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Abstract: Exogenous SO, is toxic especially to the pulmonary and cardiovascular system,
similar to nitric-oxide, carbon-monoxide, and hydrogen-sulfide. Endogenous SO, is
produced in many cell types. The SO, content of the rat heart has been observed to
substantially decrease during isoproterenol-induced hypertrophy. This study sought to
determine whether an SO, derivative could inhibit the prolongation of action potentials
during the isoproterenol-induced hypertrophy of rat cardiomyocytes and explore
the ionic currents. Alongside electrocardiogram recordings, the voltage and current-
clamped measurements were conducted in the enzymatically isolated left ventricular
cardiomyocytes of Wistar rats. The consistency of the results was evaluated by the novel
mathematical electrophysiology model. Our results show that SO, significantly blocked
the prolongation of QT-interval and action potential duration. Furthermore, SO, did
not substantially affect the Na" currents and did not improve the decreased steady-
state and transient outward K’ currents, but it reverted the reduced L-type Ca” currents
(I.,) to the physiological levels. Altered inactivation of /. was remarkably recovered
by SO,. Interestingly, SO, significantly increased the Ca™ transients in hypertrophic rat
hearts. Our mathematical model also confirmed the mechanism of the SO, effect. Our
findings suggest that the shortening mechanism of SO, is related to the Ca® dependent
inactivation kinetics of the Ca™ current.

Key words: Action potential, cardiomyocytes, hypertrophy, isoproterenol, rat, sulfur
dioxide.

can alleviate various cardiovascular diseases
in mammals (Jin et al. 2008, Liang et al. 2011,

Sulfur dioxide (SO,) is an air pollutant and a toxic
agent that has been reported to be harmful to
many organs including the heart, liver, and brain
(Meng 2003, Meng & Liu 2007). However, food
and manufacturing industries continue to use
SO, and its related compounds as a preservative.
Ironically, SO, can also be generated from the
metabolism of sulfur-containing amino acids
(Stipanuk 2004, Du et al. 2008, Luo et al. 2011), and
this endogenous compound and its derivatives

Zhang et al. 2011). Hence, SO, may have opposite
modulatory effects in the cardiovascular system
(Huang et al. 2016b). Cysteine dioxygenase (CDO)
catalyzes L-cysteine, a sulfur-containing amino
acid, into L-cysteinesulfinate, which is converted
by aspartate aminotransferase (AAT) to
B-sulfinylpyruvate, which subsequently breaks
down into pyruvate and SO, (Stipanuk 1986).
Gasotransmitters such as carbon monoxide
(CO), nitric oxide (NO), and hydrogen sulfide
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(H,S) modulate several cellular functions
either physiologically or pathophysiologically
in mammals (Hermann et al. 2012). SO, is
considered to be another gasotransmitter that
has ameliorating and regenerative effects on
cardiovascular diseases (Huang et al. 2016a).
Previous studies indicate that SO, administration
lowers systolic blood pressure, improves aortic
remodeling in hypertensive rats (Zhao et al.
2008), reduces the inflammatory nuclear-
factor-kB (NFkB), and the intercellular adhesion
molecule-1 (ICAM-1) during hypoxic pulmonary
hypertension (Sun et al. 2010). Moreover, SO,
application diminishes atherosclerotic lesions,
enhances superoxide dismutase (SOD) and
glutathione peroxidase (GSH-Px) activity and
reduces the levels of malondialdehyde as an
oxidative marker in atherosclerotic conditions
(Liang et al. 2017).

