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Abstract

Cigarette smoke has been recognized as a major risk factor for cardiovascular disease.
However, its direct effects on rodent and human cardiomyocytes and its cellular mecha-
nisms are not fully understood. In this study, we examined the direct effects of cigarette
smoke extract (CSE) on contractile functions, intracellular Ca®* dynamics, and mitochon-
drial function using cultured or freshly isolated rat ventricular myocytes and human induced
pluripotent stem cell (iPS)-derived cardiomyocytes. In rat cardiomyocytes, CSE (>0.1%)
resulted in a time- and concentration-dependent cessation of spontaneous beating of cul-
tured cardiomyocytes, eventually leading to cell death, which indicates direct toxicity. In
addition, 1% CSE reduced contractile function of freshly isolated ventricular myocytes. Simi-
lar contractile dysfunction (declined spontaneous beating rate and contractility) was also
observed in human iPS-derived cardiomyocytes. Regarding intracellular Ca®* dynamics,
1% CSE increased the Ca®* transient amplitude by greatly increasing systolic Ca®* levels
and slightly increasing diastolic Ca®* levels. CSE also accelerated the decay of Ca®* tran-
sients, and triggered spike-shaped Ca®* transients in some cells. These results indicate that
CSE causes abnormal Ca®* dynamics in cardiomyocytes. Furthermore, CSE induced a cas-
cade of mitochondrial dysfunctions, including increased mitochondrial reactive oxygen spe-
cies, opening of mitochondrial permeability transition pore, reduction of mitochondrial
membrane potential, and release of cytochrome ¢ from mitochondria. These results suggest
that CSE-induced contractile dysfunction and myocardial cell death is caused by abnormal
Ca?* dynamics and subsequent mitochondrial dysregulation, which would result in reduced
bioenergetics and activation of cell death pathways.
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Introduction

Cigarette smoking is reported to be closely associated with chronic obstructive pulmonary dis-
ease [1] and systemic sclerosis [2]. Smoking has also been identified as a major risk factor for
cardiovascular disease [2]. Among them, hypertension [3, 4], ischemic heart disease, and sud-
den cardiac death [5] are highly associated with smoking. Cohort studies have reported that
cigarette smokers are more likely to develop ischemic heart disease than non-smokers [6]. Pro-
posed mechanisms for the adverse cardiovascular effects of smoking in experimental animals
and humans are based on vascular injury including endothelial cell damage [7], neutrophil
activation and platelet aggregation [8], and atherosclerosis and atherosclerotic plaque disrup-
tion [9, 10] caused by these factors. Cigarette smoke contains thousands of various toxic com-
ponents such as nicotine, tar, and reactive oxygen species, which have been proposed to cause
vascular damage and indirectly lead to cardiovascular disease [10]. However, it is possible that
cigarette smoke has a direct effect on cardiomyocytes. At the individual level, though, it is diffi-
cult to analyze whether these effects are direct or not, due to vascular responses and blood
components. Therefore, there is a need to investigate the direct and acute effects of cigarette
smoke extract (CSE) on isolated cardiomyocytes, but few studies have examined such effects
or intracellular mechanisms in detail. Indicators of cardiac function include myocardial con-
tractile and diastolic functions, and spontaneous beating rate. These are dependent on intracel-
lular Ca®* dynamics and are regulated by various ion channels and ion pumps, such as the
sarcoplasmic reticulum (SR) Ca" release channel ryanodine receptor, the SR Ca®* pump and
its regulator phospholamban [11]. Myocyte function also depends on the function and integ-
rity of mitochondria, which produce energy and regulate cell survival and death.

In the present study, we first examined the effects of CSE on contractile function, spontane-
ous beating rate, intracellular Ca** dynamics and various parameters of mitochondrial dys-
function in rat ventricular myocytes. However, considerable differences exist between rodent
and human cardiomyocytes in terms of ion channel expression, beating rate, and energy
metabolism. Therefore, we performed similar experiments using human induced pluripotent
stem cell (iPS)-derived cardiomyocytes to determine whether the same phenomenon was
observed in human cells.

