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1 | INTRODUCTION

Atrial fibrillation (AF), the most common sustained cardiac arrhyth-
mia, increases the incidences of heart failure, stroke and mortality.l’4

Air pollution increases the risk of AF.>® Each 6.0 pg/m? increase in

Abstract

Hydrogen sulphide (H5S), one of the most common toxic air pollutants, is an impor-
tant aetiology of atrial fibrillation (AF). Pulmonary veins (PVs) and left atrium (LA)
are the most important AF trigger and substrate. We investigated whether H,S may
modulate the arrhythmogenesis of PVs and atria. Conventional microelectrodes and
whole-cell patch clamp were performed in rabbit PV, sinoatrial node (SAN) or atrial
cardiomyocytes before and after the perfusion of NaHS with or without chelery-
thrine (a selective PKC inhibitor), rottlerin (a specific PKC § inhibitor) or KB-R7943
(@ NCX inhibitor). NaHS reduced spontaneous beating rates, but increased the
occurrences of delayed afterdepolarizations and burst firing in PVs and SANs. NaHS
(100 pmol/L) increased Ixatp and Incx in PV and LA cardiomyocytes, which were
attenuated by chelerythrine (3 pmol/L). Chelerythrine, rottlerin (10 umol/L) or KB-
R7943 (10 pumol/L) attenuated the arrhythmogenic effects of NaHS on PVs or
SANs. NaHS shortened the action potential duration in LA, but not in right atrium
or in the presence of chelerythrine. NaHS increased PKC activity, but did not
translocate PKC isoforms o, € to membrane in LA. In conclusion, through protein
kinase C signalling, H>S increases PV and atrial arrhythmogenesis, which may con-
tribute to air pollution-induced AF.
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PM, 5 increases the risk of AF by 26%.° The mechanisms underlying
air pollution-induced arrhythmogenesis remain unclear. Air pollution
is associated with autonomic tone changes,7 inflammation® and car-
diac ischaemia.’ Hydrogen sulphide (H,S) is one of the most com-

mon toxic air pollutants.’® H,S is produced by the anaerobic
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bacterial breakdown of sulphur-containing matter and can be found
in various natural environments and industrial settings, such as spas,
sewers, landfills, waste water plants and oil refineries.'>2 Increases
in the H,S concentration are associated with daily all-natural-cause
mortality’® and cardiovascular hospitalization.'* However, it is not
elucidated whether H,S may play a role in the pathophysiology of
air pollution-induced AF.

Pulmonary veins (PVs) and left atrium (LA) are the most impor-
tant AF triggers and substrates.>>” Calcium dysregulation plays a
critical role in the occurrences of AF and PV arrhythmogenesis.®*?
The activation of Na*/Ca®* exchangers (NCXs) induces delayed
afterdepolarizations (DADs) and increases PV arrhythmogenic activ-
ity.2® Protein kinase C (PKC)-mediated signalling plays a vital role in
NCX activation.?’ H,S was known to activate PKC,2* thus H,S may
increase Incx and increase PV arrhythmogenesis leading to AF gene-
sis. Moreover, sinoatrial node (SAN) dysfunction plays an important
role in AF pathophysiology?? and increases PV arrhythmogenesis.?®
H,S reduces the electrical activity of SANs, which may modulate the
arrhythmogenesis of PVs and increase the risk of AF genesis.2*

H,S plays a critical role in cell signalling?®> and attenuates ischae-
mia-reperfusion injury by activating the ATP-sensitive potassium
channel (Katp).?® The activation of the Karp channel shortens the
action potential duration (APD), which may increase the risk of AF
by facilitating the genesis of re-entry circuits. Previous study has
revealed that lgatp differentially regulates the electrical activity of
right atrium (RA) and LA.?” The different effects of lgarp on APD
shortening in the LA and RA can increase the risk of cardiac arrhyth-
mias due to increasing interatrial dispersion. Accordingly, H,S may
modulate the electrical activity of PVs, atria and SANs and increase
the risk of air pollution-induced AF. This study explored the effects
of H,S on PVs, atria and SANSs, and investigated the potential under-

lying mechanisms.

