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Abstract

Aims: The mechanisms underlying numerous biological roles of hydrogen sulfide (H2S) remain largely un-
known. We have previously reported an inhibitory role of H2S in the L-type calcium channels in cardio-
myocytes. This prompts us to examine the mechanisms underlying the potential regulation of H2S on the ion
channels. Results: H2S showed a novel inhibitory effect on Ito potassium channels, and this effect was blocked
by mutation at the Cys320 and/or Cys529 residues of the Kv4.2 subunit. H2S broke the disulfide bridge between
a pair of oxidized cysteine residues; however, it did not modify single cysteine residues. H2S extended action
potential duration in epicardial myocytes and regularized fatal arrhythmia in a rat model of myocardial in-
farction. H2S treatment significantly increased survival by *1.4-fold in the critical 2-h time window after
myocardial infarction with a protection against ventricular premature beats and fatal arrhythmia. However, H2S
did not change the function of other ion channels, including IK1 and INa. Innovation and Conclusion: H2S
targets the Cys320/Cys529 motif in Kv4.2 to regulate the Ito potassium channels. H2S also shows a potent
regularizing effect against fatal arrhythmia in a rat model of myocardial infarction. The study provides the first
piece of evidence for the role of H2S in regulating Ito potassium channels and also the specific motif in an ion
channel labile for H2S regulation. Antioxid. Redox Signal. 23, 129–147.

Introduction

Severe cardiac arrhythmia, including ventricular
tachycardia and fibrillation, is a major cause of death in

the acute phase of myocardial infarction (21). About 20%–
25% of the patients are attacked by fatal arrhythmia,
including premature beats, ventricular tachycardia, and fi-
brillation within 24 h after an acute myocardial infarction (28,
42). This causes about 20,000 to 25,000 deaths each year in
industrialized countries (1, 42, 45). The most effective ther-
apy for acute myocardial infarction is percutaneous coronary
intervention (PCI). However, it takes longer than 2 h on av-
erage before a patient would be helped by PCI after heart
attack even in countries with the most efficient healthcare

system (4). Effective prevention and treatment of fatal ar-
rhythmia in this critical door-to-balloon time window would
save numerous lives worldwide.

Innovation

The study provides the first piece of evidence for the
role of hydrogen sulfide (H2S) in regulating Ito potassium
channels. A molecular switch labile for H2S regulation is
also identified in this ion channel, and this sheds some
light on the discovery of the mechanisms underlying H2S
effects. Moreover, H2S shows potent regularizing effects
in an experimental model of acute myocardial infarction
that has potential translational values.
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Lidocaine is the current first-line drug that is used to pre-
vent and treat fatal arrhythmia such as ventricular tachycardia
and fibrillation in this time window (33). Lidocaine inhibits
the sodium channel (INa channel) and attenuates phase 0
depolarization of the action potential in all fast responsive
cells, including neurons and cardiomyocytes. Lidocaine in-
hibits depolarization of neurons in both central and peripheral
nervous systems in addition to an inhibition of the ectopic
pacemakers that appear in ischemic myocardium due to its
nonselective inhibition on INa channels in both neurons and
cardiomyocytes (2, 16). This gives rise to a hypothesis that
some drugs that are more selective for cardiomyocytes than
neurons would provide more specific cardioprotection
against fatal arrhythmia with less side effects in neurons and
other fast responsive cells.

Since hydrogen sulfide (H2S) provides cardioprotection,
including inhibition of L-type calcium channels (37), limi-
tation of infarct size, and a decrease in cardiomyocytes ap-
optosis in ischemia/reperfusion injury (43), we aim at
examining whether H2S would show protection against fatal
arrhythmia in the very acute phase of myocardial infarction.
Theoretically, extension of the repolarization period of the
action potential in cardiomyocytes would be another ap-
proach to extend the refractory period and provide protection
against arrhythmia. While several potassium channels are
involved in all phases of repolarization of the action potential
(14, 34, 38), this prompts us to examine the effect of H2S on
potassium channels in cardiomyocytes.

H2S has been shown to regulate the function of some ion
channels, including the KATP channels in the vascular smooth
muscles (44), L-type calcium channels in the cardiomyocytes
(37) and vascular smooth muscles cells (40), T-type calcium
channels in the sensory neurons (29), and the ATP-sensitive,
intermediate-conductance, and small-conductance potassium
channels in the vascular smooth muscles (25). However, the
role of H2S in regulating potassium channels in the cardio-
myocytes is unknown. Our previous work shows that exog-
enous H2S has no effect on KATP channels in cardiomyocytes
at sodium hydrosulfide (NaHS; an H2S donor) concentrations
of 50 and 100 lM (37). To date, there is no direct evidence
showing any effect of H2S in the regulation of potassium
channels in cardiomyocytes. The potassium channels in the
cardiomyocytes play pivotal roles in cardiac electrophysi-
ology and related diseases, including various types of ar-
rhythmia (27). Whether H2S has a role in regulating the
potassium channels in the cardiomyocytes is proving to be an
important question in the field of H2S biology. Three major
types of voltage-gated potassium channels are involved in
the regulation of resting potential and action potential in
cardiomyocytes (6). The inward rectifier K + channel (IK1) is
involved in the regulation of resting potential of the cell
membrane (12), while potassium channels, including the
transient outward K + channels (Ito), IK1, and delayed rectifier
K + channels (IK), are involved in repolarization of action
potential (6). Specifically, Ito channel regulates the outward
K + currents during the phase 1 repolarization period and
determines the velocity and duration of this phase. The IK1,
IK, and long-lasting Ca2 + channels are involved in phase 2
repolarization. However, phase 3 repolarization is mainly
induced by outward K + currents mediated by IK channels
(9). Therefore, factors that regulate specific K + channels
would change either the resting potential or the repolarization

course of the action potential in cardiomyocytes. These fac-
tors may regulate the excitability of the cardiomyocytes and
the duration of the refractory period, thereby affecting the
occurrence of cardiac arrhythmia. In this study, we aim at
examining whether H2S can regulate some specific potassium
channels that determine the resting potential and the repo-
larization course of the action potential in cardiomyocytes.

In addition, despite numerous biological effects of H2S
that have been reported to date, the mechanisms underlying
the H2S actions remain largely unknown. We have recently
shown that the disulfide bond formed between the Cys1024
and Cys1045 cysteine pair serves as a molecular switch for
H2S to regulate the conformation and function of vascular
endothelial growth factor type 2 receptor (VEGFR2) (39).
This prompts us to examine whether there is a certain cys-
teine pair that may serve as a molecular switch for H2S to
directly regulate the function of an ion channel and, subse-
quently, regulate the electrophysiology of cardiomyocytes.

Results

H2S inhibits transient outward potassium channels
in cardiomyocytes

Transient outward potassium current (Ito) was decreased
after bath application of NaHS at 50 lM in epicardial myo-
cytes at a membrane potential of 20, 30, 40, 50, and 60 mV
(Fig. 1A, C). However, NaHS treatment did not cause a
significant change in Ito in endocardial myocytes at a mem-
brane potential from - 30 to + 60 mV (Fig. 1B, D). The ef-
fects of NaHS on inhibiting Ito in epicardial myocytes were
more pronounced than those in endocardial myocytes (Fig.
1E). NaHS treatment (50 lM) did not change the steady-state
outward current (Iss) in epicardial myocytes nor in endocar-
dial myocytes (Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/ars).

In epicardial myocytes, recorded at a membrane potential
of + 60 mV, the inhibition on Ito occurred at 3 min after bath
application of NaHS at a concentration of 50 lM. At a higher
concentration of 100 lM, the inhibition on Ito occurred within
2 min after NaHS application. The inhibitory effects lasted
throughout the rest of the recording period of 14 min, which
could not be washed out completely (Fig. 1F). These effects
were concentration dependent as illustrated with a significant
decrease in Ito by 25.30% – 3.461%, 45.82% – 5.301%, and
51.67% – 4.318% at concentrations of 50, 100, and 200 lM as
compared with those of the vehicle-treated group at 5 min
after NaHS application (Fig. 1G).

The effects of NaHS application at 50 lM on the steady-
state activation of Ito channels in epicardial myocytes are
shown in Figure 1H. With a holding potential of - 80 mV, Ito

was elicited by 500 ms depolarizing pulses between - 40 and
+ 80 mV. The activation curves were fitted by the Boltzman
equation: G/Gmax = 1/[1 + exp (VT - V1/2/K)], where G/Gmax

represents the ratio of present conductance to the maximum
conductance and VT represents the values of the depolarizing
pulses. V1/2 (a half-maximum inactivation potential) values
of the curves were 21.24 – 1.59 and 25.05 – 1.85 mV in the
vehicle-treated group and the NaHS-treated group, respec-
tively. K values were 12.69 – 0.77 and 16.19 – 0.89 ( p < 0.05
vs. the vehicle-treated group) in the vehicle-treated group
and the NaHS-treated group, respectively. NaHS treatment
did not cause any significant difference in the steady-state
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activation curve of Ito channels in epicardial myocytes at a
concentration of 50 lM.