Material and methods
Animals

This study conformed to the National Institutes of Health guidelines (Guide for the Care and
Use of Laboratory Animals). All animal procedures were performed according to the Animal
Welfare Committee guidelines of the Wakayama Medical University and were approved by
the institutional ethics review board (approval reference number: 1000). Efforts were under-
taken to minimize the number of animals and their suffering. Sprague Dawley rats used in this
study were purchased from Japan SLC, Inc.

Preparation of cigarette smoke extract (CSE) and determination of nicotine
concentration

CSE was produced by bubbling a stream of smoke from 50 Hi-Lite cigarettes (Japan Tobacco
Inc., Tokyo, Japan) into a 50-mL saline solution (1 cigarette/mL), which was defined as 100%
CSE [12]. Such CSE was purchased from CMIC Pharmascience Corporation (Yamanashi,
Japan) [13] and stored at -80 °C until use, as previously described [14]. Thus, 1% CSE is equiv-
alent to 1/100 cigarettes/mL. We determined physiological/pathological range of CSE concen-
trations; nicotine concentration in 100% CSE was quantified using gas chromatography-mass
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spectrometry, a method based on ISO 18145:2003 [15]. In experiments using rat cardiomyo-
cytes, modified Tyrode solution containing: NaCl, 137 mmol/L; KCl, 5.4 mmol/L; HEPES, 10
mmol/L; MgCl,, 1 mmol/L; CaCl,, 1.8 mmol/L and glucose, 10 mmol/L (adjusted to pH 7.4
with NaOH) was used as the control background solution. In experiments using human iPS-
derived cardiomyocytes, phosphate buffered saline (PBS) was used as a control vehicle instead
of CSE in the maintaining medium (Myoridge).

Primary culture of neonatal rat ventricular myocytes (NRVMs)

Ventricles were excised from one-day-old neonatal rats. These were then dissociated into sin-
gle myocytes by trypsinization and cultured in growth medium, as previously described [16,
17]. After excluding non-myocytes by differential adhesion treatment, myocytes were seeded
into culture dishes and incubated in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum + 0.5% Penicillin/Streptomycin. Cardiomyocytes cul-
tured for 3 days were used to measure spontaneous beating rate (equivalent to heart rate)
because they beat spontaneously. They were also used for cytotoxicity evaluation by an [3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt] (MTS) assay, which requires a medium exchange step, because adherent cells are
easier to handle.

Isolation of adult rat ventricular myocytes (ARVMs)

Single ventricular myocytes were freshly isolated from adult male rat hearts through standard
enzymatic techniques using Langendorff perfusion apparatus [18]. Briefly, hearts were rapidly
removed from Isoflurane (3%)-anesthetized male Sprague Dawley rats (7-9-weeks old) and
perfused in a Langendorff perfusion system with an enzyme solution containing 1 mg/mL type
1 collagenase (Sigma Aldrich, St. Louis, MO, U.S.A.) at 37 °C. Ventricles were cut into small
pieces, and further digested by incubation with the enzyme solution described above in addi-
tion to 2 mg/ml BSA and 0.1 mmol/L Ca** for several minutes at 37 °C. The cell suspension
was filtered (0.1 mm mesh), and maintained with gradually increasing Ca** (0.25, 0.5, 1
mmol/L) and finally resuspended in modified Tyrode solution. Myocytes were immediately
plated onto laminin (0.1 mg/ml)-coated glass coverslips and allowed to attach by incubation at
37 °C. Freshly isolated cardiomyocytes were used to assess contractility and intracellular Ca**
transients, as these parameters can be correctly measured using single cardiomyocytes rather
than using cultured cell sheets.

Evaluation of cytotoxicity

Cell viability was measured with an MTS assay using CellTiter 96 Aqueous One Solution Cell
Proliferation Assay Kit (Promega Co., Wisconsin, U.S.A.) according to the manufacturer’s
instructions as previously described [19]. Briefly, cultured NRVM:s were incubated for 1 h with
indicated concentrations (1-20%) of the CSE. After the incubation, 20 pl of the kit reagent was
added to the cell culture in a 96-well plate and incubated for a further 2 h. The amount of the
reduced form of MTS (formazan) was measured using a microplate reader by absorbance at
490 nm (SH9000Lab, CORONA ELECTRIC Co., Ltd., Ibaraki, Japan). MTS reduction activity
of each concentration of CSE without cells was subtracted from those with cells and repre-
sented as percentages of the values obtained from 0% CSE-treated cells (control).