2 | METHODS

2.1 | Animal and tissue preparation

All experimental procedures were approved by the Institutional Ani-
mal Care and Use Committee of Taipei Medical University and con-
formed to the Institutional Guidelines for the Care and Use of
Laboratory Animals and the Guide for the Care and Use of Labora-
tory Animals published by the United States National Institute of
Health. As described previously,?® male rabbits (1.5-2 kg) were
anaesthetized with an intravenous injection of sodium pentobarbital
(100 mg/kg). The adequacy of the anaesthesia was confirmed by the
lack of corneal reflexes and motor responses to pain stimuli induced
using a scalpel tip. The heart and lungs were rapidly excised follow-
ing midline thoracotomy. For SAN tissue preparation, SANs were
isolated from the RA and superior vena cava. PVs were separated
from the atria at the LA-PV junction and from the lungs at the end
of PV myocardial sleeves. One end of the preparation was pinned to
the bottom of a tissue bath using needles, and the other end was

connected to a Grass Instruments FTO3C force transducer (MA,

USA) using silk thread. Tissue preparations were superfused with
normal Tyrode's solution composed of NaCl (137 mmol/L), KCI
(4 mmol/L), NaHCO3 (15 mmol/L), NaH,PO,4 (0.5 mmol/L), MgCl,
(0.5 mmol/L), CaCl, (2.7 mmol/L) and dextrose (11 mmol/L) at a
constant rate of 3 mL/min at 37°C as described previously.18192327
NaHS (Sigma, MO, USA) was used as a donor of H,S. PVs, atria and
SANs were exposed to different concentrations of NaHS (1, 10, and
100 pmol/L) in Tyrode's solution for 40 minutes to investigate the

electrophysiological effects of H,S.

22 |
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Electrophysiological and pharmacological

The transmembrane APs of PVs, SANs and atria were recorded using
machine-pulled glass capillary microelectrodes filled with 3 mol/L
KCI; the microelectrodes were connected to a World Precision
Instrument model FD223 electrometer (FL, USA) under a tension of
150 mg. The electrical and mechanical events were simultaneously
displayed on a Gould 4072 oscilloscope (OH, USA) and Gould TA11
recorder. Electrical stimuli were applied using a Grass S88 stimulator
through a Grass SIU5B stimulus isolation unit. For PVs with sponta-
neous activity and SANs, the APs were recorded for 20 minutes. For
the LA and RA, the AP parameters were measured with 2-Hz electri-
cal stimuli. The AP amplitude (APA) was determined by measuring
the difference between the resting membrane potential (RMP) and
the peak of AP depolarization. The APD at repolarization extents of
90%, 50% and 20% of the APD were measured and designated
APDyo, APDsg and APDyq, respectively. Burst firing was defined as
the occurrence of accelerated spontaneous activities (faster than the
basal rate) with sudden onset and termination. DAD was defined as
the presence of a spontaneous depolarization of the impulse after
complete repolarization. The electrical and mechanical events (con-
tractility and diastolic tension) were continuously and simultaneously
displayed and recorded during all aforementioned procedures. To
investigate the electrophysiological effects of H,S, a physiological
concentration of NaHS (100 pmol/L) was administered with or with-
out KB-R7943 (a NCX inhibitor, 10 umol/L), chelerythrine (a selec-
tive PKC inhibitor, 3 umol/L) or rottlerin (a specific PKC & inhibitor,
10 pmol/L) in PVs, atria and SANs.

2.3 | Electropharmacological studies in isolated
single PV and atrial cardiomyocytes