Electrophysiological studies on the
cardiovascular system indicate that SO, modifies
the sodium (Na"), potassium (K) and calcium
(Ca”™) ion channels and the functions of Na'/Ca™
exchangers (NCX). The Na“ current, which is one
of the important currents in action potential, is
increased by SO, and its derivatives in varying
concentrations (Liu et al. 2010). Moreover,
SO, derivatives shift the kinetics of voltage-
dependent Na'" channel inactivation toward
positive potentials, accelerate the period of its
recovery, and alter the time-dependent recovery
curve (Nie & Meng 2005a). Another important
ion current in action potential is K', which is
responsible for the repolarization and resting
phase. Furthermore, SO, and its derivatives
increase the transient outward (/) and inward
rectifier (I,,) potassium currents, but they do
not affect the steady-state outward current
(I.). They also shift the activation curve toward
the more negative potentials and accelerate
the recovery from inactivation for /_(Nie &
Meng 2005b). Calcium is a dominant ion, which
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generates the plateau phase in action potential
and acts as the crucial second messenger
in many signaling pathways in physiological
and pathophysiological conditions. Although
there are various types of Ca” channels in
sarcolemma, the most important one is the
L-type calcium channel (I ). Interestingly, there
is no consensus on the effects of SO, on /.
It was found that SO, derivatives increase the
I, shift the activation and inactivation curves
to more positive potentials, and accelerate
the recovery from inactivation (Nie & Meng
2006). However, another study suggests that
SO, derivatives depress the peak amplitude of
Ca™ currents, and that they do not alter the
reversal potential (Zhang et al. 2011). The NCX
protein provides calcium-sodium balance in
the intracellular matrix not only to ensure the
progression of action potential but also to
eliminate the overload of free intracellular Ca™
concentration ([Ca®]). While SO, derivatives
substantially reduce NCX activity, the [Ca*] is
raised at rest (Nie & Meng 2007).

The sympathetic adrenergic system
involving the B-adrenergic receptors (B-ARs)
has chronotropic, inotropic, and lusitropic
effects that are crucial in the regulation of
cardiac output (Bers 2002). As B-AR signaling
arranges the cardiac Ca* cycling and excitation-
contraction coupling (ECC) in physiological
conditions, it also affects the cardiac alternant,
leading to pathophysiological conditions.
Cardiac hypertrophy is an adaptive response
mechanism to pressure or volume stress.
ECC is the most affected mechanism against
pressure or volume change, which involves the
downregulation of B-AR signaling (Greenstein
et al. 2004). Isoproterenol is a non-selective
B-AR agonist that accelerates the function
of the B1 and B2 subtypes, and it has been
widely administered in vivo in physiological or
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pathophysiological models for hypertrophic
heart (Heather et al. 2009).

The SO, content of the heart was found to
decreaseinanisoproterenol-induced myocardial
injury model (Chen et al. 2012a). Several studies
have reported that the beneficial effects of SO,
may be due to the prevention of oxidative stress
in rat models (Liang et al. 2011, Chen et al. 2012a).
Furthermore, SO, reverses the deleterious effects
of isoproterenol on the Ca” regulating protein
levels in cardiomyocytes (Chen et al. 2012b)
and on the ultrastructure of the myocardium
(Liang et al. 2011). Despite these findings, it
is still not clarified whether SO, prevents the
altered excitation of cardiomyocytes. Hence,
this study aimed to investigate whether SO,
prevents the isoproterenol-induced alterations
in the excitation of ventricular myocytes, and to
determine the ionic currents responsible for the
electrophysiological alterations.

MATERIALS AND METHODS

Preparation of animals and experimental
groups

In this study, we used 3-month-old male
Wistar rats weighing 250-350 g. All animals
used in this study were cared for and handled
following the rules of Akdeniz University's
Experimental Animals Ethics Committee. Four
experimental groups were defined as Control,
isoproterenol-treated (1SO), isoproterenol and
sodium metabisulfite-treated (ISO+S02), and
sodium metabisulfite-treated (S02). In order
to induce hypertrophy in the model, we used
40 mg/kg of isoproterenol per day for 7 days
by intraperitoneal injection and 40 mg/kg of
sodium metabisulfite per day as an SO, donor
by means of gavage. Control group animals were
given 0.9% saline solution. The animals were
euthanized a day after the last injection in order
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to avoid the acute stimulant adrenergic effect of
isoproterenol.

Electrocardiography

Rat ECG recordings were acquired under 2%
isoflurane anesthesia. Limb Il ECGs were
recorded continuously using subcutaneous
needle electrodes connected to a Biopac MP100
amplifier. Isoelectric line drift due to respiration
was eliminated by applying a 1 Hz high-pass filter
to the recordings. 30 to 45 beats were selected
from the noise-free signal and analyzed for QT
interval and corrected QT (Qtc).

