iy,. SO, derivatives also significantly shortened the activation and inactivation time constants of /y,. These results indicated that SO,
derivatives produced concentration-dependent stimulation of cardiac sodium channels, which due mainly to the interaction of the drug with

sodium channels in the inactivated state.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

SO, is a common air pollutant released into the atmosphere
from the combustion of fossil fuel. Inhaled SO, can easily be
hydrated to produce in the respiratory tract sulfurous acid,
which subsequently dissociates to form its derivatives, bisulfite
and sulfite (1:3 M/M, in neutral fluid) [1]. The derivatives can
be absorbed into blood or other body fluid. In addition,
bisulfite/sulfite enters the body via foods, beverages and drugs
because sulfiting agents (sulfur dioxide, metabisulfite, bisulfite
and sulfite) are widely used as preservatives [2]. Endogenous
bisulfite/sulfite is generated during the normal processing of
sulfur-containing amino acids [3] and also can be formed by
the metabolism of sulfur-containing drugs, including N-
acetylcysteine [4]. The natural SO, concentration is 0.04—
0.45 mg/m’ in atmosphere. Epidemiological studies have
linked SO, exposure with many respiratory diseases such as
lung cancer [5] when SO, concentration exceeded 0.6 mg/m”.
SO, inhalation may induce chromosomal aberrations (CA),
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sister chromatid exchanges (SCE), and micronuclei (MN) in
human peripheral blood lymphocytes. [2,6—8]. SO, inhalation
may cause oxidation damage and DNA damage in various
organs of mice and rat, especially in lung, heart and brains
[9,10]. Tt indicated that SO, is a systemic toxicant [9]. In
addition, SO, could affect the blood pressure of rat [11].
Therefore, SO, inhalation might have relation with cardiovas-
cular diseases.

Over the past decade, many epidemiological studies have
found associations between air pollution and many diseases.
Recently, there is increased epidemiological evidence that SO,
as a common air pollutant is associated with morbidity and
mortality due to cardiovascular disease [12—15]. Many
epidemiological studies in Asian cities (Hong Kong, Beijing,
Shenyang, Taipei, Seoul et al.) demonstrated that SO,
increased the risk of cardiovascular disease and the mortality
due to cardiovascular disease [13,14,16,17]. Some studies
indicated that SO, was associated with many kinds of
cardiovascular disease, such as increasing the risk of develop-
ing a cardiac arrhythmia [18], ischemic heart diseases [19,20],
pulmonary cardiac disease [21], affecting heart rate variability
and blood pressure [12], etc.

Biological membranes are essential in maintaining cell
integrity and function. Ion channels in cell membrane are
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targets for many toxins and drugs. Three prominent voltage-
gated ion currents are expressed in cardiac ventricular muscle;
the tetrodotoxin (TTX)-resistant sodium current (/y,), the L-
type calcium current (/c,;) and the transient outward
potassium current (/). These currents contribute in a precisely
timed and regulated manner to the development, maintenance
and termination of the action potential [22]. Voltage-gated
sodium channels play a crucial role in regulating the electrical
excitability of animal cells, being primarily responsible for the
depolarization phase of the action potential [23].

Recently, we have found that the SO, derivatives affected
sodium channels in the hippocampal CA1 neurons and dorsal
root ganglion (DRG) neurons from rats [24—26]. However,
little is known about the effects of SO, on sodium channel of
mammalian cardiomyocytes. In the present study, we examined
the effects of SO, derivatives on sodium channel in rat
cardiomyocytes by using whole cell patch-clamp technique in
order to probe into the possible mechanism of SO, on
cardiovascular system.