Pulmonary vein and atria cardiomyocytes from rabbits were enzy-
matically dissociated, as previously described.??° The whole-cell
patch clamp technique was performed in the PV and atrial cardiomy-
ocytes with pacemaker activity before and after the administration
of NaHS with or without chelerythrine; the APs were recorded using
an Axopatch 1D amplifier (Axon Instruments, California, USA) at
35°C + 1°C. The ionic currents were recorded in the voltage clamp
mode. For the Iycx, PV and atrial cardiomyocytes were perfused
with an external solution containing NaCl (140 mmol/L), CaCl,
(2 mmol/L), MgCl, (1 mmol/L), glucose (10 mmol/L) and HEPES
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(5 mmol/L) (pH adjusted to 7.4 with NaOH/HCI). Micropipettes
were filled with a solution containing NaCl (20 mmol/L), CsCl
(110 mmol/L), MgCl, (0.4 mmol/L), CaCl, (1.75 mmol/L), TEACI
(20 mmol/L), BAPTA (5 mmol/L), glucose (5 mmol/L), MgATP
(5 mmol/L) and HEPES (10 mmol/L) (pH adjusted to 7.25 with
CsOH). The Iycx was elicited through depolarization in 10-mV steps
from a holding potential of —40 mV to test potentials from —100 to
+100 mV for 300 mseconds at a frequency of 0.1 Hz. The Iycx
amplitudes were measured as 10-mmol/L nickel-sensitive currents.
For the lkate, PV and atria cardiomyocytes were perfused with an
external solution containing NaCl (135 mmol/L), KCI (5.4 mmol/L),
MgCl, (1.0 mmol/L), CaCl, (1.0 mmol/L), NaH,PO4 (0.33 mmol/L),
HEPES (10 mmol/L) and glucose (10 mmol/L) (pH adjusted to 7.4

with NaOH). CdCl, (0.2 mmol/L) and 4-aminopyridine (2 mmol/L)
were added to the external solution to inhibit Ca®* and transient
outward currents, respectively.>* Micropipettes were filled with a
solution containing KCI (140 mmol/L), MgCl, (1.0 mmol/L), HEPES
(10 mmol/L), EGTA (5 mmol/L) and GTP (0.1 mmol/L) (pH adjusted
to 7.3 with KOH).

24 | Cell fractionation and Western blot for
translocated PKC

Membrane and cytosol fractionations were performed from LA tis-
sues using Mem-PER Plus Membrane Protein Extraction Kit (Thermo

Scientific, Waltham, MA) according manufacturer’'s instructions.
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Briefly, LA tissues with or without NaHS (100 umol/L) incubation for
40 minutes were homogenized in Permeabilizatin Bufferon for
10 minutes on ice with agitation. The cell lysate was centrifuged at
16 000 g at 4°C for 15 minutes, and the supernatant was saved as
cytosolic protein. The pellets were resuspended in Solubilization Buf-
fer at 4°C for 30 minutes with constant shaking and were then cen-
trifuged at 16 000 g at 4°C for 15 minutes. The resulting
supernatants were collected as membrane fraction.

For immunobloting of PKC proteins, 70 pg of cytosolic and
100 pg of membrane proteins were separated on 8% SDS-PAGE and
transferred by electrophoresis onto an equilibrated polyvinylidene
difluoride membrane. Blots were probed with primary antibodies
against PKC o (GeneTex), PKC ¢ (Abcam), GAPDH and secondary anti-
bodies conjugated with horseradish peroxidase (HRP). Bound antibod-
ies were detected with an enhanced chemiluminescence detection
system and analysed with AlphaEase FC software. All targeted bands
were normalized to GAPDH to confirm equal protein loading.

2.5 | Protein kinase C activity assay

Protein kinase C activity was assayed using PKC Kinase Activity
Assay Kit (Abcam) as manufacturer’s instructions. Briefly, total
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proteins from LA tissues with or without NaHS (100 pmol/L) incu-
bation for 40 minutes were added to PKC substrate coated wells
of a 96-well microtitre plate, and reactions were initiated by adding
ATP. The phosphorylated substrates were recognized by a phos-
phor-PKC substrate-specific antibody and a secondary antibody
conjugated with HRP after being reacted at 30°C for 90 minutes.
Bound antibodies were detected with TMB substrate, and the
absorbance was measured at OD450 nm. Relative kinase activity
was calculated from standard curve and normalized to individual
control.

2.6 | Measurement of intracellular reactive oxygen
species

Pulmonary vein cardiomyocytes were treated with NaHS (100 pmol/
L) for 40 minutes, and the reactive oxygen species (ROS) sensitive
fluorescent probe CellROX Deep Red reagent (5 umol/L, Life Tech-
nologies) was added 30 minutes before the end of the treatment.
The fluorescent signals were detected on a laser scanning confocal
system (Zeiss LSM 510, Carl Zeiss) equipped with the inverted
microscope (Axiovert 100, Carl Zeiss) using a 60 x 1.4 numerical
immersion described  previously.®?