Single ventricular cardiomyocyte isolations

Rats were anesthetized with pentobarbital
sodium (20 mg/kg) before rapid excision and the
aorta was cannulated on a Langendorff system.
Hearts were perfused with Ca”-free solution [in
mM: 145 NaCl, 5 KCl, 1.2 MgSO,, 14 Na,HPO,, 0.4
NaH,PO,, 5 HEPES, and 10 glucose (pH adjusted
to 7.4 with NaOH, at 37°C)] for 3-4 minutes to
abduct remaining blood in coronary arteries.
Afterwards they were perfused with the same
solution containing 0.7-1 mg/ml collagenase
(collagenase A, Roche) and 0.04-0.08 mg/ml
protease (protease V) for 20-25 minutes. In the
following steps, the left ventricle was separated
from the whole heart, minced into small pieces,
triturated by Pasteur pipette, massaged through
a nylon mesh, and dissociated cardiomyocytes
were washed with the Ca*-free solution. Later,
the Ca™ concentration of the cardiomyocyte
suspension was gradually increased to 1.8
mM. Calcium-tolerant cells were kept at room
temperature and used for experiments on the
same day.

Electrophysiological parameters

In this study, we studied action potential,
voltage-dependent Na’ (I, ), transient outward K’
(1), steady state K’ (/_), and L-type Ca* currents
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(I.,) using a patch-clamp amplifier (Axon
Axopatch 200B, Molecular Devices) in whole-cell
configuration. During patch-clamp experiments,
cells were studied within Tyrode solution [in mM:
137 NaCl, 5.4 KCl, 0.5 MgCL, 1.5 CaCl,, 11.8 HEPES,
and 10 glucose (pH adjusted to 7.4 with NaOH,
37°C)] and pipette resistance was kept between
1.5-2.5 MQ (P700 Puller, Sutter Instrument). The
pipette solution used contained (in mM) 140
KCL, 5 NaCl, 4 Na ATP, 4.5 MgCL, 10 HEPES and pH
was kept at 7.2 using NaOH. Action potential was
evoked by 4 ms square pulses at 1 Hz. Action
potential (AP) amplitude, time to peak, action
potential duration (APD) at 50% (APD,,) and
90% (APD%) of repolarization, and the resting
membrane potential were calculated.

During the | _ experiment, cells were keptin
Tyrode solution and superperfused with external
solution [in mM: 120 NaCl, 10 TEA, 5 CsCl, 1 MgCL,
10 glucose, 10 HEPES, 1.5 CaCl,, and 0.5 CdCl,
(pH=7.4, adjusted with CsOH)]. The patch pipette
was filled with internal solution containing (in
mM) 120 CsCl, 5 Na-ATP, 5 MgCL, 10 TEA, 10 HEPES,
1CaCl, and 0.3 LiCl (pH=7.2, adjusted with CsOH).
Cells were held at -120 mV and |, was obtained
by voltage steps to potential ranging from -100
mV to +40 mV with 5 mV increments. For steady-
state inactivation, cells were held for 1 second at
different potentials from -140 mV to 20 mV with 5
mV additions before a step to -40 mV to elicit /.
To study recovery from inactivation, cells were
held at -120 mV and two 20 ms pulses to -30 mV
were applied with 5 ms increment in the interval
between pulses of consecutive episodes.

During K" current recording, the use of 250
UM cadmium chloride (CdClz) inhibits calcium
current. For the measurement of | _and I,
cells were held at -70 mV and a prepulse
from -70 mV to -45 mV was used to inactivate
voltage dependent Na' channels. Next, 1000
ms depolarizing voltage steps between -120 mV
and +70 mV were performed. /| was measured
as the difference between peak current and the
last part of the current which was defined as
sustained current.
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For the measurement of /_, cells in the
Tyrode solution were superperfused with
external solution (in mM: 137 NaCl, 5.4 CsCl, 1
MgCl, 1.8 CaCl, 5 HEPES). Patch pipettes were
filled with a solution containing (in mM) 140
CsCl, 5 NaCl, 4 Na,ATP, 4.5 MgCL, 10 EGTA, and 10
HEPES; this was kept at pH 7.2 using CsOH. The
voltage-clamp protocol consisted of a 100 ms
prepulse from -70 mV to -45 mV to inactivate
the sodium channels. Following this step, 300
ms depolarizing voltage steps were performed
between -50 mV and +50 mV. |, was measured
to differentiate between peak current and
steady current at the end of the pulse. In order
to calculate the inactivation kinetic of /_, two
exponential equations (fast and slow) were
fitted to the currents at 0 mV.