2. Materials and methods
2.1. Isolation of single ventricular myocytes

Single ventricular myocytes were isolated from the heart of adult rats
(200—-300 g body weight, Wistar) by a modified enzymatic dissociation
technique [27]. Rats were purchased from Experimental Animal Center of
Shanxi Medical University (Grade II, Certificate No. 070101). All experi-
ments conformed to local and international guidelines on ethical use of
animals and all efforts were made to minimize the number of animal used and
suffering. Briefly, the rats were stunned by heavy blow on the head. The heart
was rapidly removed and placed in oxygenated ice-cold Ca®'-free Tyrode’s
solution, and then the excised heart was mounted on a modified Langendorff
apparatus for perfusion of the coronary arteries. Blood was removed by a 4-
min period of perfusion with oxygenated 37 °C Tyrode’s solution, which was
followed by 5 min of perfusion with a nominally Ca**-free Tyrode’s solution.
Enzymatic digestion was initiated by 25 min of perfusion with 50 ml Ca**-
free Tyrode’s solution containing 15 mg collagenase (Type P, Boehringer
Mannheim, Roche). At the end of enzyme perfusion, the heart was
sequentially washed with 50 ml 0.2 mM Ca®" Tyrode’s solution plus 1 mg/
ml bovine serum albumin. The ventricles were then cut off, chopped into
small chunks and stirred in a small vessel containing ‘Krafteburhe’ (KB)
solution until elongated, striated myocytes dissociated from the tissue pieces.
Myocytes were harvested after filtering the cell-containing suspension through
a nylon mesh (200 pm). They were washed three times in storage solution and
then maintained at room temperature in KB solution for at least 1 h before the
electrophysiological experiment. The concentration of Ca®" in Tyrode’s
solution was gradually increased to 1.8 mmol/L. All experiments were
performed within 12 h after isolation.

2.2. Electrophysiological measurements

Isolated ventricular myocytes were placed in the experimental chamber
mounted on the stage of an inverted microscope (Olympus, Japan). After
setting to the bottom of chamber, the cells were superfused with the external
solution containing for 10 min at a rate of 2—3 ml/min at 25 °C. Sodium
currents were recorded with an Axopatch 200B patch clamp amplifier (Axon
Instruments, Foster City, CA, USA). Glass microelectrodes were made using a
micropipette puller (PP 830, Narishige, Japan) and had a resistance of 1-2 MU,
when filled with electrode internal solution. Only the rod shaped cells with
visible striations were used for experiments. Liquid junction potential between
the pipette solution and external solution was corrected after the pipette tipped
into the external solution. After forming a conventional “gigaseal”, the
membrane was ruptured with a gentle suction to obtain the whole cell voltage-

clamp configuration. To minimize the duration of capacitive current, membrane
capacitance and series resistance were compensated after membrane rupture. K*
current was suppressed by substituting intracellular K™ by Cs™. Ca*" currents
were blocked by adding CdCl, in the external solution before the electrophys-
iological recording. Evoked currents were low-pass filtered at 2 kHz, digitized
at 10 kHz, command pulses were generated by a Digidata 1200B (Axon)
controlled by pCLAMP version 6.0.4 software (Axon Instruments, CA, USA),
and on-line acquired data stored in a PC486 computer for subsequent analysis.
All experiments were carried out at room temperature (22—24 °C) 3 to 12 h after
isolation of rat cardiomyocytes.

2.3. Solutions

Tyrode’s solution contained (in mM): NaCl 137, KC1 5, MgCl, 1, NaH,PO,
0.33, CaCl, 1.8, HEPES 10, Glucose 10, pH 7.4. KB solution contained (in
mM): L-Glu 50, KCI1 30, Tau 20, KH,PO, 30, MgCl, 1, HEPES 10, Glucose
10, EGTA 0.5, pH 7.4. The external solution containing (in mM): NaCl 5, CsCl
135, MgCl, 1, CaCl, 2, HEPES 10, Glucose 10, pH 7.4. The electrode internal
solution containing (in mM): CsCl 130, NaCl 5, HEPES 5, EGTA 5, MgATP 5,
MgCl, 1, pH 7.2.

2.4. Drug application and data analysis

For drug application, a series of microtubes (200 uM i.d.) were glued
together side by side. Solutions were fed from independent reservoirs by
gravity. The micro-tubes were shifted horizontally with a mini-manipulator for
aligning the flow of solution from the tubes relative to the cell. By this system,
we can rapidly change the extracellular solution surrounding the myocyte and
test the effects of drugs in different concentration on the same cell. This method
is similar to that used by Xu et al. [28]. Sodium sulfite and sodium bisulfite
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Fig. 1. SO, derivatives enhanced voltage-gated cardiac sodium currents in a
concentration-dependent manner. (A) Traces of Iy, evoked in the absence and
presence of SO, derivatives. Currents were elicited by depolarization from a
HP of —80 mV to —40 mV. (B) Concentration—response curve of the SO,
derivatives enhancement on [y, Each point represents mean+S.D. (n=38).
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were purchased from Sigma and dissolved in the extracellular solution as 3:1
molar ratio.