aperture oil objective as

1 MMM

SAN-Baseline

S MU

SAN + NaHS 100 pmol/L

PV + NaHS 100 pmol/L

C s * D _1s

LRI
® U 1 \ UU'LU.
PV + NaHS 100 umol/L

4

! | I
o ,IL,UJUJ AL

PV + NaHS 100 umol/L

Pl
PV + NaHS 100 uM + KB-R7943 10 umol/L

VIR

SAN + NaH$S 100 umol/L

A VA

SAN + NaHS 100 umol/L

3|, 2o

SAN + NaHS 100 pmol/L + KB-R7943 10 umol/L

SAN + NaHS 100 pmol/L

FIGURE 2 NaHS-induced triggered
activity or burst firing in pulmonary vein
(PV) and sinoatrial node (SAN)
preparations. A, Representative recordings
of delayed after depolarization (V) and
burst firing (*) in PV preparations
superfused with NaHS (100 pmol/L). B,
Representative recordings of delayed after
depolarization (V) and burst firing (*) in
SAN preparations superfused with NaHS
(100 pmol/L). C, KB-R7943 (10 pmol/L)
suppressed NaHS (100 umol/L)-induced
burst firing (*) and delayed
afterdepolarization (1) in PVs. D, KB-R7943
(10 pmol/L) suppressed NaHS (100 pumol/
L)-induced delayed afterdepolarization (})
and burst firing (*) in SANs
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Fluorescent images were analysed using Image-Pro Plus 6.0 and Sig-

maPlot 12.3 software.

2.7 | Statistical analyses

All continuous variables are expressed as mean =+ standard error of
mean. One-way repeated-measures analysis of variance followed by
Bonferroni’s analysis was used to compare the differences in PVs,
SANs and LA before and after drug administration. The chi-square
analysis with Fisher's exact test was used to compare the incidences
of DADs and burst firing in PVs and SANs before and after drug
administration. P < .05 was considered statistically significant. Statis-

tical analysis was performed using SigmaPlot 12 (Systat software).

3 | RESULTS

3.1 | Effects of H,S on the electrical activity of
PVs, and SANs

As shown in Figure 1A, NaHS (1, 10, and 100 umol/L) significantly
reduced the PV beating rates in a concentration-dependent manner.
However, as shown in Figure 2A, NaHS (1, 10 and 100 pmol/L)
induced the occurrences of DADs in 6 PVs (60% vs 0% at baseline,
P < .05) and induced burst firing in 5 PVs (50% vs 0% at baseline,
P < .05). Similarly, NaHS (1, 10, and 100 umol/L) concentration
dependently reduced SAN beating rates (Figure 1B). Furthermore,

A 1s B 1s

S SN

PV + Chelerythrine 3 pmol/L

NaHS (1, 10, and 100 umol/L) induced the occurrences of DADs in
3 SANs (33% vs 0% at baseline, P > .05) and burst firing in 2 SANs
(22% vs 0% at baseline, P > .05; Figure 2B). NaHS reduced SAN and
PV beating rates to a similar extent (22% vs 23%, P > .05) but
induced higher arrhythmogenicity in PVs than in SANs. Figures 2C,D
show the effects of KB-R7943 on NaHS-induced PV and SAN
arrhythmogenesis. In 6 of PVs with NaHS-induced triggered activity,
KB-R7943 (10 pumol/L) reduced the occurrences of triggered DADs
(100% vs 0%, P < .05) but did not change PV beating rates. More-
over, in 3 PVs with NaHS-induced burst firing, KB-R7943 reduced
the occurrences of burst firing (100% vs 0%, P > .05). Similarly, in 3
SANs with NaHS-induced triggered activity, KB-R7943 reduced the
occurrences of the triggered DADs (100% vs 0%, P > .05). In 2 SANs
with NaHS-induced burst firing, KB-R7943 reduced the occurrence
of burst firing (100% vs 0%, P > .05) but did not change SAN beat-
ing rates.

As shown in Figure 3, in the presence of chelerythrine (3 pmol/
L), NaHS (100 umol/L) did not change the beating rates or induce
triggered activity and burst firing in PVs and SANSs. Similarly, NaHS
(100 pmol/L) did not change the beating rates, triggered activity and
burst firing in PVs in the presence of rottlerin (10 umol/L).