Intracellular Ca* transients were measured
by means of a ratiometric fluorescence Ca*
indicator; Fura-2AM (Invitrogen). In order to load
the fluorescence dye, isolated single cells were
incubated with 4pmol/L Fura-2AM at 37 °C for 1
hour and then washed three times with fresh
Tyrode solution. After a 1 hour de-esterification
period, the cells were transferred under
inverted microscope (Olympus IX71). Excitation
wavelengths were 340 and 380 nm, the emission
was measured at 510 nm (lonOptix Inc.). The
fluorescence ratio of the emitted light at 340 and
380 nm (Fm/m) was calculated as an indicator of
[Ca*]. Peak amplitude and time to 90% baseline
were determined from Ca” transient responses
evoked by field stimulation at 1 Hz frequency.
Background fluorescence measured from the
cell free field was subtracted from all recordings
before calculation of the ratio.

Mathematical AP modelling

We optimized a detailed Hodgkin-Huxley type
multi-compartment model by incorporating
ion channels recorded experimentally from rat
ventricular cardiomyocytes. All ion channels are
modeled as described in Sengul et al. 2020. A stiff
differential equation solver function was used
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with Gear's method (dt=0.01). For optimization,
the modeling part of the code was rewritten in
the C programming language to calibrate with
experimental data. A nonlinear optimization
library has been integrated to the code that
includes a variety of optimization functions.
Following the optimization step, conductance
of related ion channels in the model were
determined. The modeled action potential is
generated with an applied current of 0.50 nA
for 5 seconds adapted from the experimental
protocol used to evoke action potentials in rat
ventricular myocytes.

RESULTS

S0, did not cease the isoproterenol-induced
hypertrophy

The mean heart weight to body weight (HW/BW)
ratio of both the ISO and ISO+S02 groups were
increased compared to that of the control (Table
). The 1SO+S02 group had a mean HW/BW ratio
that was statistically lower than that of the ISO
group butwas not entirely returned to that of the
Control group. We were not able to determine
the cardiac hypertrophic levels using the HW/

Table I. Morphological parameters of animals.
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BW ratio because of the unequal loss in the BW
of the rats in 7 days (Table 1). Alternatively, we
evaluated the heart weight to tibia length (HW/
TL) ratio, which was not affected by changes in
BW during the experimental period. The HW/
TL ratio of the ISO group was increased, but it
was not substantially different from that of the
ISO+S02 group. Thus, SO, alone did not make a
difference in the HW/TL of the ISO and 1SO+502
groups and the control (Table I). The myocyte
cell capacitance values were measured during
the whole cell voltage clamp procedure also
which gave information about the hypertrophic
state of the heart, beside the global hypertrophic
indices. The mean capacitance values of the
groups were also verified the HW/TL results.

QT interval was reformed by SO,
administration.

In order to determine SO, effect on excitation
of the hypertrophic heart, limb Il derivation of
ECG was recorded from the rats of experimental
groups and the results were given in Figure 1a.
After 7 days of isoproterenol administration,
the heart rates of the ISO group animals were
increased compared to those of the Control

Experimental Group Control ISO 1SO+S02 S02

(n=30) (n=24) (n=26) (n=26)
Initial BW 3123 £ 84 338.6 + 11.4 320.0 £ 85 315.0 + 11.2
Final BW 3242 + 8.7 298.3 + 6.7 3019 + 89 3245 £10.8

% BW Change 39+05 (-)52+0.8 (-)23+13 33+06
HW (g) 134 +0.03 173 £ 0.05 1.67 £ 0.04 133 +0.05
TL (cm) 391+0.02 3.86 + 0.04 3.84 +0.03 3.84 +0.04
HW/BW (ug/g) 415 + 0.07 5.88 + 013* 5.58 + 0.08*# 410 + 0.06
HW/TL (mg/m) 34.31 + 0.65 4523 +1.08* 4431+ 0.92* 3491 +1.03
Cm (pF) 268 + 9.86 343 +12.7* 365 + 17.6* 275 +13.79