Additionally, two-color staining was also performed to assess cytotoxicity using a LIVE/
DEAD™ viability/cytotoxicity assay kit (Thermo Fisher Scientific, Massachusetts, USA), fol-
lowing the manufacturer’s instructions. After 24 h of exposure to CSE, NRVMs were incubated
with a staining solution containing calcein-AM and ethidium homodimer-1 for 30 min at RT
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(approximately 22 °C). After washing with PBS, the cells were observed using an All-in-One
fluorescence microscope (BZ-X800; KEYENCE, Osaka, Japan). Calcein was retained inside liv-
ing cells, emitting green fluorescence (ex/em: 495 nm/515 nm), while ethidium homodimer-1
passed through the injured cells and emitted red fluorescence in the nucleus of dead cells (ex/
em: 495 nm/635 nm).

Assessment of cardiac contractile function

To evaluate the spontaneous beating function of cardiomyocytes, we used an inverted micro-
scope equipped with a 4K Hybrid Camera (Xcam4K Lite; Biotools, Gunma, Japan) and an
incubation chamber (SV-140A; BLAST, Kanagawa, Japan) that maintained the temperature
and CO, concentration at 37 °C and 5%, respectively. To analyze the contractile and relaxation
function of cardiomyocytes in more detail, an SI8000 Cell Motion Imaging System™ (SONY,
Tokyo, Japan) was used. This system enables the quantitative analysis of the motion of beating
cardiomyocytes. The maximum contraction and relaxation velocity are considered to corre-
spond to the contractile and diastolic function of the cardiomyocytes. For cultured NRVMs,
spontaneous beating rate (beats per minute) was measured to assess the beating function.
Prior to measurement, cultured NRVM were incubated in serum-free DMEM + 0.5% penicil-
lin/streptomycin for 2 h, followed by 1 h in Tyrode’s solution. For freshly isolated ARVMs,
region of interests was set to surround the cardiomyocytes, after tracking the movement of car-
diomyocytes contracting upon electrical stimulation, and the percentage of shortening relative
to the long axis of the cell (fractional shortening) was calculated.

Measurement of intracellular Ca®>* transient

Intracellular Ca®* transient was measured as described previously [20]. Isolated ARVMs were
loaded with a fluorescent Ca®" indicator Fluo-8 acetoxymethyl ester (Invitrogen; 5 umol/L for
40 min, 37°C). Cardiac contraction was elicited by electrical stimulation (1 Hz) under continu-
ous perfusion of modified Tyrode’s solution at 37°C. Intracellular Ca®" transients were mea-
sured by using the SI8000 Cell Motion Imaging System™ (SONY) with a 490-nm excitation
wavelength and emission at 520 nm. Cytosolic [Ca**] were expressed as the ratio of fluores-
cence intensity (F) at each time point relative to basal fluorescence (Fy) before stimulation in
each region (i.e., a value stable for at least 5 min in resting conditions).

In order to assess SR Ca** pump activity, the decay phase of each Ca** transient of cardio-
myocytes before and after CSE treatment was fitted with a single exponential function and the
time constant (t) was obtained.

Detection of mitochondrial reactive oxygen species (ROS) production

Cultured NRVMs were loaded with MitoSOX red (1 uM; Invitrogen), a mitochondria-targeted
fluorescent indicator of superoxide production, and Hoechst 33342 (Invitrogen) for staining
nuclei, in serum-free DMEM at 37 C for 30 min. After washing, cells were exposed to 1% CSE
in DMEM for 30 min. Fluorescence images (Ex/Em: 396/610 nm) were acquired and analyzed
using an LSM900 confocal microscopy and ZEN3 imaging software (Carl Zwiss, Jena, Ger-
many). Fluorescence intensity after 30 min of CSE exposure was normalized to the number of
Hoechst-positive cells.