All data were analyzed by the use of pPCLAMP 6.0 and Origin 5.0 software
(Microcal software, USA). All values were presented as mean+S.D., and
statistical comparisons were made using the paired Student’s ¢ test and one-way
ANOVA procedure, and the probabilities less than 0.05 were considered
significant.

3. Results

3.1. SO, derivatives increased Iy, in a
concentration-dependent manner

Cardiac myocytes were held at a holding potential (HP) of
—80 mV, an inward current was recorded with 30-ms voltage
steps to between — 70 and +40 mV from a HP of —80 mV with
10 mV increment. The inward current was reversibly blocked
by I uM TTX, indicating that current were attributed to sodium
current.

Upon the application of SO, derivatives, the amplitudes of
I, were increased, and this action progressed with increment
in concentrations from 1 to 200 puM (Fig. 1A, B). Under the
control conditions, the currents were decreased by 5.36+0.5%
(n=28). The peak amplitude of I, was increased by 8.3+1.1%
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and 84.1+5.3% (n=28) with SO, derivatives at 1 uM and 200
M, respectively (Fig. 1B). Concentration—response curve was
obtained by plotting the incremental percent against the
concentration of SO, derivatives, and the curve was fitted
with the Hill function (Eq. (1)):

E = Emax/[1 + (ECs50/C)"] (1)

where E is the percent of the increase of Iy, Enax 1S the
maximal percent of the increase of Iy, , the ECsy is the
concentration of SO, derivatives for half-maximum increase,
C is the concentration of SO, derivatives, and n, the Hill
coefficient. The ECsy of SO, derivatives on Iy, was
10.97+0.61 uM, with n of 1.07+0.05. The effect of the
drug was poorly reversible after washout. The result indicated
that the effect of SO, derivatives on [y, is concentration
dependent.

3.2. Effect of SO, derivatives on voltage-dependent activation
OfINa

To test the effect of SO, derivatives on /Iy, steady-state
activation, sodium currents were evoked by a series of 10-mV
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Fig. 2. Effects of SO, derivatives on the activation of /y,. (A) Time course of the enhancement of SO, derivatives on /y,. (B) Superimposed current traces in the
absence (top traces) and presence (bottom traces) of 10 uM SO, derivatives were evoked by 30-ms pulses from —70 to +40 mV with 10 mV increments every 2 s
(see inset). The holding membrane potential was set at —80 mV. (C) Current—voltage (/—V) relationships in the absence (O) and presence (@) of 10 uM SO,
derivatives were plotted according to the amplitudes of peak Iy, elicited by the voltage protocol in the panel B. (D) Activation curves of Iy, in the absence (O) and
presence (@) of 10 pM SO, derivatives. The data were well fitted by Boltzmann equation. Each point represents mean+S.D. (n=8) *P <0.05, **P <0.01 vs. control.
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voltage steps to potentials between —70 and +40 mV from a
holding potential of —80 mV. In the experiments where 30-
ms test pulses were applied, currents were measured at their
peaks. Representative recorded traces before and after
application of 10 uM SO, derivatives are shown in Fig.
2B. The enhancement effect of SO, derivatives on Iy, is
increased steadily over 10 min (Fig. 2A). Current—voltage
(I-V) curves for Iy, before and after application of 10 pM
SO, derivatives were constructed by plotting the peak of the
whole cell current against the test potentials. As shown in Fig.
2C, the threshold for activation of /v, was approximately
—60 mV and the peak amplitude of /y, was approximately at
—40 mV.