Values are means + SEM. *p<0.01 versus Control animals; #p<0.01 versus ISO animals. HW: Heart Weight, BW: Body Weight, TL:

Tibia Length.
Cm:Cell membrane capacitance.
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group. On the other hand, the heart rates of
ISO+S02 animals were not statistically significant
compared to those of the Control group and
significantly decreased compared to the ISO
group (Figure 1b). In contrast to the unchanged
QRS amplitude in the groups (Figure 1c), the
QT interval of the ISO group was significantly
prolonged compared to that of the Control
group (Figure 1d).

Interestingly, recovery of SO, levels in ISO
group animals shortened the prolonged QT
interval in ISO+S02 group animals as shown
in figure 1d. Additionally, QTc was calculated
using Bazett's approach to prevent ventricular
repolarization from heart rate variability. QTc
values were presented in figure 1e. Based
on these data, it was found that ventricular
repolarization was prolonged in the ISO group
compared to the Control group. Furthermore,
this prolongation decreased in the 1SO+S02
group as well.

SO, blocked the action potential prolongation

The action potentials that we recorded helped us
to identify the course of action on the excitation
of the single ventricular cardiomyocytes. Initially,
the peak periods of the action potentials
were not significantly different among the
experimental groups (Figure 2b). We were able
to evaluate the difference in amplitudes only
with the 1ISO+S02 group. Nonetheless, the action
potentials of the ISO+S02 group had larger
amplitudes compared to those of the I1SO and
the Control groups (Figure 2e). Thus, the major
determinant of cardiomyocyte excitability may
be the resting membrane potential (RMP), and
the modification of this phenomenon may impair
several physiological processes. The average
RMP of the ISO+S02 group was lower than that
of the control. Nevertheless, the ISO+S02 group
was more hyperpolarized than the ISO group
and the Control (Figure 2f). The most applicable

SO, SHORTENS PROLONGED ACTION POTENTIAL IN RAT HEART

parameter turned out to be APD, considering
that stable excitation particularly during the APD
is required for healthy contraction. Half width
durations (APDsO) of the cardiomyocytes did not
differ significantly between the experimental
groups, although the isoproterenol applied
groups’ (ISO and 1SO+502) APD,, values were
slightly longer than that of the Control group
(Figure 2¢). In addition, the ventricular myocytes
of both the ISO and ISO+S02 groups had longer
APD, parameters compared to those of the
control. Moreover, SO, application markedly
shortened the APD,, of the ISO+S02 group, but it
did not affect the APD,, of the SO2 group (Figure
2d).

SO, did not modify I _ in isoproterenol induced
hypertrophic heart

The |, inventricular cardiomyocytes is the basic
current for excitation processes, considering that
ittriggersthe fast upstroke ofthe action potential.
Previous studies have even demonstrated the
forward potency of | _ontherepolarization phase
of action potential. The voltage characteristics
of the | density in the ISO and ISO+S02 groups
is considerably decreased compared to those of
the control (Figure 3b). Conversely, the |, density
in the ventricular myocytes of the SO2 group
was increased relative to that of the control.
Nonetheless, there were no differences in the
I-V characteristics of the |  density between ISO
and ISO+S02 groups as seen in figure 3b. These
results indicate that / , does not play a role in
the mechanism of action potential shortening
as a result of SO, administration.

I-V characteristics of the K’ currents failed to
explain the APD_ alteration

The voltage-gated K" channels are the primary
determinants of action potential repolarization
in the mammalian myocardium. Being in the
early stage of repolarization in ventricular cells,
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I, currents are rapidly activated and inactivated
atpositive membrane potentials of more than-30
mV. The results of the voltage clamp experiment
on |-V characteristics show that the /_was
significantly reduced in hypertrophic animals
(ISO and 1SO+502). In addition, the I, density of
ISO+S02 was further decreased as compared to
that of the 1SO group (Figure 3d). Remarkably,
the decrease of the | density in the ISO+502
group was more pronounced at all membrane
potentials. Nonetheless, these findings that are
deduced from I-V characteristics do not endorse
the prolongation of action potential in the
hypertrophic model, not even the shortening
mechanism of SO2 on the action potential.