Evaluation of change in mitochondrial membrane potential (AY,)

Isolated ventricular myocytes were loaded with 50 nM tetramethylrhodamine methyl ester
(TMRM, Invitrogen) in Tyrode’s solution at 37 “C for 30 min. After washing, cells were
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exposed to 1% CSE for 20 min with electrical stimulation. Subsequently, fluorescence images
(Ex/Em: 548/570 nm) were acquired 0, 10, and 20 min after CSE exposure and analyzed using
the MetaMorph imaging software (Molecular Devices, San Jose, USA). The decrease in fluo-
rescence intensity was used as an indicator of loss of mitochondrial membrane potential

(AW ,,). Using the ratio of fluorescence intensity after 20 min of CSE exposure to that after 0
min of exposure, box-and-whisker plots and scatter plots were created using the SigmaPlot soft-
ware (V. 14.5) (HULINKS, Tokyo, Japan).

Evaluation of mitochondrial permeation transition pore (mPTP) opening

The mPTP assay was performed to evaluate mPTP opening using a commercially available kit
(Cayman Chemical, Michigan, USA), which is based on the calcein/cobalt technique multi-
plexed with tetramethylrhodamine ethyl ester (TRME). Calcein/cobalt technique uses calcein
AM to stain the entire cell, followed by a treatment with CoCl, to quench the calcein fluores-
cence outside of the mitochondrial matrix. If the mitochondrial inner membrane (IMM) is
intact, cobalt cannot penetrate the IMM and the mitochondrial matrix shows green fluores-
cence; if the IMM is compromised, calcein fluorescence is quenched and no fluorescence is
observed. TMRE was used as an indicator of both membrane integrity and mitochondrial
membrane potential. Briefly, NRVMs were loaded with 1 uM calcein-AM, 4 mM CoCl,, 20
nM TMRE and Hoechst 33342 (Invitrogen) in serum-free DMEM at 37°C for 30 min. After
washing, cells were exposed to 1% CSE for 1 h in DMEM. Fluorescence images (Calcein Ex/
Em: 485/535 nm and TMRE Ex/Em: 545/576 nm, respectively) were acquired and analyzed
using LSM900 confocal microscopy and ZEN3 imaging software (Carl Zwiss). Calcein green
fluorescence intensity in TMRE-positive regions (i.e., mitochondria) was measured 1 hour
after CSE exposure.

Evaluation of cytochrome c release from mitochondria by
immunofluorescence analysis

Activation of the mitochondria-dependent cell death pathway was assessed by detection of
cytochrome c release from mitochondria. This was done by immunofluorescence analysis
using antibodies against cytochrome c and ATP synthase subunit C, which serves as a mito-
chondrial marker. Briefly, NRVMs were exposed to 1% CSE in serum-free DMEM for 1 h.
After PBS washing, cells were fixed with 4% paraformaldehyde (10°C, 10 min) and permeabi-
lized with 0.2% Triton-X 100 (room temperature, 1 min). After blocking with Blocking One
Hist (Nacalai Tesque, Kyoto, Japan) for 10 min, NRVMs were treated with primary antibodies
(anti-cytochrome c: mouse, 1/200, ab110325, and anti-ATP synthase subunit c: rabbit, 1/200,
ab181243, abcam, Cambridge, UK) and incubated overnight at 4 °C. Secondary antibodies
(Anti-mouse IgG Alexa fluor 488: 1/200, and Anti-rabbit IgG Alexa fluor 594, 1/200, Invitro-
gen) were then added, and nuclei were further stained with Hoechst 33342 (Invitrogen). Fluo-
rescence images were acquired using LSM900 confocal microscopy and ZEN3 imaging
software (Carl Zwiss). Colocalization of cytochrome C and ATP synthase subunit C in the
myocytes treated with 1% CSE and Tyrode were analyzed by Pearson’s correlation using
Image J.