The effect of NaHS on the steady-state inactivation of Ito

channels in epicardial myocytes is shown in Figure 1I. The
experiments were performed using a two-pulse protocol
containing a 500 ms pulse between - 100 and + 40 mV with
an interval of 10 ms and after a 500 ms test pulse to + 60 mV
from a holding potential of - 80 mV. The curves were fitted
by the Boltzman equation: I/Imax = 1/[1 + exp (VT - V1/2/K)],
where I/Imax represents the ratio of the current to the maxi-
mum current and VT represents the values of the depolarizing
potential of the prepulses. V1/2 values were - 16.75 – 0.91
and - 14.97 – 1.34 mV in the vehicle-treated group and the
NaHS-treated group, respectively. K values were 2.92 – 0.31
and 2.89 – 0.10 in the vehicle-treated group and the NaHS-
treated group, respectively. NaHS treatment did not cause a

significant difference in the steady-state inactivation curve of
Ito epicardial myocytes at a concentration of 50 lM.

Figure 1J shows the effect of NaHS treatment on the kinetics
of recovery of Ito from inactivation in epicardial myocytes. At a
holding potential of - 80 mV, the cells were stimulated with a
double-pulse protocol containing a 500 ms condition pulse to
+ 60 mV followed by a 500 ms test pulse to + 60 mV with in-
creasing intervals of 10, 20, 40, 80, 160, 320, 640, 1280, and
2560 ms. An increase in the interval between the condition pulse
and the test pulse resulted in a recovery of Ito, which was fitted
by the exponential equation: I/Imax = 1 - exp ( - t/s), in which t
means the values of the interval and s means the time constant of
Ito recovery from inactivation. The s values were 53.16 – 4.39
and 62.59 – 6.51 ms in the vehicle-treated group and the NaHS-
treated group, respectively. Bath application of NaHS (50lM)
did not induce a shift of the recovery curve of Ito.

FIG. 1. H2S inhibits tran-
sient outward potassium
currents (Ito) in epicardial
but not endocardial myo-
cytes isolated from SD rats.
(A, B) Representative traces
of Ito in an epicardial (A) or
an endocardial (B) myocyte
treated with NaHS at 50 lM.
(C, D) Average I–V relation
curves of Ito of epicardial (C)
and endocardial (D) myo-
cytes treated with NaHS
(50 lM) or vehicle for 5 min
(n = 6). (E) Comparison of
the H2S effects in epicardial
and endocardial myocytes.
(F) Time course of peak Ito in
epicardial myocytes treated
with vehicle or NaHS (25, 50
or 100 lM) (n = 8, 6, 10, 10).
(G) Concentration-response
curves of peak Ito in epicar-
dial myocytes treated with
vehicle or NaHS at 25, 50,
100, or 200 lM (n = 8, 6, 10,
11, 6). Ito was quantified by
subtracting the current at
the end of the voltage pulse
from the peak current. (H–J)
NaHS treatment (50 lM) has
no effect on the steady-state
activation (H), inactivation
(I), and recovery after inac-
tivation ( J) of epi-Ito channel
(n = 6). Values are means –
SEM. *p < 0.05, **p < 0.01
versus the vehicle-treated
group. H2S, hydrogen sulfide;
NaHS, sodium hydrosulfide;
SD, Sprague–Dawley.
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The Kv4.2 subunit of the Ito channel serves as a direct
target molecule for H2S to inhibit the Ito current

Ito current was not detected in naive HEK293 cells with
whole-cell recording (Fig. 2A). Ito current was recorded in
HEK293 cells transfected with vectors expressing the Kv4.2
subunit alone (Fig. 2A). Larger Ito currents were recorded in
the cells co-expressing the Kv4.2 subunit and the Kv

channel interacting protein 2 (KChIP2) subunit (Fig. 2A, B).
NaHS treatment caused a significant inhibition in Ito current
in both the cells expressing the Kv4.2 subunit (Fig. 2A, C,
D) and the cells co-expressing the Kv4.2 and KChIP2 units
(Fig. 2A, E, F) at concentrations of 50 and 100 lM. This
current was confirmed as Ito current by an inhibition induced

by the Ito channel blocker, 4-aminopyridine (4-AP, 4 mM)
(Fig. 2A).

Mutation at Cys320 and/or Cys529 causes a decrease
in basal Ito current and blocks the effects of H2S
in inhibiting the Ito channels

The Ito channels with mutations at Cys320 and/or Cys529
of its Kv4.2 subunit were successfully expressed on the cell
membrane with a cellular distribution pattern similar to the
wild-type Kv4.2/KChIP2 Ito channels (Fig. 3A). Basal Ito

current was significantly decreased in the cells expressing Ito

channels with mutations at the Cys320 or the Cys529 sites of
the Kv4.2 unit as compared with the cells expressing wild-

FIG. 2. The Kv4.2 subunit is the
direct target molecule for H2S to
regulate Ito current. (A) Re-
presentative traces showing the back-
ground current in naive HEK293 cells,
and Ito currents recorded in HEK293
cells expressing recombinant Kv4.2
subunit with or without the KChIP2
subunit. (B) Larger Ito currents were
recorded in the cells co-expressing the
Kv4.2 and KChIP2 subunit as com-
pared with the cells expressing Kv4.2
alone. (C, D) The concentration-re-
sponse curve (C) and the time course
(D) of Ito with NaHS treatment in the
cells expressing the Kv4.2 subunit. (E,
F) The concentration-response curve
(E) and the time course (F) of Ito with
NaHS treatment in the cells co-
expressing the Kv4.2 and KChIP2 units.
Values are means – SEM. *p < 0.05
versus the Kv4.2 group (B) and the
vehicle-treated group (C and E).
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type Ito channels (Fig. 3B–D). NaHS treatment (50 lM)
caused an immediate and significant decrease in Ito current in
the cells expressing wild-type Kv4.2/KChIP2 but not in the
cells expressing mutant Kv4.2 subunits, that is, Kv4.2-
C320A/KChIP2 or Kv4.2-C529A/KChIP2 (Fig. 3B, F–H).

In addition, a double mutation at both the Cys320 and
Cys529 sites in Kv4.2 was also created. Basal Ito current was
significantly decreased in the cells expressing Kv4.2-C320A-
C529A/KChIP2 as compared with the cells expressing wild-
type Kv4.2/KChIP2 (Fig. 3B, E). Likewise, NaHS treatment
(50 lM) did not cause any decrease in Ito current in the cells
expressing the Ito channels with a double mutation at the
Cys320 and Cys529 sites in Kv4.2 (Fig. 3B, I).

The experiments mentioned earlier were also repeated in
the cells transfected with Kv4.2 or its mutant alone without

KChIP2. Likewise, mutation at Cys320, Cys529, or the
double mutation at Cys320 and Cys529 caused a decrease in
basal Ito current and (Fig. 4A–D), and H2S-induced inhibition
on Ito current was blocked in the cells expressing Kv4.2-
C320A, Kv4.2-C529A, or Kv4.2-C320A-C529A (Fig. 4A,
E–H). The data indicate that H2S-induced regulation on
Kv4.2 is independent of the auxiliary subunit KChIP2.