The steady-state background currents are
efficient modulators of the action potential
plateau in ventricular myocytes. These currents
contain several components such as the [,
the delayed K' current, and the background
K" current. In our experiments, the whole-cell
current elicited by the voltage ramps in the
ventricular cells of all the groups revealed the
possible role of the currents in the prolongation
of the repolarization phase of the action
potentials of both the ISO and ISO+S02 groups,
since the I in both the ISO and ISO+S02 groups
was significantly decreased relative to that of
the control. However, the | densities were not
considerably different among all the groups
(Figure 3e). I, a determining current of the
repolarization phase in cardiomyocytes, can be
deduced from the potential between -70 and
-120 mV from |-V characteristic curves (Figure
3e). The |, density of all experimental groups
was decreased when compared to that of the
control group.

SO, hindered the isoproterenol-induced
reduction of I, and [Ca®"],

Calcium ion currents in cardiomyocytes are
crucial to explain excitation and contraction

SO, SHORTENS PROLONGED ACTION POTENTIAL IN RAT HEART

alterations in cardiomyocytes. In order to
understand the underlying mechanisms of
extended APD,, we have investigated /_ in
freshly isolated cardiomyocytes. The I density
in the ISO group was significantly decreased,
whereas that of the I1SO+S02 group was
remarkably increased and returned to the level
of the Control group (Figure 4c). Activation and
inactivation kinetics of voltage control channels
determine the current during action potentials.
We found that isoproterenol administration
lowers the fast inactivation constant (tf) at 0
mV compared to the Control group (Figure 4e).
However, the ISO+S02 group had an elevated
slow inactivation constant (ts) at 0 mV compared
to the I1SO groups (Figure 4f). Additionally, SO2
administration had a speeded up tf at 0 mV
compared to the Control groups (Figure se).
While a slowdown in Ts at 0 mV was observed
in the 1SO group compared to the Control group
(Figure 4f).

Although there was an increase in
isoproterenol administration in terms of calcium
discharged from SR, no significant difference
was observed between the control groups. At
the same time, The 1SO+S02 groups had an
increase in AF,, ... compared to not only the
Control but also the ISO groups. Furthermore,
SO2 administration had enhanced AF,, ..
compared to the Control group (Figure 4g). In
terms of calcium removal from intracellular
space, a decrease was observed in the 1SO+S02
group compared to the Control and ISO groups.
In addition, SO2 administration also had a
decreased time to baseline of 90% compared
to the Control group. There was no statistically
significant difference between the ISO and
Control groups in terms of time to baseline 90%
(Figure &4h).

An Acad Bras Cienc (2021) 93(Suppl. 3) €20201664 9 |15



UGUR DALAMAN et al.

The mathematical model clarified
electrophysiological results

Alteration in the action potential duration
of cardiomyocytes may not be adequately
interpreted as linear interaction of
transmembrane ion currents estimated
from the |-V relationship. The nonlinear
interaction between membrane ion channels,
transmembrane voltage and dynamically

1S0+5032 l 202
Mombrars Pobential (m)
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changing ionic concentrations must be
considered. Hence, the mathematical model of
the ventricular cardiomyocytes action potential
was used to complete the interpretation of the
focused results. The amplitudes and APDs of the
modeled groups were parallel with those of all
respective experimental groups (Figure 5). The
changes in the AP duration and underlying ionic
currents were observed in both the hypertrophic
heart and SO, application that can be examined

Figure 4. Current-voltage
characteristics of I__ .
Representative total Ca® current
signals at all clamped potentials
(a) and I-V characteristics of

I, (c) recorded from each
experimental groups. I, density
were reduced by isoproterenol
application. However, I density
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150
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of 1S0+S02 was reversed to
the control level. Additionally,
the I, of SO2 was augmented
compared to the control group.
Representative comparison

of I kinetics at 0 mV can be
seen in panel (b). Inactivation
of I, were calculated by fitting

] two exponential, defined as

slow and fast inactivation

(e and f, respectively). While
isoproterenol administration
impaired fast and slow
inactivation kinetics, values of
ISO+S02 were reversed to control
values by SO, administration.
However SO, accelerated fast
kinetic compare to the control
group. Representative total Ca*
transient signals was showed in
panel (d). AF_, .. demonstrate
peak discharged of Ca* from

SR (g). Transients height was
elevated in 1ISO+S02 compare to
control and ISO groups. While
Ca” reuptake time (h) into SR
were accelerated in ISO+S02.
Values are means * SEM. *p<0.01
versus Control; #p<0.01 versus
ISO (Number of cells; Control:14,
1S0:23, 1S0+502:16, SO2:15).