Preparation of human iPS-derived cardiomyocytes and functional analysis

Human iPS-derived cardiomyocytes (CarmyA: cardiac troponin T-positive highly differenti-
ated cardiomyocytes [21]) were purchased (Myoridge, Kyoto, Japan). Cells that were at least
30 days after initiation of differentiation were used. The frozen cells were thawed and plated in
seeding medium (Myoridge) in laminin-coated 24-well culture plates supplemented with
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10 M Y-27632, selective ROCK inhibotor (Nakalai Tesque, Kyoto, Japan). The culture
medium was exchanged every day with a maintaining medium (Myoridge). A week after plat-
ing, cells were washed with PBS and detached using TrypLE (Thermo Fisher Scientific K.K.,
Tokyo, Japan). After centrifugation at 300 g for 5 min at room temperature (approximately 22
°C), cells were seeded in laminin-coated 96-well plates with seeding medium supplemented
with 10 pM Y-27632. The medium was exchanged every day with a maintaining medium until
the experiments for contractile function of the cells were conducted. To evaluate their contrac-
tile function, we used the SI8000 Cell Motion Imaging System™ as described above. The spon-
taneous beating rate and the contractile deformation distance (CDD), which is assumed to
reflect the distance the myocardium moves during contraction and thus is an indicator of con-
tractility of cardiomyocytes, were measured as previously described [22].

As human iPS-derived cardiomyocytes are very sensitive to medium replacement, espe-
cially with medium other than their maintaining medium (they stop beating for several hours
when cultured in another solution such as Tyrode’s solution), maintaining medium was used
as a background solution for contraction measurement. To evaluate the effect of CSE, human
iPS-derived cardiomyocytes were cultured in new maintaining medium for 2 h, and 100% CSE
or PBS was added directly to the medium to achieve the appropriate final concentration (0.1-
5%).

Statistical analysis

We used SigmaPlot software (V. 14.5), customed Image J (Fiji) and Free JSTAT (V. 22.0E).
Differences between two groups were analyzed using paired and unpaired Student’s t-tests. A
two-tailed P-value < 0.05 indicated statistical significance. Differences between more than two
groups were analyzed using one-way analysis of variance followed by Dunnett’s test and two-
way analysis of variance followed by Bonferroni’s test.

Results

CSE significantly decreased cell viability of cultured rat ventricular
myocytes in a time- and concentration-dependent manner

We first examined the concentration-dependent cytotoxicity of CSE on cultured NRVMs.
NRVMs were exposed to 0-20% CSE for 1 h at 37 °C, and cell viability was assessed by an
MTS assay. Cell viability was significantly reduced compared to that in the vehicle control (0%
CSE), indicating that CSE induces direct toxicity on cardiomyocytes (Fig 1A). To evaluate the
effects of lower concentrations of CSE under longer exposure times, NRVMs were exposed to
0,0.01%, 0.1%, and 1% CSE in a serum-free medium for 24 h. The LIVE/DEAD™ viability/
cytotoxicity assay showed that exposure to 0.1% and 1% CSE significantly reduced the number
of viable cells (Fig 1B). These data indicate that CSE decreases cell viability of ventricular myo-
cytes in a time- and concentration-dependent manner.

CSE decreased the spontaneous beating rate of cultured rat ventricular
myocytes in a time- and concentration-dependent manner

Next, to determine the effect on cardiomyocyte function, we examined the effect of 0, 0.01, 0.1,
and 1% CSE on the spontaneous beating rate of cultured NRVMs up to 24 h. As shown in Fig
2A, the spontaneous beating rate (BPM: beats per minute) of cardiomyocytes gradually
decreased with 0.1% CSE, ceasing after 8 h exposure. When 1% CSE was used, the beating
ceased within 1 h. To see more acute effects of CSE, NRVMs were treated with 0 and 1% CSE
at 37 °C for 30 min. The spontaneous beating rate was gradually decreased (51.7 + 3.66 BPM
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Fig 1. Effect of CSE on cell viability of cultured neonatal rat ventricular myocytes (NRVMs). (A) Cultured NRVMs
were treated with 0, 1, 2, 5, 10, and 20% CSE for 1 h at 37 °C, and cell viability was assessed with an MTS assay. The
normalized cell viabilities relative to the 0% CSE-treated control are shown as mean + S.E.M. (n = 4 for each group).
(B) Cultured NRVMs were treated with 0, 0.01, 0.1, and 1% CSE for 24 h at 37 °C, and cell viability was assessed with a
LIVE/DEAD™ viability/cytotoxicity assay. The top panel shows representative fluorescent images of cardiomyocytes.
Green fluorescence indicates viable cells that retained calcein, while red fluorescence indicates dead cell nuclei that
were permeabilized by ethidium homodimer-1. The bottom panel is a quantitative analysis of calcein fluorescence
intensity. Data are shown as mean + S.E.M (n = 4 for each group). *P<0.05, **P<0.01 vs. 0% CSE-treated group.