Mutation at Cys133, Cys231, Cys236, Cys530,
Cys390, Cys484, Cys588, Cys503, or Cys583
of the Kv4.2 subunit does not block the inhibitory
regulation of H2S on Ito current

NaHS treatment (50 lM) caused a decrease in Ito current in
the cells expressing Kv4.2-C133A/KChIP2, Kv4.2-C231A/

FIG. 3. The Cys320/Cys529
motif in Kv4.2 is essential
to regulate Ito current. (A)
Confocal microscopy showing
expression of wild-type Kv4.2/
KChIP2 and mutant Kv4.2,
including Kv4.2-C320A/
KChIP2, Kv4.2-C529A/
KChIP2, or Kv4.2-C320A-
C529A/KChIP2. Green color
indicates the fluorescent sig-
nals of the Kv4.2-GFP-fusion
gene expressed in the HEK293
cells. (B) Representative traces
showing Ito current recorded
in the cells expressing wild-
type Kv4.2/KChIP2 and mutant
Kv4.2, including Kv4.2-
C320A/KChIP2, Kv4.2-C529A/
KChIP2, or Kv4.2-C320A-
C529A/KChIP2 in the pres-
ence or absence of NaHS
(50 lM). (C–E) Basal Ito

current was significantly de-
creased in the cells expressing
Ito channels with a mutation
at Cys320 (C), Cys529 (D),
or both Cys320 and Cys529
(E). (F–I) NaHS treatment
(50 lM) caused an immediate
and significant decrease in Ito

current in the cells expressing
wild-type Kv4.2/KChIP2 (F)
but not in the cells express-
ing mutant Kv4.2 subunits,
that is, Kv4.2-C320A/KChIP2
(G), Kv4.2-C529A/KChIP2
(H), or Kv4.2-C320A-C529A/
KChIP2 (I).
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KChIP2, Kv4.2-C236A/KChIP2, Kv4.2-C530A/KChIP2,
Kv4.2-C390A/KChIP2, Kv4.2-C484A/KChIP2, Kv4.2-
C588A/KChIP2, Kv4.2-C503A/KChIP2, or Kv4.2-C583A/
KChIP2 (Fig. 5B–J). The inhibitory effects of NaHS treat-
ment (50 lM) on these mutant Ito potassium channels are
similar to those observed in the cells expressing wild-type
Ito channels (Kv4.2/KChIP2) (Fig. 5A).

Interestingly, these mutations caused different changes in
basal Ito current in the absence of NaHS. Mutation at the
Cys133, Cys231, Cys236, or Cys530 sites caused a decrease
in basal Ito current (Fig. 5L). In contrast, mutation at the
Cys390 or Cys484 caused an increase in basal Ito current as
compared with that of the wild-type channels (Fig. 5L).
However, basal Ito current was not changed in the cells ex-

pressing Kv4.2-C588A/KChIP2, Kv4.2-C503A/KChIP2, or
Kv4.2-C583A/KChIP2 (Fig. 5L).

Mutation at Cys132 of the Kv4.2 subunit turns
over the inhibitory effect of H2S on Ito channels
into a stimulating effect

The basal Ito current was decreased in the cells expressing
Kv4.2-C132A/KChIP2 as compared with the cells expressing
wild-type Kv4.2/KChIP2 (Fig. 5L). This effect of mutation at
Cys132 on basal Ito current was similar to that of the mutation
at Cys133, Cys231, Cys236, or Cys530 (Fig. 5L). However,
NaHS treatment (50 lM) caused an unexpected increase in Ito

current in contrast to an inhibition in Ito current induced by

FIG. 4. H2S has no effect
on mutant Kv4.2 without
co-expression of KChIP2.
(A) Representative traces
showing Ito current recorded in
the cells expressing wild-type
Kv4.2 and mutant Kv4.2,
including Kv4.2-C320A, Kv4.2-
C529A, or Kv4.2-C320A-
C529A in the presence or
absence of NaHS (50 lM).
(B–D) Basal Ito current was
significantly decreased in the
cells expressing Ito channels
with a mutation at Cys320
(B), Cys529 (C), or both
Cys320 and Cys529 (D). (E–
H) NaHS treatment (50 lM)
caused an immediate and
significant decrease in Ito

current in the cells expressing
wild-type Kv4.2 (E) but not
in the cells expressing mu-
tant Kv4.2 subunits, that
is, Kv4.2-C320A (F), Kv4.2-
C529A (G), or Kv4.2-C320A-
C529A (H). Values are means –
SEM. *p < 0.05 versus the
Kv4.2 group (B–D) and the
vehicle-treated group (E).
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H2S in the cells expressing wild-type Kv4.2/KChIP2
(Fig. 5A, K).

H2S cleaves the disulfide bonds but does not modify
the free cysteine residues

A model peptide containing a disulfide bridge linking two
peptides (a and b peptide) each contains a cysteine residue
and with a sequence identical to the regions of Cys320
and Cys529 in the Kv4.2 molecule was examined with ESI-
CID-MS-MS analysis where a disulfide bond was identified
between the a and b peptides. A precursor ion molecule of
[M + 2]2 + m/z 746.32 (the combined a and b peptides) yiel-
ded a series of collision-induced dissociation (CID) frag-
ments that matched with the CID-induced y ions of both the a

and b peptides, that is, y3 ion of the a peptide ([M + H] + m/z
306.18), y2 ion of the b peptide ([M + H] + m/z 262.19), and y3

ion of the b peptides ([M + H] + m/z 365.21) (Fig. 6A). This
illustrates that these two peptides are joined together by a
covalent bond. Moreover, Figure 6A showed an additional
series of CID-induced y ions containing the Cys residue
linking with another peptide by a disulfide bond, including y4

ions of the a peptide bound with the b peptide ([M + H] + m/z
1163.41), the y5 ions of the a peptide bound with the b
peptide ([M + H] + m/z 1250.45), the y6 ions of the a peptide
bound with the b peptide ([M + H] + m/z 1378.54), the y4 ions
of b the peptide bound with teh a peptide ([M + H] + m/z
1202.49), the y5 ions of the b peptide bound with the a
peptide ([M + H] + m/z 1303.54), and the y6 ions of the b
peptide bound with the a peptide ([M + H] + m/z 1390.57).

FIG. 5. Role of Cys133,
Cys231, Cys236, Cys530,
Cys390, Cys484, Cys588,
Cys503, Cys583, or Cys132
in regulating the basal
function of the Kv4.2 sub-
unit and in mediating the
effects of H2S in regulating
Kv4.2 function. (A–K) Ef-
fects of NaHS treatment in
the cells expressing wild-
type Kv4.2 (A) or mutant
Kv4.2 with mutations at
Cys133 (B), Cys231 (C),
Cys236 (D), Cys530 (E),
Cys390 (F), Cys484 (G),
Cys588 (H), Cys503 (I),
Cys583 (J), or Cys132 (K).
(L) Graphs showing effects of
mutations at the earlier men-
tioned cysteine sites on basal
Ito current mediated via Kv4.2.
Values are means – SEM.
*p < 0.05 versus the Kv4.2
group (B) and the vehicle-
treated group (C and E).
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These data further confirmed that the covalent bond was lo-
calized between the two cysteine residues (Cys320 and
Cys529). Treatment of this combined peptide with H2S caused
breaking of the S–S bond between Cys320 and Cys529 as
evidenced by ESI-CID-MS-MS analysis where the precursor
ion molecule of the combined a and b disappeared and the
single precursor ion molecules of the a ([M + H]+ m/z 737.45)
and b ([M + H]+ m/z 757.39) peptides were identified (Fig.
6B). The single precursor ion molecules of the a and b peptides
each yielded a series of CID fragments that matched with the
sequence of peptide a and peptide b, respectively (Fig. 6B).

On the other hand, the single forms of peptide a and b were
reacted, respectively, with H2S to examine whether there was

any modification in the free cysteine residues. No chemical
modifications were found in these two single peptides on
incubation with H2S. In addition, a simpler model chemical,
cystine (Cys–Cys) was treated with H2S at different time
points to examine the process of H2S-induced breaking of a
disulfide bond using ESI-MS. As shown in Figure 6C, the
reaction of Cys–Cys with H2S yielded cysteine (Cys), indi-
cating breaking of the disulfide bond in 10 min when an in-
termediate (Cys - S - SH) was identified at its peak level
(Fig. 6C). In 60 min, most Cys - Cys was cleaved into Cys
and in 120 min, the intermediate was hardly identified (Fig.
6C). These data validate the two-step reaction formula for
H2S to cleave a disulfide bond where Cys - S - SH served as a

FIG. 6. H2S treatment
breaks the disulfide bond
contained in the model
peptides without chemical
modification on free amino
acid residues. (A) Tandem
mass spectrometry of the
precursor ion of the com-
bined model peptide (a + b)
containing a disulfide bond,
[M + 2H]2 + m/z 746.32,
where a series of y ions was
yielded from both the a and b
peptides, and the fragments
containing the disulfide bond
were identified. (B) Tandem
mass spectrometry of the
combined model peptide (a
+ b) containing a disulfide
bond treated with H2S where
the combined model peptide
was cleaved into two single
peptides, a and b. The a
peptide was identified as a
precursor ion of [M + H] + m/
z 737.45, which yielded a
series of y and b ions of the a
peptide. The b peptide was
identified as a precursor ion
of [M + H] + m/z 757.39,
which yielded a series of y
and b ions of the b peptide.
(C) ESI mass spectrometry
of the time course of a simple
model peptide, Cys–Cys,
which was treated with H2S
and a transient S-sulfhy-
drated intermediate (Cys–S–
SH) was identified during the
process of the cleavage of the
disulfide bond. The peak level
of this intermediate was found
in 10 min after treatment. In
120 min, some disulfide bonds
were spontaneously reformed.
ESI, electrospray ionization.
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product of reaction 1 and served as a reactant for reaction 2
(39):

Reaction 1:
HS- + C3H6NO2–S–S–C3H6NO2/C3H6NO2–
S - + HS–S–C3H6NO2

Reaction 2:
HS - + HS–S–C3H6NO2/C3H6NO2–S - + HS–SH

Two hours after H2S treatment, some disulfide bonds were
reformed to yield Cys–Cys again (Fig. 6C). All these data
support the idea that H2S targets and cleaves the disulfide
bond between a pair of cysteine residues as a reversible
process; however, H2S does not modify the free - SH groups
of the cysteine residues or any other residues in these model
molecules.