3.2 | Effects of H,S on atrial electrical activity

NaHS at 100 pmol/L, but not at 1 and 10 umol/L, significantly
shortened APDgyq and reduced the contractility of the LA (Figure 4A).
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FIGURE 3 Effects of chelerythrine and rottlerin on NaHS-induced arrhythmogenesis. A, In PVs (n = 6) pretreated with chelerythrine

(8 pmol/L), NaHS (100 pmol/L) did not induce arrhythmogenesis or beating rate changes. B, In SANs (n = 6) pretreated with chelerythrine

(3 umol/L), NaHS (100 pumol/L) did not induce arrhythmogenesis or beating rate changes. C, In PVs (n = 6) pretreated with rottlerin (10 umol/
L), NaHS (100 umol/L) did not induce arrhythmogenesis or beating rate changes
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However, NaHS did not change the APA, RMP, APD,y APDs, larger PKC activity than those without treatment. As shown in 7C,
APDgyo and contractility of the RA (Figure 4B). In LA tissues pre- NaHS-treated PV cardiomyocytes had lower ROS in cytosol than did
treated with chelerythrine (3 pmol/L), NaHS (100 pumol/L) did not control PV cardiomyocytes.

shorten APDyg or reduce contractility (Figure 4C).

3.3 | Effects of HyS on lxate and Incx 4 | DISCUSSION

We investigated the effects of NaHS on lxatp and Incx in isolated Air pollution is caused by multiple air pollutants, including H,S. This
single PV and atrial cardiomyocyte. As shown in Figure 5, NaHS study is the first to report that H,S induces the occurrences of
(100 umol/L) significantly increased the lxatp and the forward mode DADs and burst firing in PVs and SANs. H,S-induced PKC activation
of the Incx. However, in the presence of chelerythrine (3 pmol/L), is reported to play a role in regulating intracellular calcium handling
NaHS did not change the Ixatp and Incx in PV cardiomyocytes. by facilitating cytosolic calcium clearing through NCX channel in the
We compared the effects of NaHS on lxatp and Iycx in LA and development of calcium overloading and cardiomyocyte hypercon-
RA cardiomyocytes. As shown in Figure 6, NaHS significantly traction induced by ischaemic-reperfusion insults.?® In single-cell
increased the Iycx and lkatp in LA cardiomyocytes, but not in RA experiments, we revealed that H,S increased the forward mode of
cardiomyocytes. the Inex in the PV cardiomyocytes, which was attenuated by PKC
inhibition. In addition, we observed that KB-R7943 and chelerythrine
3.4 | Effect of NaHS on translocation of PKC suppressed NaHS-inducec{ PV and SAN. arrhythr'nogenesis. These
isoforms, PKC activity and ROS results suggest that ’HQS.-mduced PKC signalling increases PV and
SAN arrhythmogenesis with the activation of NCX.
As shown in Figure 7A,B, NaHS did not change the membrane to Hydrogen sulphide has been reported to exert a negative chron-

cytosol ratios of PKC o and ¢ in LA. However, NaHS-treated LA had otropic effect in SANs; this effect is inhibited by the Katp channel
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FIGURE 4 Effects of NaHS interacted with PKC inhibitors on action potential morphology and contractility of the left atrial (LA) and right
atrial (RA) preparations. A, Superimposed tracings, contractility and average data of the action potential parameters in the LA preparations

(n = 7) before and after superfusion with different concentrations of NaHS (1, 10 and 100 pumol/L). B, Superimposed tracings, contractility and
average data of the action potential parameters in the RA preparations (n = 8) before and after superfusion with different concentrations of
NaHS (1, 10, and 100 umol/L). C, Superimposed tracings, contractility and average data of the action potential parameters in LA preparations
(n = 6) pretreated with chelerythrine (3 umol/L) and after superfusion with NaHS (100 umol/L)
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blocker, glibenclamide.®*** Similarly, this study found that H,S sig-
nificantly reduced SAN beating rates, and this effect was attenuated
by PKC inhibition. In single-cell experiments, we revealed that NaHS
increased the lxatp in PV cardiomyocytes, which was attenuated by
PKC inhibition. Because PKC activation is required for Katp channel
opening, these results indicate that H,S modulates SAN function by
activating PKC and Katp channels. SAN dysfunction plays an impor-

tant role in AF pathophysiology??3°

and increases PV arrhythmogen-
esis.2>3¢ Accordingly, H,S may modulate SAN function and result in
PV arrhythmogenesis and AF occurrence.