https://doi.org/10.1371/journal.pone.0295737.9001
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Fig 2. Effect of various concentrations of CSE on the spontaneous beating rate of cultured NRVMs. (A) Cultured
NRVMs were treated with 0, 0.01, 0.1, and 1% CSE at 37 °C, and the spontaneous beating rate (BPM: beats per minute)
was measured at 0, 1, 2, 4, 8 and 24 h. Data are shown as mean + S.E.M. (n = 4 for each group). *P<0.05, **P<0.01 vs.
0% CSE. (B) NRVMs were treated with 0 and 1% CSE at 37 °C, and the spontaneous beating rate was measured every 5
min for 30 min. Data are shown as mean * S.E.M (n = 4 for each group). **P<0.01 vs. Tyrode-treated group, *"P<0.01
vs. 0 min after exposure in the 1% CSE treated group.

https://doi.org/10.1371/journal.pone.0295737.g002
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at 30 min vs. 98.3 + 6.84 BPM at 0 min) and reached almost half of that in the time-matched
control (Tyrode-treated) group after 30 min (51.7 + 3.66 BPM with 1% CSE vs. 97.2 + 8.26
BPM with Tyrode) (Fig 2B). These results indicate that CSE suppresses the spontaneous beat-
ing rate of NRVMs in a time- and concentration-dependent manner.

In order to know which concentration of CSE is physiologically relevant, the nicotine con-
centration in CSE was measured as an indicator. The results showed that 100% CSE contains
1.02 mg/mL nicotine. That is, 0.1% CSE contains about 1 ug/mL nicotine, a concentration that
could be detected in the blood of heavy smokers, as reported in previous research [23]. Thus,
0.1% CSE is a physiologically appropriate concentration to use.

CSE reduced the fractional shortening of freshly isolated rat ventricular
myocytes

To examine the effect of CSE on the contractile function of cardiomyocytes, we next measured
the fractional shortening of freshly isolated cardiomyocytes. The cardiomyocytes were electri-
cally stimulated at 1 Hz and continuously perfused with Tyrode’s or CSE solution at 37 °C.
Under these relatively harsh conditions, we observed that the cells were only energetic for < 1
h, even under the control Tyrode’s solution. Therefore, in subsequent experiments, we decided
to use 1% CSE rather than 0.1% CSE as an exaggerated model to observe the effects of CSE and
its intracellular mechanisms under favorable experimental conditions. As shown in the repre-
sentative traces in Fig 3A, 1% CSE treatment for 20 min markedly decreased the fractional
shortening of cardiomyocytes while the Tyrode treatment had smaller effects. From the analy-
sis using multiple cells (n = 34), treatment with 1% CSE reduced fractional shortening of cardi-
omyocytes compared to the Tyrode-treated time-matched control, in a time-dependent
manner, with significant effects at 5, 10 and 20 min after CSE exposure (Fig 3B). Because pro-
longed treatment with electrical stimulation is toxic to cardiomyocytes even under control
conditions, the CSE effect was evaluated at times up to 20 min. There was also a significant
reduction in the fractional shortening compared to 0 min (4.1 + 0.26% at 20 min vs.

8.4 £0.21% at 0 min). These data suggest that CSE directly reduced the contractile function of
ventricular myocytes.