150307

507

150+302

€20201664 10| 15



UGUR DALAMAN et al.

in the Supplementary Material Figures S1-S4 and
Table Sl

DISCUSSION

Recent studies have proposed that endogenous
SO, has a role in the physiological and
pathological mechanisms of the cardiovascular
system, but their findings provide contradictory
evidence, confounding the existing research.
Nonetheless, these studies have at least paved
the way for endogenous SO, to be considered as
a gasotransmitter.

One of the reasons for the contradictory
results might arise from the presence of various
sulfur-containing molecules. SO, may exist in
the gaseous form or may be hydrated to sulfite.
Then it is subsequently oxidized by sulfite
oxidase to sulfate, which is excreted in the
urine (Stipanuk 1986, Singer & Kearney 1956).
Compared to SO, derivatives, gaseous SO, was
claimed to be a more active molecule (Zhang
& Meng 2012). Furthermore, SO, interacts with
other gasotransmitters. In fact, SO, and H_S share
the same endogenous substrate, L-cysteine,
and they can mutually transform under certain
biochemical conditions (Shapiro 1977, Kamoun

—— Control

— IS0

—— S0,

——1S0+S0,
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2004, Chen et al. 2011). They also have similar
regulatory roles including vasorelaxation,
antioxidative action, and inhibition of
inflammation and apoptosis. Several studies
indicate that the endogenous SO, content of
the heart may decrease significantly via the
inhibiting glutamic oxaloacetic transaminase
pathway in animal models of isoproterenol-
induced myocardial injury (Liang et al. 2011),
and that the administration of SO, donor may
restore the content (Chen et al. 2011).

The principal result of the study
demonstrates that sodium metabisulfite as
an SO, donor prevents electrophysiological
alteration in the isoproterenol-induced
hypertrophic rat model. The prolongation
of action potential is common in human
heart failure and in animal models of cardiac
hypertrophy, but remarkably, our study
demonstrated that this could be prevented by
SO, administration (Figure 2d). Parallel to the
prolongation, the QT and QTc interval, which
indicates the repolarization period of the heart,
also increased (Figure 1d, e). Therewithal, SO,
application reversed the QT and QTc interval
to its normal value. Altogether, the shortening
of action potential and the maintenance of

Figure 5. Ventricular action
potentials of respective
experimental groups were
calculated by a mathematical
model using equations from
Sengiil et al. 2020. Calculated
action potentials corroborate
the results obtained

from electrophysiological
experiments. Please see

the Supplementary Material
Figures S1-S4 and Table SI for
detailed results of the ionic
currents and parameters.
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the resting membrane potential due to SO,
suggest that the endogenous compound has an
essential role in heart disorders such as long QT
syndrome (LQTS) and arrhythmia.

The mechanism of action potential
prolongation involves altered dynamics or
expression of a variety of inward and outward
currents in cardiomyocytes. Several studies
have discussed the influences of endogenous
or exogenous SO, on the ionic currents that
contribute to cardiomyocyte action potential
dynamics (Zhang et al. 2011, Liu et al. 2010).
Although the several reports about the effects
of SO, on most ionic currents of ventricular
cardiomyocytes, we could not find one that
is comparable to our findings, since they are
motivated to reveal the direct effects of SO, on
physiological conditions. On the other hand, we
used a pathophysiological condition in which the
endogenous SO, level is decreased. The principal
inward current which set the action potential
depolarization in motionis/ . The density of /  in
the cardiomyocytes of the isoproterenol-treated
groups decreased at all clamped potentials
(Figure 3b). With this result, we cannot explain
either the prolongation of action potential in
the ISO group or the reversal of APD to normal
levels in the 1SO+S02 group. The [ does not
directly affect APD, but it was suggested that the
late I, (I,,) may alter the repolarization phase
(Guo et al. 2010). Nevertheless, our findings do
not support this phenomenon in isoproterenol
induced hypertrophy (data not shown).