In the present study, NaHS increased Ixatp and Iycx in PV car-
diomyocytes, which were attenuated by chelerythrine (a selective
PKC inhibitor). Additionally, chelerythrine and rottlerin (a specific
PKC § inhibitor) attenuated the arrhythmogenic effects of NaHS,
thereby suggesting that PKC may mediate the effects on membrane

ion currents caused by H,S. H,S diffuses through the cell membrane

WILEY-—2

directly because the H,S molecule is very small and non-polar. H,S
has been shown to activate different PKC isoforms directly.?* Pro-
tein kinase-catalysed phosphorylation can regulate the activity of ion
channels, including the Karp and NCX channel.3” The activation of
PKC increases the open probability of Katp channel and acts via
phosphorylation of a specific, conserved threonine residue in the
Katp channel.*® In addition, PKC directly phosphorylates NCX chan-
nel, which significantly enhances Incx.>’

Protein kinase C exists as several different isoforms and six iso-
forms (o, B, 8, & n, and () were detected in hearts, among which
PKC isoforms o, 6 and ¢ are the prominent isoforms expressed in
the heart. Moreover, chelerythrine is well-known to inhibit PKC o,
B1, vy and &. Therefore, PKC o and PKC & are more likely to be
essential to NaHS-mediated arrhythmogenesis. We found that NaHS
did not induce translocation of PKC isoforms o, £ from cytosol to

membrane but did increase PKC kinase activity. In the presence of
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FIGURE 5 Effects of NaHS on Iycx and
lkaTp in PV cardiomyocytes. A, The
tracings and current-voltage relationship of
Incx in PV cardiomyocytes before and
after NaHS (100 pmol/L) with (n = 8) and
without (n = 9) chelerythrine (3 umol/L). B,
The tracings and current-voltage
relationship of Ixatp in PV cardiomyocytes
before and after NaHS (100 pmol/L) with
(n = 8) and without (n = 7) chelerythrine -100
(3 pmol/L). The insets in the current traces
show the various clamp protocols.
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rottlerin at 10 pmol/L, NaHS did not change PV electrical activity.
These findings suggested that H,S activates PKC & and results in its
arrhythmogenesis.

The present study revealed that H,S differentially changed the
cardiac electrophysiology of the LA and RA, whereas H,S signifi-
cantly shortened the APD and reduced the contractility of the LA
but not of the RA. These effects were attenuated by chelerythrine,
suggesting that PKC signalling plays a vital role in the effects of H,S.
The different effects of H,S on APD shortening in the LA and RA
increase the dispersion of the APD, facilitating the maintenance of
cardiac arrhythmias. Nevertheless, the mechanisms underlying the
different effects of H,S in the LA and RA are unclear. A previous
study reported that the higher expression of heat stress protein 70
in the RA may attenuate the response of the RA to the activation of
the Kagp channel by hypoxia and reperfusion.**4* Previous studies
have shown that LA plays a critical role in AF genesis compared to
RA. Therefore, H,S may have different electrophysiological effects

A
+100
NaHs 100 umol/L mv
-40
10050,
e =
s s s
o
=3 =3
2
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» @ o Q@
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T > 3 >
% (8] (XJ [$)
= X 2 = X
= o =z o
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150 &9 %0 o 50 100 150 (mv) 150 50 0
2 -2
B

on RA and LA cardiomyocytes. We found that NaHS significantly
increased the Incx and Igatp in LA cardiomyocytes but not in RA car-
diomyocytes, which may result in the shortening of APD in NaHS-
treated LA.