In order to quantify the effect of SO, derivatives on the
channel activation, G-V curves were constructed (Fig. 2D).
The curves were drawn according to the Boltzmann equation

(Eq. (2)):
G/Gmax = 1/1 4 exp[ — (V = V),) /], (2)

where G is conductance, G . 1S maximum conductance, V' is
the membrane potential, V7, is the voltage at which half-
maximal effect is obtained, and & is the slope factor.
Conductance was calculated by using the equation (Eq. (3)):

G=1/(V =), (3)

where [ is current amplitude and Vy, is the reversal potential
(Vna was estimated by extrapolation from the steep linear
ascending part of the /— ¥ relation to the zero-current axis). SO,
derivatives shifted G-V curve of sodium current toward the
hyperpolarizing direction. The values of V}, for activation of
Ina in control and in the presence of 10 uM SO, derivatives
were —51.72+0.15 mV (n=8) and —54.03+0.21 mV (n=8,
P>0.05), with k of 2.88+£0.17 mV (n=8) and 3.33£0.15 mV
(n=8, P>0.05), respectively. The SO, derivatives-induced
shift of V},, was not statistically significant.

3.3. Effect of SO, derivatives on steady-state inactivation of I,

Fig. 3A shows the effect of SO, derivatives on the voltage-
dependence of 7y, inactivation using a double-pulse protocol
(see inset): the membrane was first stepped to potentials
between — 120 and —20 mV to condition Iy, and then — 10
mV to test the extent of inactivation. A selected Iy.
inactivation traces from a typical experiments are shown in
Fig. 3A. The inactivation curves shown in Fig. 3B were
obtained by plotting the normalized 7y, against the prepulse
voltages. The plots were well fitted with a single Boltzmann
function (Eq. (4)):

[/Imax = 1/1 +exp[(V - Vh)/k]a (4)

where V' is the prepulse potential, 7}, is the potential where
normalized / was reduced to one half and k is the slope
factor. SO, derivatives (10 uM) caused a positive shift of the
inactivation curve along the potential axis [control
Vh=—76.04£0.49 mV vs. SO, derivatives —69.63+0.49
mV (n=8, P<0.05)]. However, the slope factor k£ [control
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Fig. 3. Effect of SO, derivatives on steady-state inactivation of Iy,. (A)
Inactivation current traces in control (top traces) and 10 pM SO, derivatives
treated (bottom traces) examined with a double-pulse protocol (see inset). (B)
Normalized steady-state inactivation of /, in the absence (O) and presence of
10 uM derivatives (@) were plotted as a function of the conditioning voltages.
The steady-state inactivation curves were fitted with Boltzmann function (see
text). The value of each point is mean=S.D. (n=8) *P<0.05, **P<0.01 vs.
control.

6.83+0.44 mV vs. SO, derivatives 6.21£0.44 mV (n=8,
P>0.05)] remained unchanged.

3.4. Effect of SO, derivatives on recovery of Iy, from
inactivation

The kinetics of recovery of Iy, from inactivation in the
absence and presence of SO, derivatives were evaluated by
identical two-pulse protocols (Fig. 4A, inset). To inactivate
cardiac sodium channels, we applied a 100 ms prepulse to —30
mV from a holding potential of —80 mV. This fixed prepulse
was followed by a return to HP with variable duration (A¢) and
then by a 100-ms test pulse to —30 mV. The time course of
recovery from inactivation of Iy, was fitted well with a bi-
exponential function (Fig. 4B, open circle), Under control
condition, the fast (7¢ ) and slow (1 ) recovery time constants
of Iy, were 54.8+4.3 ms and 144.3+6.3 ms (n=S8). In the
presence of 10 pM SO, derivatives, the recovery from
inactivation of Iy, also was fitted well with a two-exponential
function (Fig. 4B, solid circle) with the values of 49.6+3.6 ms
for 7y and 109.2+5.2 ms for 74 (n=28). The difference of slow
recovery time constant between control and SO, derivatives are



A. Nie, Z. Meng / Biochimica et Biophysica Acta 1718 (2005) 67—73 71

A
30mV 100 ms 100 ms
A
— 1 P 4 P, L
-80 mV
< L
=]
_I :P 100 ms
B
1o b
09
0.8
s 07
o)
= 06 |
Q
B oosk
N
= L
g o O Control
2 03 ® 10 M SO, derivatives
02
01+
UO 1 1 " 1 " 1 " 1 " 1 1