Of all the mechanisms that may contribute
to action potential prolongation, the decreased
|, appears to be the most reported mechanism.
Regardless of the species, precipitating factors,
or the severity of hypertrophy, the decreased
density of I apparently plays a prominent
role. It is apparent that altered I density is the
underlying cause of AP prolongation in the ISO
group. However, I, density further decreased

SO, SHORTENS PROLONGED ACTION POTENTIAL IN RAT HEART

in the 1ISO+S02 group (Figure 3d), negating the
effect of SO, on action potential shortening in
cardiac hypertrophy. Our findings on the |-V
characteristics of |, do not directly describe
action potential shortening by SO, donor
application.

There have been extensive studies on
the role of the I, in the depolarization of the
cardiomyocyte membrane through the inward
current in human and animal models. On the
other hand, the [Ca”] can act on a variety of
signaling pathways, which affect I, and other
ionic currents. The |-V relationship of /_ failed to
support prolongation or shortening of the action
potential because the decreased /_, should
cause the membrane to repolarize faster in the
ISO group or restitution of it should prolong
APD in the ISO+S02 group. The activity of I is
associated with APD and it is suggested that it is
controlled by voltage- and calcium-dependent
inactivation (Faber et al. 2007, Morales et al.
2019). Ca™ entry via the L-type calcium channel
during action potential is greatly determined by
its kinetic control by both voltage- and calcium-
dependent inactivation. Although different
channels are effective in AP prolongation in
hypertrophic ventricular cardiomyocytes, the
mechanism of AP shortening appears to be due
to the recovery of Ca”-dependent inactivation
of the L-type Ca” channels. The improvement
of impaired I, density and Ca* transients with
SO, administration in the hypertrophic model
confirms this phenomena (Figure 4c, g), despite
the contrariwise results in | density.

The voltage-dependent properties of
the related ionic currents were insufficient
to describe the SO, effect on cardiomyocyte
electrophysiology. Thus, the action potential
modeling of the cardiomyocytes provides
a holistic perspective and an invaluable
description of the coherence of our results
with the prolongation and temporal shortening
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of the action potential in the experimental
groups (Figures S1, S2, S3, S4 and Table SI).
We successfully simulate the AP recorded in
each experimental group calculated from the
measured current densities and kinetics (Figure
5).

Notably, our mathematical modeling of
the ionic currents resulted in discovering the
improved kinetics of I and /. Nevertheless,
the increased density of I, may not explain the
reduction in the effects of SO, on APD because
I, isaninward cation currentthatis supposed to
prolong the action potential. However, increased
I, density along with improved Ca*" transients
can cause faster closure of the channel and
a shorter duration of I during the course
of an action potential via the Ca’ dependent
inactivation of the channels. Additionally,
restitution of I, by SO, administration helps
I, to reduce APD in isoproterenol induced
hypertrophic heart. The other candidate
would be I, but the I density significantly
decreased and the I density lacked change in
the 1ISO+S02 group. The increased I, density
may indirectly shorten the APD by improving
the Ca”-dependent K" currents according to the
simultaneous recovery of the I_ kinetics and
the charge of the I_ during action potential in
our simulation results (Figure S3). This issue
does not alter our voltage clamp results because
we used EGTA in the internal solution which
blocked the intracellular Ca* elevation during
the K" current measurement. Thus, we could not
see a significant increase in the measured /__.

Although we were not able to observe
the structural effects of SO, in pathological
conditions, we conclude that SO, and
its derivatives may significantly impact
cardiomyocyte electrophysiology in the
isoproterenol-induced hypertrophic heart.
Our findings also support the potential
role of endogenous SO, metabolism in the

SO, SHORTENS PROLONGED ACTION POTENTIAL IN RAT HEART

isoproterenol-induced pathophysiology of ECC.
This role should be further inspected to uncover
the relationship between SO, metabolism and
cardiomyopathy.
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