Air pollutant is known to increase oxidative stress. We evaluated
the effects of H,S on oxidative stress in PV cardiomyocytes by mea-
surement of intracellular ROS using a laser scanning confocal micro-
scope and found that NaHS-treated PV cardiomyocytes had lower
cytosol ROS than did control PV cardiomyocytes. Similarly, previous
study has shown that H,S reduces oxidative stress in mouse
model.*? These findings suggested that oxidative stress does not
underlie the effects of H,S on cardiomyocytes, and H,S may activate
PKC through its direct chemical effects, leading to the increases in
Inex and Ikate.,

The effects of H,S has been extensively studied as an environ-
mental pollutant.**** Although H,S has been widely recognized as

a cardioprotective agent for majority of cardiac disorders such as

NaHs 100 umol/L

50 100 150 (mV)

4 pA/pF |_

0.02s

FIGURE 6 Effects of NaHS on Iycx and
lkatp in atrial cardiomyocytes. A, The
tracings and current-voltage relationship of

1.54 1.5 Inex in left atrial (LA, n = 8) and right atrial
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n_|_|o__ i **** e sl n_|_|5_ (RA, n = 9) cardiomyocytes before an.d
';:2 * -0- NaHs 100 umoIILEE after NaHS (100 umol/L). B, The tracings
_:2 S 0.5 _52 ol and current-voltage relationship of lxatp in
M::O_o“ —_ LA (n = 9) and RA (n = 8) cardiomyocytes
100 -80 Y40 20 0| 20 40 6O(mV) -100 -80 40 20 0| 20 40 60(mV) before and after NaHS (100 pumol/L). The
054 05 insets in the current traces show the
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FIGURE 7 Effects of NaHS on membrane translocation of PKC
isoforms, PKC activity and intracellular reactive oxygen species
(ROS). A, Representative immunoblot and average data of subcellular
distribution of PKC ¢ (n = 3) and PKC « (n = 5) from control and
NaHS-treated left atrial tissue preparations. B, The average data of
relative PKC activity in control and NaHS-treated left atrial tissue
preparations (n = 3). C, An example and average data of intracellular
ROS in control (n = 13) and NaHS-treated (n = 13) PV
cardiomyocytes. *P < .05, ***P < 005 vs control

myocardial infarction/reperfusion injury, cardiac hypertrophy,
myocardial fibrosis and heart failure,*> acute exposures of H,S may
cause cardiac arrhythmia.*® Inhaled H,S induces sinus bradycardia
and sinus arrest.*” Circulating halogen reactants cause cardiac
injury by damaging important intracellular Ca?* regulators.*®
Although we do not provide a direct relationship between H,S and
AF, our works suggest that H,S increases PV and SAN arrhythmo-
genesis and regulates atrial electrophysiology which contribute to
AF.

This study should be interpreted with cautions due to the poten-
tial limitations. Air pollutants may trigger the occurrence of AF via
direct and/or indirect effects on the atrial myocardium.*’ In this
study, we found that H,S has direct electrophysiological effects on
AF substrates and triggers, supporting that H,S may contribute to
air pollution-induced AF at least in part. However, simply investigat-
ing H,S may not fully uncover the mechanisms of polluted air-
induced PV and atrial arrhythmogenesis as air pollution contains mul-
tiple pollutants in addition to H,S. In addition, this study found that
chelerythrine or rottlerin had inhibitory effects on NaHS-induced

arrhythmogenesis, and NaHS-treated atrium had larger PKC activity

than those without treatment, suggesting that PKC pathway plays a
crucial role in HyS-mediated arrhythmogenesis. Nevertheless, chel-
erythrine is an inhibitor with multiple functions, it is also an antago-
nist of G-protein-coupled CB; receptors.’® Studies have suggested
that activation of CB4 receptors promotes activation of mitogen-acti-
vated protein kinases p38 and JNK.>! Mitogen-activated protein
kinase is known to be functional in cardiomyocytes and is activated
in response to stress, reactive oxygen species and inflammation.>?
Rottlerin, a PKC § inhibitor,”® is also an uncoupler of mitochondrial
oxidative phosphorylation.>* Therefore, the electrophysiological data
in this study did not exclude the possibility that several signalling
pathways may involve the effects of H,S-mediated arrhythmogene-
sis. The precise signalling underlying the effects of H,S may not be

fully elucidated.

5 | CONCLUSION

Hydrogen sulphide increases the arrhythmogenesis of PVs and SANs
and differentially regulates the cardiac electrophysiology of the LA
and RA. The activation of PKC signalling and increases in the lxatp
and Incx induced by H,S in PV and SAN cardiomyocytes may con-
tribute to air pollution-induced AF.
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