CSE altered intracellular Ca®>* dynamics in freshly isolated rat ventricular
myocytes

Having determined that 1% CSE reduced the contractile function of cardiomyocytes, we next
examined intracellular Ca** dynamics to explore the cellular mechanism. As shown in Fig 4A,
there was little change in intracellular Ca** concentration 20 min after treatment of cardio-
myocytes with Tyrode solution. In contrast, treatment of cardiomyocytes with 1% CSE for 20
min caused a large increase in systolic Ca®" concentration and a small increase in diastolic Ca®
* concentration, resulting in a rise in Ca** transient amplitude (which is obtained by subtrac-
tion of the diastolic Ca** level from the systolic Ca** level) (Fig 4A). Analysis using multiple
cells demonstrated that treatment with 1% CSE for 20 min significantly increased both systolic
and diastolic Ca®* levels and Ca**-transient amplitudes (Fig 4B). Similar results were also
obtained in another group of cardiomyocytes when exposed to 1% CSE for shorter periods of
time (~6 min) (S1 Fig).

In addition, spike-shaped Ca** transients were often observed in the 1% CSE treatment.
However, since this was also partially detected in the Tyrode group 20 min after the start of the
experiment (data not shown), we compared the frequency of this type of Ca** transients after
acute CSE treatments (~6 min), which had little effect in the Tyrode group (S2A Fig). Count-
ing the incidence of spike-shaped Ca’* transients, they occurred in 25.8% of the
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treated group.

https://doi.org/10.1371/journal.pone.0295737.g003
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https://doi.org/10.1371/journal.pone.0295737.9004
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cardiomyocytes treated with 1% CSE for 6 min (4% in Tyrode). A significant increase in the
mean number of spike-shaped Ca" transients (measured every 6 s) was also detected,
although this was not detected at 0 min in both groups (S2B Fig). Taken together, these data
indicate that CSE induces abnormal intracellular Ca** dynamics in ventricular myocytes.

To further understand the molecular mechanisms underlying the above phenomenon, we
performed a kinetic analysis of Ca®" transients in cardiomyocytes before and after treatment
with 1% CSE for 6 min. In rodent cardiomyocytes, the activity of Ca** uptake into the SR by
the Ca>* pump is largely reflected in the rate of decay of Ca®" transients. Therefore, we investi-
gated whether CSE treatment alters the rate of Ca®" decay. Ca®" transients that exhibited rela-
tively normal shapes (i.e., no spike-shaped Ca** transients) were normalized to the peak
amplitude before and after treatment with 1% CSE. As observed in Fig 5A, 1% CSE treatment
for 6 min accelerated the decay of Ca** transients. Analysis using multiple cells showed that
the time constant (t) obtained by curve fitting of the decay phase of the Ca** transient was
indeed reduced (0.1341 + 0.0094 sec at 6 min vs. 0.2500 + 0.0218 s at 0 min, n = 16 cells per
group, from 4 experiments; Fig 5B). These results suggest that SR Ca** pump activity may
have been enhanced by the 1% CSE treatment.

CSE decreased the mitochondrial membrane potential (AW ,,) of freshly
isolated rat ventricular myocytes

To determine whether CSE impairs mitochondrial function in cardiomyocytes, we evaluated
AW, as its dissipation is an important early event in cellular damage. As shown in Fig 6, A¥,,
was monitored by TMRM fluorescence in the cardiomyocytes treated with Tyrode or 1% CSE
for 20 min. Representative images show that the TMRM fluorescence was slightly decreased in
CSE-treated cardiomyocytes compared to that in the Tyrode-treated group. Box-and-whisker
plots were generated from the relative values of TMRM fluorescence intensity at 20 min to
those at 0 min, with median values of 0.92 and 0.82 and average values of 0.92+0.01 and 0.84
+0.02 for Tyrode and CSE groups, respectively (P<0.01) (Fig 7B). These results indicate that
AW, loss occurred in the CSE-treated group.

CSE leads to mitochondrial dysfunction and mitochondrial cell death
signaling pathways in cultured ventricular cardiomyocyte

The CSE-induced decrease in AWm (Fig 6) suggest that the effects of CSE are due to mitochon-
drial dysfunction. This would reduce energy production and activate cell death pathways,
which may be the mechanism for the observed cardiomyocyte contractile dysfunction. To
determine whether this pathway is also activated in cultured NRVMs, we first measured mito-
chondrial reactive oxygen species (ROS) production, which is an early event induced by
abnormal Ca** dynamics and induces mitochondrial dysfunction. Mitochondrial ROS were
detected by MitoSOX red fluorescence in NRVMs treated with Tyrode or 1% CSE for 30 min-
utes, conditions that cause contractile dysfunction in about half of the cells (Fig 2). As observed
in Fig 7, MitoSOX red fluorescence was significantly increased in CSE-treated cardiomyocytes
compared to Tyrode -treated group, indicating that CSE treatment increased mitochondrial
ROS.