0 100 200 300 400 500 600

PP, Interval (ms)

Fig. 4. Effect of SO, derivatives on kinetics of recovery of Iy, from
inactivation. (A) Superimposed current traces for recovery of Iy, from
inactivation. The pulse protocol was composed of two pulse, one 100-ms
prepulse from — 80 to —30 mV, followed by a depolarizing pulse to —80 mV
with progressively prolonged durations from 0 to 600 ms and then a 100-ms
test pulse to —30 mV. The membrane holding potential was —80 mV and the
rate of pulse was 0.5 Hz. (B) The time course of recovery of peak /v, from
inactivation is shown in the absence (O) and presence of 10 uM SO,
derivatives (®). Currents were normalized to their maximal values of Iy,
recorded before application of the protocol. Recovery of Iy, from inactivation
was markedly accelerated for 7, in the presence of 10 pM SO, derivatives. Data
were fitted well with two-exponential function. The value of each point is
mean+S.D. (n=8) *P<0.05, **P<0.01 vs. control.

significant (P <0.05, n=8). These results indicated that SO,
derivatives accelerated recovery from inactivation of cardiac
sodium channels.

3.5. Effect of SO, derivatives on kinetics of I, activation and
inactivation

The records in Fig. 2B show that the kinetics of Iy,
activation and inactivation are more rapid in presence of SO,
derivatives than in absence. The differences in kinetics are
highlighted in Fig. 5, where the /Iy, recordings were for steps to
—40 mV in control (left panel) and 10 uM SO, derivatives
(right panel). The kinetics of both [y, activation and
inactivation could be well fitted by mono-exponential func-
tions. Fig. 5B, C show that the mean time constants for
activation (t,,) and inactivation (ty,) are significantly greater

(P<0.05 or P<0.01) in control than in presence of 10 uM SO,
derivatives over the entire range investigated (from —40 to
+40 mV). At —40 mV, 1, of Iy, was 0.91 £0.24 ms in control,
and 0.81+0.13 ms in the presence of 10 uM SO, derivatives,
whereas 1}, of Iy, was 3.82+0.52 ms in control, and 3.10£0.63
ms in the presence of 10 uM SO, derivatives (P <0.05). These
results indicated that SO, derivatives shortened the time
constants for both activation and inactivation of Iy, but it
only significantly affected the inactivation time constant and
the effect on the activation time constant was slightly.
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Fig. 5. Effects of SO, derivatives on kinetics of time dependent activation and
inactivation of /y, in rat ventricular myocytes. (A) Current traces elicited by a
30-ms voltage step to —40 mV from —80 mV in control and SO, derivatives.
The raw data were fitted by mono-exponential function with activation (7,,,) and
inactivation (ty,) time constants shown. (B) and (C) Voltage-dependence of
activation (7,,) and inactivation (t},) time constants of Iy, under the control (O)
and 10 pM SO, derivatives treated (@). Both 7., and t}, were smaller after
application of 10 uM SO, derivatives. The value of each point is mean+S.D.
(n=8) *P<0.05, **P<0.01 vs. control.
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4. Discussion

This study has shown that SO, derivatives significantly
enhanced voltage-gated sodium channels (VGSC) in a con-
centration-dependent manner in isolated adult rat cardiomyo-
cytes. The data obtained in the experiments demonstrated for
the first time that SO, derivatives stimulated /7y, in mammalian
cardiac myocytes. Stimulation of the Iy, by SO, derivatives in
our study was concentration-dependent and irreversible. Most
of the observed current increases were due to the increase in the
maximum conductance. A minor part can be explained by
changes in voltage-dependent parameters. In the present
experiments, SO, derivatives increased Iy, and its ECs, value
was approximate 10 pM.