H2S prolongs action potential duration and decreases
the maximal velocity of repolarization of action
potential in epicardial myocytes

Figure 7A shows representative traces of action potential
in epicardial myocytes recorded before and 5 min after bath
application of NaHS at 50 lM. Five minutes after bath ap-
plication of NaHS at 50 lM, action potential durations
(APD10, APD20, APD50, APD90) were increased as compared
with those of the vehicle-treated group (124.94% – 2.99% vs.
99.91% – 1.66%, 119.34% – 4.78% vs. 99.43% – 1.62%,
115.46% – 3.42% vs. 100.21% – 1.48%, 116.63% – 2.83% vs.
102.15% – 2.03%, respectively) (Fig. 7B). However, APD10–20,
APD20–50, and APD50–90 were not significantly changed by
NaHS treatment (50 lM) (Fig. 7C). Maximal velocity of re-
polarization ( - dV/dtmax) was significantly decreased in the
cells treated with NaHS at 50lM as compared with the vehicle-
treated group ( - 7.86 – 1.01 vs. - 26.85 – 3.03, p < 0.001)
(Fig. 7D).

In addition, other parameters of the action potential such as
peak amplitude of the action potential, the maximal velocity
of phrase 0 depolarization ( + dV/dtmax), and the resting
potential were not changed with NaHS treatment at 50 lM
(Fig. 7E–G).

H2S extends the refractory period in cardiomyocytes

Figure 7H and J shows representative traces of a cluster of
action potentials that were provocated by eight basal stimu-
lates with equal intervals followed by one conditional stim-
ulate with evenly decreasing intervals to evaluate the
refractory period, which is reflected by the interval between
the last basal stimulate and the nearest conditional stimulate
that evoked the closest premature action potential in the
presence or absence of NaHS (50 lM). Five minutes after
bath application of NaHS (50 lM), the refractory period was
significantly increased as compared with that of the vehicle-
treated group (Fig. 7I).

H2S-induced inhibition in Ito is not dependent
on cytoplasmic calcium

Pretreatment with the L-type calcium channel blocker,
verapamil (20 lM) did not change basal Ito current, and the
inhibitory effects of H2S on Ito channels were not changed by
pretreatment with verapamil (Fig. 8A, C, E). In contrast,
pretreatment with a combination of verapamil (20 lM) and
thapsigargin (2 lM) caused a significant decrease in basal Ito

current by 51.7%, and NaHS treatment (50 lM) still showed
an inhibitory effect on Ito channels (Fig. 8B, D, E). The in-
hibitory effects of H2S on Ito channels in cardiomyocytes
with or without calcium exhaustion were identical (Fig. 8F).
These data illustrated that cytoplasmic calcium sensitizes the
Ito channels in basal condition; however, H2S-induced inhi-
bition in Ito was not dependent on cytoplasmic calcium.

H2S is a potent regularizing factor and significantly
improves survival in acute myocardial infarction

Figure 9A shows representative electrocardiogram (ECG)
recorded in the rats with acute myocardial infarction at
baseline, with ischemia before treatment, or with ischemia
10 min after treatment. The rats were treated with NaHS at
12.5, 25, or 50 lmol/kg, with lidocaine at 7.5 mg/kg, or with
vehicle by bolus intravenous injection. Statistical analysis
showed that there were elevations of the ST segment in ECG
in all groups after left anterior descending (LAD) ligation
before treatment (Fig. 9B). This ST elevation was not chan-
ged at 10 min after vehicle treatment; however, that was
significantly decreased in the groups treated with NaHS at 25
and 50 lmol/kg ( p = 0.016 and p = 0.007 vs. that before
treatment, respectively). However, lidocaine (7.5 mg/kg) did
not show any significant effect on ST elevation compared
with that before treatment (Fig. 9B).

The incidence of arrhythmia was about 77% in 10 min after
coronary artery occlusion before treatment. There were vari-
ous kinds of arrhythmia such as ventricular fibrillation and
tachycardia, and premature beats, including singlets, couplets,
triplets, and bigeminy. Incidence and severity of arrhythmia in
all groups were assessed with a scoring system (11) using raw
ECG data of each rat. There was no arrhythmia with a score 0
in all groups before LAD ligation, and the scores were about 2
in 10 min after coronary artery occlusion before treatment. In
the vehicle-treated group, arrhythmia became more severe
with a significant increase in arrhythmia scores at 2 h after
treatment as compared with that before treatment ( p = 0.003)
(Fig. 9C). Interestingly, there was a dose-dependent amelio-
ration of arrhythmia with a decrease in arrhythmia scores in all
groups treated with NaHS at dosages of 12.5 and 25 lmol/kg
as compared with that before treatment ( p = 0.009 and 0.008,
respectively) (Fig. 9C). Lidocaine treatment (7.5 mg/kg) also
caused a decrease in arrhythmia scores as compared with that
before treatment ( p = 0.012) (Fig. 9C).

Further analysis of the raw data of ECG recording showed
that treatment with NaHS decreased the incidence of the
premature beats, including singlets, couplets, triplets, bi-
geminy, and trigeminy at dosages of 12.5 and 25 lmol/kg as
compared with that before treatment ( p = 0.042 and
p = 0.001, respectively) (Fig. 9D). The time duration of these
premature beats was also decreased in the group treated with
NaHS at 25 lmol/kg as compared with that before treatment
( p = 0.005) (Fig. 9E). Lidocaine treatment (7.5 mg/kg) also
decreased both the incidence and the time duration of the
premature beats as compared with that before treatment
( p = 0.018, Fig. 9D; and p = 0.023, Fig. 9E; respectively). In
contrast, the vasodilator, Regitine (125 lg/kg), showed no
regularizing effects as compared with that before treatment
(Fig. 9D, E). Moreover, the incidence of fatal arrhythmia,
including ventricular tachycardia and fibrillation, was de-
creased in the groups treated with NaHS at dosages of 12.5
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and 25 lmol/kg as compared with that before treatment
( p = 0.008 and p = 0.017, respectively) (Fig. 10A, B). Like-
wise, the time duration of these fatal arrhythmia was also
decreased with NaHS treatment at dosages of 12.5 and
25 lmol/kg as compared with that before treatment ( p = 0.028
and p = 0.009, respectively) (Fig. 10A, C).

To examine the potential effects of blood pressure on the
regularizing effects of these agents, blood pressure was mea-
sured in these groups. Bolus injection of NaHS (25 lmol/kg)
caused a transient decrease in blood pressure, which peaked
in 3 min and recovered in 6 min (Fig. 10D). Regitine de-
creased blood pressure for 30 min and this decrease also

FIG. 7. H2S treatment extends APD, reduces the maximal velocity of repolarization of action potential, and extends
the refractory period in epicardial myocytes isolated from SD rats. (A) Representative traces of action potential
recorded in epicardial myocytes at 5 min after bath application of NaHS (50 lM) or vehicle. (B) Mean values of the time
from peak depolarization to 10%, 20%, 50%, and 90% repolarization of the action potential (APD10, APD20, APD50, and
APD90). (C) Mean values of the time from 10%, 20%, and 50% repolarization to 20%, 50%, and 90% repolarization of the
action potential, respectively (APD10–20, APD20–50, and APD50–90). (D) NaHS treatment (50 lM) reduced maximal velocity
of repolarization, which was observed at early repolarization phase. (E, F) NaHS treatment changed neither peak amplitude
of action potential (E) nor the maximal velocity of phase 0 depolarization (F). (G) The resting membrane potential was not
changed by NaHS treatment (50 lM). (H, J) Representative traces of action potential elicited with a train of eight con-
ditioning pulses (S1) followed by a premature pulse (S2) that was progressively closer with 1 ms steps in each set of the tests
in the cardiomyocytes treated with vehicle (H) or NaHS at 50 lM ( J). (I) Mean values of the refractory period of the
cardiomyocytes treated with vehicle or NaHS at 50 lM. Values are means – SEM. A p-value < 0.05 was considered sta-
tistically significant. APD, action potential durations.
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peaked in 3 min after injection (Fig. 10D). Myocardial in-
farction itself caused a decrease in blood pressure (Fig.
10D). Interestingly, both NaHS and Regitine caused an in-
crease in blood pressure in 30 and 60 min in rats with
myocardial infarction in contrast to an earlier transient re-
duction in blood pressure observed in sham-operated rats
(Fig. 10D).

The survival rate of the vehicle-treated group was 65.5% in
2 h after myocardial infarction. NaHS treatment significantly
improved survival to 91.7% in 2 h after myocardial infarction
at dosages of 25 lmol/kg as compared with the vehicle-
treated group ( p = 0.024) (Fig. 10E). The survival in the
lidocaine-treated group was also significantly improved as
compared with that of the vehicle-treated group ( p = 0.049)
(Fig. 10E). The survival rate of the vehicle-treated group was
37.9% in 24 h after myocardial infarction. NaHS treatment
caused a surprising increase in survival to 70.8% and 81.8%
at dosages of 25 and 50 lmol/kg as compared with the
vehicle-treated group ( p = 0.017 and 0.013, respectively)
(Fig. 10F). Lidocaine (7.5 mg/kg) also caused a significant

increase in survival as compared with the vehicle-treated
group ( p = 0.019). In contrast, Regitine did not cause sig-
nificant improvement in survival (Fig. 10E, F).

Discussion

This study showed that H2S was a novel inhibitor for the Ito

potassium current in rat cardiomyocytes. This sheds some
light on the understanding of the role of H2S in electro-
physiology of the heart. However, the mechanisms underly-
ing the multifarious biological role of H2S remain largely
unknown. One of the most challenging questions in H2S bi-
ology is identification of H2S ‘‘receptors’’ (15, 39). To date, it
remains unknown about how H2S can regulate an ion chan-
nel. Here, we provide the first evidence for a mechanism
underlying H2S-induced regulation in an ion channel. We
recorded Ito current in HEK293 cells expressing the wild-type
pore-forming subunit of the Ito potassium channel, Kv4.2,
while no background current was recorded in naive HEK293
cells. In such a system, H2S caused an inhibition in the Ito

FIG. 8. Influence of [Ca21]i

on NaHS-induced inhibition
on Ito of epicardial myocyte
isolated from SD rats. (A–
D) Ver had no effect on Ito;
meanwhile, NaHS decreased
Ito, and this effect was not
blocked by Ver (A, C). In
contrast, pretreatment with
combination of Ver and Tha
caused a significant decrease
in basal Ito current by 51.7%,
and NaHS still showed an
inhibitory effect on Ito (B,
D). (E) The inhibitory effects
of NaHS on Ito channels were
not changed by pretreatment
with Ver or Tha. (F) The
inhibitory effects of NaHS on
Ito channels in cardiomyo-
cytes with or without calcium
exhaustion were consistent.
NaHS, NaHS 50 lM; Ver,
verapamil 20 lM; Ver +
Tha, verapamil 20 lM +
thapsigargin 2 lM. Values
are means – SEM. **p < 0.01
versus the vehicle group;
#p < 0.05, ##p < 0.01 versus
the Ver group; + p < 0.05,
+ + p < 0.01 versus the Ver +
Tha group.
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current. The data indicate that the Kv4.2 subunit serves as a
direct target molecule for H2S regulation.

The next question is how H2S targets Kv4.2 and regulates
its pore-forming function. Some new molecular/atomic
mechanisms might be involved in H2S-induced regulation of
Ito channels. H2S interacts with its ‘‘receptor’’ with a mech-
anism beyond the typical ligand-receptor docking (39). We
have recently shown that a disulfide bond contained in the
intracellular kinase core of the receptor tyrosine kinase serves
as a molecular switch for H2S to regulate the structure and
function of VEGFR2 (39). Quantum chemical analysis shows
that two H2S molecules are required to break one disulfide
bond molecular switch by nucleophilic attack via interaction
of the frontier molecular orbitals of the sulfur atom of H2S
and the sulfur atoms of the disulfide bond under attack (39).
This previous study led us to search for the potential disulfide

bond for H2S in Kv4.2. Since the crystal structure of Kv4.2
has not yet been determined, it is unknown whether this pore-
forming subunit contains some disulfide bond that is labile to
H2S-induced modification. We have to use a fundamental
approach to identify the potential target motif for H2S, that is,
creating and expressing a series of recombinant Kv4.2 with
all the cysteine residues being mutated one by one. If Kv4.2
contains some disulfide bond for H2S regulation, certain pairs
of cysteine residues would be required for H2S to exert an
inhibitory effect on Ito current. In addition, H2S has been
shown to break the disulfide bond and the mutation of either
cysteine residues of a disulfide bond also breaks the disulfide
bond (39). Interestingly, there was indeed a pair of such
cysteine residues in Kv4.2, that is, the Cys320/Cys529 cys-
teine pair found in this study. We found that the inhibitory
effect of H2S on Ito current was blocked by a mutation at

FIG. 9. H2S is a potent
regularizing factor in the
rat model of acute myo-
cardial infarction. (A) Re-
presentative ECG traces of
the rats with coronary artery
occlusion treated with Ve-
hicle/NaHS/Lidocaine. (B)
ST segment of ECG in rats
with ischemia before and after
treatment. (C) Arrhythmia
scores in rats with ischemia
before and after treatment.
(D) Number of episodes of
ventricular premature beats in
rats with ischemia before and
after treatment. (E) Total du-
ration of ventricular prema-
ture beats in rats with
ischemia before and after
treatment. ECG, electrocar-
diogram.
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either the Cys320 or the Cys529 sites. Double mutation of
this cysteine pair resulted in a similar blockade of this H2S-
induced inhibition of the Ito current. Our results indicate that
the Cys320/Cys529 cysteine pair serves as a specific target
motif for H2S to regulate the channel function of Kv4.2.
Using model peptides containing a disulfide bridge linking
two peptides (the a and b peptide), each contains a cysteine
residue and with a sequence identical to the regions of
Cys320 and Cys529 in Kv4.2, H2S broke this disulfide bond
as examined with tandem mass spectrometry. No modifica-
tion was found in any of the individual amino-acid residues
contained in the single peptide a or b. The data support the

idea that H2S targets and cleaves the disulfide bond between a
pair of cysteine residues (oxidized form) but does not modify
the free - SH groups of a single cysteine residue (reduced
form).

Kv4.2 is composed of 630 amino-acid residues, including
16 cysteine residues. What is the function of each of these 16
cysteine residues in regulating the basal conformation and
function of Kv4.2? This study showed that an individual
mutation of Kv4.2 at Cys390 or Cys484 caused an increase in
basal Ito current; a mutation of Kv4.2 at Cys132, Cys133,
Cys231, Cys236, Cys320, Cys529, or Cys530 caused a de-
crease in basal Ito current; a mutation of Kv4.2 at Cys503,

FIG. 10. H2S treatment
provides protection against
fatal arrhythmia and im-
proves survival in a rat
model of acute myocar-
dial infarction. (A) Re-
presentative ECG traces of
ventricular tachycardia/fibril-
lation in rats with coronary
artery occlusion treated with
Vehicle/NaHS/Regitine/Lido-
caine. (B, C) Number of epi-
sodes (B) and total time
duration (C) of ventricular
tachycardia/fibrillation in rats
with coronary artery occlusion
treated with Vehicle/NaHS/
Regitine/Lidocaine. (D) Blood
pressure recorded in rats with
sham operation or with coro-
nary artery occlusion treated
with Vehicle/NaHS/Regitine/
Lidocaine. (E) H2S treatment
significantly improves sur-
vival rate in 2 h after myo-
cardial infarction. (F) H2S
treatment significantly im-
proves survival rate in 24 h
after myocardial infarction.
Values are mean – SEM.
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Cys583, or Cys588 did not change basal Ito current; and a
mutation of Kv4.2 at Cys111, Cys209, and Cys221 destroyed
the channel (without membrane expression and basal Ito

current). Moreover, H2S caused different effects on these
mutant channels: an unexpected increase in Ito current in
Kv4.2 units with a mutation at Cys132; a decrease in Ito

current with a mutation at Cys133, Cys231, Cys236, Cys390,
Cys484, Cys503, Cys530, Cys583, or Cys588; and no effect
in Kv4.2 with mutations at Cys320 or Cys529. The data
demonstrate that 13 out of 16 cysteine residues (except
Cys503, Cys583, and Cys588) in Kv4.2 have different roles
in regulating the basal channel function of Kv4.2. Future
studies are required to further clarify the precise role of each
cysteine residues in the conformation and function of Kv4.2.