SO, derivatives (10 uM) significantly shifted the inactiva-
tion curve to more positive potentials (¥}, from —76 to — 69
mV), but shifted the activation curve to negative potentials (7,
from —52 to —54 mV) and this effect was not significant.
These results showed that SO, derivatives mainly affected the
inactivation course of cardiac sodium channels. The positive
shift in the steady-state inactivation curve might contribute to
the increase of Iy, SO, derivatives at 10 uM shortened both
the fast and slow components of recovery from inactivation of
cardiac sodium channels, but the effect on slow time constant
was significant (from 144.3 to 109.2 ms). In addition, SO,
derivatives also shortened both the activation and inactivation
time constants of cardiac sodium channels, but the effect on the
latter was significant. These results also indicated that SO,
derivatives mainly interacted with the inactivation state of
sodium channels.

Cardiac sodium channels play a critical role in the
initiation and propagation of the cardiac action potential
[29]. The fundamental properties that enable sodium channels
to carry out their physiological roles include rapid, voltage-
dependent activation, which opens the channel, and inactiva-
tion closes the channel and prevents it from reopening until
there has been sufficient time for recovery. Many toxins,
insecticides, and clinically useful drugs affect sodium channel
inactivation [23].

The past studies in our laboratory have showed that SO,
derivatives modulated sodium channels in DRG neurons [24]
and hippocampal CA1 neurons [25,26]. SO, derivatives mainly
affected the inactivation course of sodium channels in two
neurons above mentioned. In the present study, SO, derivatives
at the same concentration also mainly affected the inactivation
of cardiac sodium channels. All these data suggested that SO,
derivatives modulation of sodium channels was not specific on
cell types or channel isoforms.

The mechanism by which SO, derivatives affect cardiac
sodium channels are not clear now. However, we hypothesize
that there are several potential interpretations. One possibility
is that SO, derivatives affect the redox state of sodium
channels. It has been shown that membrane proteins,
including ion channels, are responsive to redox state [30].
Changes in the redox state of amino acid residues in channel
proteins may lead to a conformational change and alterations
of channel activity [31]. SO, dissolved in body fluid and

form its derivatives, sulfite and bisulfite. The one-electron
oxidation of bisulfite produces the sulfur trioxide radical
anion, which reacts rapidly with molecular oxygen to form a
peroxyl radical, and further forms several kinds sulfur- and
oxygen-centered free radicals, such as SO;, SO; , and
SOs ~ etc [32,33]. The free radicals generated by SO, can
damage nucleic acids [7,34] and induce mutation [7,35,36].
Moreover, these radicals can react with proteins and lipids
[37]. 1t is possible that SO, derivatives can induce a change
in redox state of amino acid residues of sodium channel
proteins, leading to a conformational change and subsequent-
ly an alteration of the channel properties. Our previous study
indicated that three kinds of antioxidase (SOD, CAT, Gpx)
could partly inhibit the enhancement effect of SO, and sulfite
on sodium channel of rat hippocampal neurons [26].
Therefore, the detailed mechanism of the sulfite, bisulfite-
induced sodium current enhancement may involve the
formation of sulfur- and oxygen-centered free radicals. These
radicals might react with sodium channel protein and cause
several kinds of electrophysiological changes, like as the
changes in the present study. Another possible mechanism
might involve the changes in intracellular signaling pathways.
Pervious studies have indicated that sodium channels be
involved in signal transduction in neurons and cardiac
myocytes [38]. Some drugs could regulate the activity of
sodium channels through G-protein linked second-messenger
systems [39]. Our recent study suggested that SO, derivatives
might modulate L-type calcium channel via cAMP-PKA
pathway [40]. Therefore, SO, derivatives might enhance
sodium channels through mobilization of some common
second messenger. The specific mechanism of SO, deriva-
tives affecting sodium channel should be studied further in
detail.

In summary, the results of the present work suggested that
SO, derivatives could modulate voltage-gated sodium channels
in rat cardiac myocytes. This modulation involved an increase
of peak Iy, with a change in the voltage dependence
inactivation and activation of /Iy, the acceleration of the time
course of the activation, inactivation and the recovery from
inactivation, which might lead to cardiac abnormalities, result
in arrhythmias and frequently in sudden cardiac death. Hence,
our study suggested that inhalation SO, or intake food
containing sulfite (bisulfite, metabisulfite, etc) might also
increase the cardiac contractility or cause several kinds of
cardiomyopathies.
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