The linkage between the inhibition on Ito potassium
channels and the regularizing effect of H2S remains to be
further investigated. The density of Ito potassium channels in
epicardial myocytes is much higher than that in the endo-
cardial myocytes. This results in a significant difference in
the velocity of phase 1 repolarization of action potential in the
cardiomyocytes between different layers of myocardium,
which is the main mechanism underlying transmural dispersion
of repolarization (TDR). In fact, we also observed a significant
difference in Ito current between epicardial myocytes and en-
docardial myocytes. Much larger Ito in epicardial myocytes
causes a much faster phase 1 repolarization and a shorter APD
as compared with that of the endocardial myocytes. This dif-
ference in repolarization timing of cardiomyocytes from dif-
ferent layers of myocardium is the electrophysiological basis
for TDR. It has been shown that ischemia-induced expansion in
TDR increases the incidence of arrhythmia (42). In this study,
H2S-induced inhibition in Ito was more pronounced in the
epicardial myocytes than that in the endocardial myocytes. This
reduces the difference in the velocity of phase 1 repolarization
of action potential between epicardial myocytes and endocar-
dial myocytes, thereby synchronizing the repolarization pro-
cess of these two kinds of cardiomyocytes. This might also
contribute to a reduction in the incidence of arrhythmia.

The current data suggest a new approach to regulate the
electrophysiological property of the cardiomyocytes by reg-
ulating the Ito channels in cardiac diseases. This idea is
supported by a prominent regularizing effect of H2S treat-
ment against ischemia-induced arrhythmia, including pre-
mature beats and ventricular tachycardia and fibrillation in
the acute phase of myocardial infarction in a rat model of
coronary artery ligation. H2S treatment also dramatically
increased survival in 2 and 24 h after myocardial infarction.

We have previously shown that H2S does not exert any
effect on the KATP channels in cardiomyocytes at physio-
logically relevant dosages (37). In this study, H2S showed no
effect on the IK1 channels nor on the INa channels in cardio-
myocytes. H2S specifically inhibited the Ito channels. It is
well established that the IK1 channels regulate the resting
potential (17), while the Ito channels regulate the velocity of
phase 1 repolarization of cardiomyocytes (31, 36). However,
INa channels regulate the velocity and amplitude of depo-
larization of the action potential (7, 41). This may explain
why H2S decreased the maximal velocity of repolarization
and extended the APD but did not affect the resting potential
or phase 0 depolarization of the action potential in epicardial
myocytes. In fact, H2S shortened APD10 but not APD10–20,
APD20–50, or APD50–90. This gives rise to the idea that H2S-

induced extension of the action potential and the refractory
period is secondary to an inhibition on Ito channels. Here, we
provide the first piece of evidence that H2S can regulate a
potassium channel in the cardiomyocytes and this may
prompt further research efforts to investigate the role of H2S
in regulation of other potassium channels in the heart.

In contrast to the new role of H2S in the potassium chan-
nels in the cardiomyocytes found in this study, the role of H2S
in the potassium channels in vascular smooth muscle cells
has been reported by several independent groups. For ex-
ample, H2S treatment has been shown to open the KATP

channels in vascular smooth muscle cells (24). Contradictory
evidence is provided by Jackson-Weaver et al., who show
that H2S-induced vasodilatation and hyperpolarization of the
vascular smooth muscle cells are not blocked by the KATP

channel inhibitor, glibenclamide (20). Similarly, Streeter
et al. find that H2S-induced relaxation of middle cerebral
arteries is partly mediated by an inhibition of L-type calcium
channels and some unknown potassium channels but not the
KATP, KCa, KV, or Kir subtypes (35).

It is obvious that the subtypes of the potassium channels in
the cardiomyocytes are distinguished from those in the vas-
cular smooth muscle. The potassium channels in the cardio-
myocytes have a unique role in regulating the function of the
heart. In particular, the potassium channels are essential in
the control of cardiac rhythm and may also serve as drug
targets for treating cardiac arrhythmia. We showed here that
H2S treatment is worthy to be further explored as a new
potential approach for treating fatal arrhythmia in the critical
time window between heart attack and PCI. Indeed, future
clinical studies are required to validate the translational value
of H2S treatment in human myocardial infarction. In fact,
lidocaine also showed significant regularizing effects in our rat
model of myocardial infarction. Lidocaine acts with a different
mechanism, that is, an inhibition of the phase 0 depolarization
of the action potentials of fast response cells, including car-
diomyocytes and neurons. Lidocaine decreases excitability of
the cardiomyocytes, thereby inhibiting the generation and
transmission of the ectopic pacemakers in myocardial infarc-
tion. However, lidocaine also inhibits the generation of action
potentials in the neurons in both the central and peripheral
nervous system (10, 22). This might cause narcotism, which
could become fatal in the acute phase of myocardial infarction.
Future clinical studies are required to compare the efficacy and
safety of H2S donor and the current drug lidocaine in treating
fatal arrhythmia after acute myocardial infarction. It is worthy
of notice that intravenous administration of both NaHS and a
known vasodilator, Regitine, caused a transient hypotensive
effect in sham-operated rats. In contrast, both NaHS and Re-
gitine caused an increase in blood pressure in rats with myo-
cardial infarction as compared with that treated with vehicle.
However, NaHS but not Regitine provided a protection against
arrhythmia. These data suggest that H2S-induced protection
against cardiac arrhythmia is not dependent on its potential
hypotensive effect and is due to a direct action on the heart.

In addition, ECG showed immediate ST segment eleva-
tions in our rat model of myocardial infarction and H2S
treatment immediately decreased ST segment elevations. ST
segment elevation has been considered one of the diagnostic
criteria for acute myocardial infarction (26). It usually rep-
resents the injury current that occurred between injured
myocardium and the surrounding noninfarcted myocardium.
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H2S-induced decrease in ST segment elevations may reflect a
decrease in injury current.

Indeed, the mechanisms additional to an inhibition of the
Ito potassium channels may also be involved in H2S-induced
protection against acute myocardial infarction. For example,
H2S improves cardiac function by promoting angiogenesis in
mice with transverse aortic constriction (30). In pressure
overload-induced heart failure in mice, H2S provides pro-
tection by upregulation of endothelial nitric oxide synthase
(23). In addition, we have previously reported that H2S exerts
an inhibition on the L-type calcium channels and the calcium
transient, and a negative inotropic effect in the cardiomyo-
cytes (37). These effects are observed within a few minutes
after H2S administration. Both the calcium antagonism and
the negative inotropic effects have been shown to provide
protection against ischemia-induced arrhythmia (13, 19). In
this context, it could not be excluded that H2S may show
some regularizing effects by an inhibition on the L-type
calcium channels. H2S may act through both the calcium
channels and the potassium channels to protect the heart
against ischemia-induced arrhythmia. Actually, we also ex-
amined the role of intracellular calcium in H2S-induced
regulation of Ito channels. In the cardiomyocytes with cal-
cium exhaustion, H2S still showed a significant inhibition on
the Ito current. The data suggest that H2S-induced inhibition
on Ito channels is independent of intracellular calcium.

On the other hand, the IK1 channels are essential for reg-
ulating the resting membrane potential in cardiomyocytes
and have a role in the regulation of myocardium excitability
and occurrence of cardiac arrhythmia (5, 18). Therefore, the
IK1 channels may also serve as a target for potential drugs to
treat arrhythmia. However, in this study, H2S treatment has
no effect on the IK1 channels. These data do not support the
idea that the IK1 channels may be involved in the regularizing
effects of H2S in acute myocardial infarction.

Indeed, other H2S effects such as a protection against
cardiomyocytes apoptosis (43) may also contribute to in-
creased survival after myocardial infarction. In addition, H2S
have been found as a proangiogenic factor to stimulate an-
giogenesis (3), which may also provide protection against
chronic myocardial ischemia. However, the very acute pro-
tection provided by H2S in 2 h after myocardial infarction
could not be ascribed to the proangiogenic role of H2S.

Taken together, despite the complexity of the mechanisms
underlying the effects of H2S on ion channels in the heart, our
in vivo experiments indicate that H2S is a new efficient reg-
ularizing factor to treat fatal ventricular arrhythmia in a rat
model of myocardial infarction. The study also uncovers the
new inhibitory effect of H2S on the Ito channels. The Kv4.2
unit serves as a direct target molecule for H2S to regulate the
function of the Ito channels. The Cys320/Cys529 disulfide
bond is an intrinsic requisite motif that is labile to H2S-
induced regulation for the conformation and function of
Kv4.2. Future clinical studies are required to examine the
translational value of H2S in treating fatal arrhythmia during
the critical time window between a heart attack and PCI.

Materials and Methods

Expression vectors

The pore-forming subunit Kv4.2 (KCND2, NM-012281.2)
and the auxiliary subunit KChIP2 (KCNIP2, NM-1731927)

of the human Ito potassium channel were purchased from
OriGene (Rockville, MD; catalogue No. RG215266/
RG219447/RC203823). Kv4.2 is a GFP-tagged ORF clone of
potassium voltage-gated channel. KChIP2 is an Myc-DDK-
tagged ORF clone of Kv channel interacting protein 2. They
are transfection-ready DNAs. We chose pIRES-hrGFP-1a as
an expression vector, because this contained an IRES be-
tween the multiple cloning site and hrGFP, allowing the ex-
pression of our gene of interest, that is, KChIP2 to be
monitored at the single-cell level due to expression of hrGFP
on the same transcript.

Site-directed mutation of Kv4.2

Site-directed mutation of selected cysteine residues of the
wild-type Kv4.2 gene was performed by using the QuikChange
Site-Directed Mutagenesis kit (Stratagene, LaJolla, CA) ac-
cording to the manufacturer’s instructions. Briefly, each single-
site mutant replaced cysteine residues of the Kv4.2 subunit with
an alanine residue. A double-site mutated mutant (i.e., Kv4.2-
C320A-C529A) was introduced on the top of the Kv4.2-C320A
mutant with the use of the previously mentioned mutagenic
primer pair for the Kv4.2-C529A mutagenesis. All constructs
were verified by sequencing. All 16 cysteine residues contained
in Kv4.2 were individually substituted with an alanine to yield
a series of vectors expressing mutant Kv4.2, that is, Kv4.2-
C111A, Kv4.2-C132A, Kv4.2-C133A, Kv4.2-C209A, Kv4.2-
C221A, Kv4.2-C231A, Kv4.2-C236A, Kv4.2-C320A, Kv4.2-
C390A, Kv4.2-C484A, Kv4.2-C503A, Kv4.2-C529A, Kv4.2-
C530A, Kv4.2-C563A, Kv4.2-C583A, and Kv4.2-C588A.
(Fig. 5, and Supplementary Figs. S2 and S3). In addition, a
double mutation was created by replacing both Cys320 and
Cys529 with an alanine to a vector expressing Kv4.2-C320A-
C529A. All constructs were verified by sequencing.

Cell culture and transfection of the Ito channel subunits

HEK293 cells were grown in Dulbecco’s modified Eagle’s
medium (Wako, Tokyo, Japan) supplemented with 10% fetal
bovine serum (Gibco, Grand Island, NY), 10% NaHCO3, and
10 · l-glumax and maintained at 37�C in a humidified 5%
CO2 incubator. Transient transfection of Kv4.2 or its mutant
cDNA with or without KChIP2 in a 1:1 molar ratio into
HEK293 cells was performed using FuGENE HD (Roche
Molecular Biochemicals, Basel, Switzerland) according to
the manufacturer’s instructions. KChIP2 is the auxiliary
subunit that modifies the function of the pore-forming sub-
unit Kv4.2 (32). Though the KChIP2 subunit alone does not
function as a channel, it facilitates the opening of Kv4.2 by
modifying the conformation of Kv4.2. Such a modification
may change the response of Kv4.2 to some regulating factors
such as H2S. In the cardiomyocytes, Kv4.2 is conjugated with
KChIP2 and the potential regulation of H2S on Kv4.2 actu-
ally occurs in such a channel complex, including the pore-
forming subunit and the auxiliary subunit. Therefore, we
examined the regulation of H2S on Kv4.2 function in its
conjugated form. On the other hand, the H2S effects were
also recorded in the cells transfected with Kv4.2 or its
mutant cDNAs alone without KChIP2 to examine whether
the H2S effects are independent of the auxiliary subunit. For
electrophysiological recording, the cells were transfected in
35 mm dishes (Corning, Corning, NY) using 4 ll FuGENE
HD mixed with 2 lg of total plasmids.
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Mass spectrometry

Model chemicals containing a disulfide bond such as Cys–
Cys and a synthesized tetradecapeptide that contains an S–S
bond between two Cys residues that are located in the central
of two heptapeptides synthesized according to the sequence
of the residues surround Cys320 and Cys529 of Kv4.2. The
tetradecapeptide containing a disulfide bridge linking two
peptides (a and b peptide) was synthesized by Glbiochem
(Shanghai, China) using trityl (Trt) and methoxybenzyl
(Mob) as cysteine-protecting groups to oxidize one of the two
cysteine residues in b peptide. Therefore, the disulfide bridge
can be formed between two specific cysteine residues in a
and b peptide. The model chemicals were individually
treated with NaHS (1:5 molar ratio) at room temperature for
various time points, and mass spectrometry (MS) analysis
of the model chemicals was performed using QSTAR XL
mass spectrometer (Applied Biosystem Co., Waltham, MA)
in the positive ion mode. Ion spray voltage used for elec-
trospray ionization (ESI) was 2 kV, and high-purity nitrogen
gas was used as collision gas for CID in MS analysis on
selected MS ions.

Confocal microscopy

The transfected HEK293 cells with GFP fluorescence were
seeded in confocal-specific dishes and washed with phos-
phate-buffered saline. The cells were examined at 488 nm
with a confocal laser scanning microscope Zeiss LSM710
(Zeiss, Jena, Germany) that was equipped with an ArKr and
an HeNe laser generator.

Isolation of cardiomyocytes

Ventricular myocytes were obtained from hearts of Spra-
gue–Dawley (SD) rats by enzymatic dissociation. All rats
were anesthetized with 6% chloral hydrate (0.5 ml/100 g,
i.p.). The hearts were rapidly removed and mounted on the
Langendorff apparatus for retrograde perfusion. The heart
was retroperfused through the aorta with oxygenated Ca2 + -
free Tyrode’s solution at 37�C for 5 min. Then, the heart was
perfused with collagenase solution containing 0.5 mg/ml
collagenase typeII (Worthington Biochemical Co, Lake-
wood, NJ), 0.1 mg/ml protease type XIV (Sigma Chemical
Co., St Louis, MO), and 1 mg/ml bovine serum albumin
(Sigma Chemical Co.) for 15 min. The ventricular myocytes
were then dissected as the epicardial and endocardial parts,
cut into pieces, and stirred in 37�C Krebs buffer (KB) solu-
tion. Then, the isolated cells were washed with 1 mM CaCl2
for 10 min, and they were examined with an inverted mi-
croscope (Zeiss, Gottingen, Germany). Rod-shaped cells
with clear striations without spontaneous contraction were
used for further studies. All solutions were gassed with 95%
O2 and 5% CO2.

Current-clamp recording for action potential

Using an EPC 10 double amplifier (HEKA Elektronic,
Lambrecht, Germany), action potential (AP) of epicardial
myocytes was recorded in a current-clamp mode with hy-
perpolarizing current pulses that are two-fold of the threshold
stimulation. Isolated myocytes were transferred to a small
chamber placed on the stage of an inverted microscope
(Zeiss). The chamber was continuously perfused at a constant

rate (1.8 ml/min) with Tyrode’s solution and maintained at
25�C. Microelectrodes were pulled on a P-97 puller (Sutter
Instruments, Novato, CA) and fire polished to 3–5 MO re-
sistance. Liquid junction potential was corrected, and a
gigaohm seal was formed. Series resistance was compensated
by 80%–85%. Data were analyzed using mini-analysis crack
and Clampfit version 10.2 software (Axon Instruments,
Foster City, CA) and fitted with Origin 8 (OriginLab Cor-
poration, Northampton, MA). The time and maximal velocity
of depolarization or repolarization of AP were analyzed with
the Clampfit version 10.2 software (Axon Instruments).
Then, APD corresponding to APD10, APD20, APD50, and
APD90 (10%, 20%, 50%, and 90% repolarization), APD10–20

(from 10% to 20% repolarization), APD20–50 (from 20% to
50%repolarization), and APD20–50 (from 50% to 90% repo-
larization) were measured. To examine the refractory period,
the cells were stimulated with a train of eight basal stimulates
with an equal interval of 1000 ms followed by one condi-
tional stimulate (premature action potential) with evenly
decreasing intervals beginning at 500 ms.

Voltage-clamp recording for Ito

Whole-cell patch clamp technique was used to measure Ito

currents at room temperature (25�C) with the usage of an
EPC 10 double amplifier (HEKA Elektronic, Lambrecht,
Germany). Isolated myocytes or cultured HEK293 cells
transfected with wild-type Kv4.2 or mutant Kv4.2 with or
without KChIP2 were transferred to a small chamber placed
on the stage of an inverted microscope (Zeiss). The chamber
was continuously perfused at a constant rate (1.8 ml/min)
with the extracellular solution for Ito recording and main-
tained at 35�C. Microelectrodes were pulled on a P-97 puller
(Sutter Instruments) and fire polished to 3–5 MO resistance.
Liquid junction potential was corrected, and a gigaohm seal
was formed. Series resistance was compensated by 80%–
85%. Currents were filtered at 5 kHz and digitized at 10 kHz.
Data were analyzed using mini-analysis crack and Clampfit
version 10.2 software (Axon Instruments) and fitted with
Origin 8 (OriginLab Corporation). Ito was elicited by depo-
larizing voltage steps (500 ms) from - 30 to + 60 mV
(0.1 Hz) with a holding potential of - 80 mV, and a 20 ms
prepulse was applied to - 40 mV to inactivate the fast Na +

current. I–V relationship of Ito was obtained by plotting the
peak current amplitude versus the potential. As the peak
current was composed of two major currents, including Ito

and Iss in rat ventricular myocytes, Ito was defined as: Ito =
Ipeak - Iss. Data were normalized as current densities by di-
viding current amplitude by whole-cell capacitance (pA/pF).
NaHS (50 lM) was added to obtain I–V relationship curves of
Ito/Iss in both epicardial and endocardial myocytes. In addi-
tion, NaHS 25, 50, 100, and 200 lM was acquired to acquire
time- and dose-dependent curves of Ito.

To acquire the steady-state active curves, Ito was induced
with 500 ms depolarizing pulses between - 100 and + 60 mV
from a holding potential of - 80 mV. The steady-state inac-
tivation of Ito was examined using a two-pulse protocol
containing a 1000 ms prepulse between - 100 and + 60 mV
and a subsequent 500 ms test pulse to + 60 mV from a holding
potential of - 80 mV with an interval of 10 ms. To examine
the recovery curves of Ito, cardiomyocytes were stimulated
with a double pulse protocol that contains a 500 ms
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conditioning pulse to 0 mV followed by a 200 ms test pulse to
0 mV from a holding potential of - 80 mV with increasing
intervals between 10 and 200 ms (29). All the experiments
mentioned earlier were performed in the presence or absence
of NaHS (50 lM).

Voltage-clamp recording for IK1

With a holding potential of - 80 mV, IK1 was elicited by
depolarizing voltage steps (500 ms) from - 120 to 0 mV (0.1 Hz)
in the presence or absence of NaHS (100lM). The control group
was treated with vehicle (Supplementary Fig. S4A).

Voltage-clamp recording for INa

INa was induced with 30 ms depolarizing pulses between -
100 and + 40 mV from a holding potential of - 100 mV. Both
I–V relationship and time-dependent curves of INa were ex-
amined in the presence or absence of NaHS (100 and
200 lM). The control group was treated with vehicle (Sup-
plementary Fig. S4B and C).

Effect of [Ca2 + ]i on H2S-induced inhibition
on Ito in the cardiomyocytes

After incubation with the L-type calcium channel blocker,
verapamil (20 lM), and/or the SEARCA blocker, thapsi-
gargin (2 lM) (8), I-V relationship, and time-dependent
curves of Ito in myocytes were examined in the absence or
presence of NaHS at 50 lM.

Solutions

The Tyrode’s solution (mM): 137 NaCl, 5.0 KCl,
1.2 MgSO4, 1.8 CaCl2, 0.5 NaH2PO4, 10 glucose, and 10
HEPES; pH was adjusted to 7.4 with NaOH. Ca2 + -free so-
lution was deprived of CaCl2. The KB solution (mM): 70
KOH, 40 KCl, 20 KH2PO4, 50 glutamic acid, 3 MgCl2, 20
taurine, 0.5 EGTA, 10 HEPES, and 10 glucose; pH was ad-
justed to 7.4 with KOH. The pipette solution (mM) for action
potential recording: 135 KCl, 3 MgCl2, 10 EGTA, and 10
HEPES; pH was adjusted to 7.4 with KOH. The extracellular
solution (mM) for Ito recording: 140 NaCl, 4 KCl, 1.5 CaCl2,
1 MgCl2, 0.5 CdCl2, 5 HEPES, and 10 glucose; pH was ad-
justed to 7.4 with NaOH. The pipette solution (mM) for Ito

recording: 140 KCl, 1 MgCl2, 5 K2ATP, 5 EGTA, and 10
HEPES; pH was adjusted to 7.4 with KOH. The extracellular
solution (mM) for IK1 recording: 145 Choline Cl, 5 KCl,
1 MgCl2, 5 EGTA, 10 HEPES, and 10 glucose; pH was ad-
justed to 7.4 with KOH. The pipette solution (mM) for IK1

recording: 140 KCl, 1 CaCl2, 5 K2ATP, 10 EGTA, and 10
HEPES; pH was adjusted to 7.4 with KOH. The extracellular
solution (mM) for INa recording: 120 Choline Cl, 25 NaCl,
4 CsCl, 1.8 CaCl2, 1 MgCl2, 2 CoCl2, 5 HEPES, and 10 glu-
cose; pH was adjusted to 7.4 with CsOH. The pipette solution
(mM) for INa recording: 140 CsCl, 10 NaCl, 5 Na2ATP, 5
EGTA, and 5 HEPES; pH was adjusted to 7.4 with CsOH.

Animals

Male SD rats (200–250 g) were obtained from the De-
partment of Experimental Animals, Chinese Academy of
Sciences. All animal procedures conformed to the Guide for
the Care and Use of Laboratory Animals published by the
National Institutes of Health in the United States and was

approved by the Ethics Committee of Experimental Re-
search, Fudan University Shanghai Medical College.

Ventricular arrhythmia induced by acute
myocardial infarction

Animals were anesthetized by 6% chloral hydrate by an
intraperitoneal injection (0.5 ml/kg). Acute myocardial in-
farction models were made by occluding the LAD artery at
2 mm inferior to the left auricle using a 6-0 silk suture. Male
SD rats were randomly divided into five groups: the vehicle-
treated group; the NaHS-treated groups at dosages of 12.5, 25,
and 50 lmol/kg group, respectively; and the lidocaine-treated
group at a dosage of 7.5 mg/kg (n = 10–17). At 10 min after
acute myocardial infarction, NaHS, lidocaine, or vehicle was
administered with a bolus injection via the femoral vein. ECG
was recorded with standard limb lead II for 5 min at baseline,
for 10 min after myocardial infarction, and for 2 h after treat-
ment. Severity of ventricular arrhythmias was assessed ac-
cording to a scoring system designed by Curtis and Walker
(11): 0 = no ventricular premature beats, ventricular tachy-
cardia, or ventricular fibrillation; 1 = ventricular premature
beats; 2 = 1–4 episodes of ventricular tachycardia; 3 = ‡ 5
episodes of ventricular tachycardia or 1 episode of ventricular
fibrillation or both; 4 = 2–4 episodes of ventricular fibrillation;
and 5 = ‡ 5 episodes of ventricular fibrillation or death.

Statistical analysis

All data are expressed as means – SEM. Determination of
statistical significance between two groups was accom-
plished using Student’s t-test. One-way analysis of variance
(ANOVA) was used for multiple-group comparison, fol-
lowed by post hoc Tukey’s test. In addition, arrhythmia
scores were analyzed with ANOVA for repeated measure-
ment design data and survival rates were tested by chi-square
test. The significance level was set at p < 0.05.
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Abbreviations Used

ANOVA¼ analysis of variance
APD¼ action potential durations

cAMP¼ 3¢,5¢-cyclic adenosine monophosphate
cGMP¼ 3¢,5¢-cyclic guanosine monophosphate

CID¼ collision-induced dissociation
+dV/dtmax¼maximal velocity of phrase 0

depolarization
-dV/dtmax¼maximal velocity of repolarization

ECG¼ electrocardiogram
EGTA¼ ethylene glycol-bis-(2-aminoethylether)-

N,N,N¢,N¢-tetraacetic acid
ESI¼ electrospray ionization

GFP¼ green fluorescent protein
H2S¼ hydrogen sulfide

HEPES¼ 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid

IK¼ delayed rectifier K+ channel
IK1¼ inward rectifier K+ channel
INa¼ sodium channel

IRES¼ internal ribosome entry sites
Iss¼ steady-state outward current
Ito¼ transient outward K+ channels

KATP channel¼ATP-sensitive K+ channel
KB¼Krebs buffer
KCa¼Ca2+ activated K+ channel

KChIP2¼Kv channel interacting protein 2
LAD¼ left anterior descending

MS¼mass spectrometry
NaHS¼ sodium hydrosulfide

ORF¼ open reading frame
PCI¼ percutaneous coronary intervention
SD¼ Sprague-Dawley

SEM¼ standard error of the mean
TDR¼ transmural dispersion of repolarization

VEGFR2¼ vascular endothelial growth factor type 2
receptor
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