Increased Ca®" and ROS both activate a large conductance channel in the mitochondrial
inner membrane, the mitochondrial permeability transition pore (mPTP), whose opening dis-
rupts the mitochondrial membrane potential (AW ,,,) [24]. We thus examined whether CSE
treatment induces mPTP opening by assessing the attenuation of calcein fluorescence from
mitochondrial regions labeled by TMRE (see methods). Representative images show that cal-
cein green fluorescence and TMRE red fluorescence co-localized in Tyrode-treated NRVMs
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Fig 5. Kinetic analysis of the decay phase of Ca* transients in ARVMs treated with CSE. (A) Representative traces of normalized
Ca®" transients obtained from cardiomyocytes treated with 1% CSE for 0 and 6 min. Electrical stimulation-elicited Ca>" transients were
normalized to adjust for peak amplitude in cardiomyocytes before and after 1% CSE exposure. (B) The bar graph shows the time
constant (t) of the decay phase of the Ca®* transient (n = 16 cells per group, from 4 experiments). **P<0.01 vs. 0 min of 1% CSE.

https://doi.org/10.1371/journal.pone.0295737.g005
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https://doi.org/10.1371/journal.pone.0295737.9006
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Fig 7. Effect of CSE on the mitochondrial ROS levels in cultured NRVMs. Cultured NRVM:s were loaded with MitoSOX red, a
mitochondria-targeted fluorescent indicator of superoxide production, and then treated with 1% CSE at 37 °C for 30 min. (A)
Representative fluorescent images of cardiomyocytes. Red fluorescence indicates the mitochondrial ROS levels, and blue
fluorescence indicates cell nuclei stained with Hoechst 33342. (B) Quantitative analysis of MitoSOX red fluorescence intensity
normalized to Hoechst- positive cells. Data are shown as mean + S.E.M (Vehicle: n = 40, 1% CSE: n = 24, from 4 experiments). **:
P<0.01 vs. Tyrode-treated group.

https://doi.org/10.1371/journal.pone.0295737.9007
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(Fig 8A, left column). On the other hand, calcein green fluorescence was reduced in the TMRE
red positive region in CSE-treated NRNM:s (Fig 8A, right column), indicating that CSE treat-
ment released calcein from mitochondria. Note that TMRE red fluorescence intensity was
decreased in CSE treated cultured cardiomyocytes, as observed in freshly isolated cardiomyo-
cytes (Fig 7). Multiple-cell analysis demonstrated that treatment with 1% CSE for 1 h signifi-
cantly reduced the calcein green fluorescence in mitochondria (Fig 8B), suggested that CSE
induces opening of mPTP.

The opening of mPTP causes cytochrome c release from mitochondria, leading to activa-
tion of the mitochondria-dependent cell death pathway [25]. We therefore examined whether
CSE induces cytochrome c release from mitochondria by immunofluorescence analysis using
antibodies against cytochrome ¢ and the mitochondrial marker ATP synthase subunit C. Fig
9A shows that in NRVMs treated with Tyrode for 1 h cytochrome c is mostly co-localized with
ATP synthase subunit C, i.e., cytochrome c is within the mitochondria. On the other hand, in
NRVMs treated with 1% CSE for 1 h, the localization of cytochrome c dissociated from ATP
synthase subunit C. Co-localization analysis using the Pearson correlation method with multi-
ple cells showed that CSE treatment significantly reduced the co-localization values of cyto-
chrome c and ATP synthase subunit C (Fig 9B). This indicates that CSE induces cytochrome c
release from mitochondria and may activate subsequent mitochondria-dependent cell death
signaling.

CSE significantly decreased the spontaneous beating rate and the
contractility of human iPS-derived cardiomyocytes

To evaluate whether similar contractile dysfunctions are observed in human cardiomyocytes,
we used human iPS-derived cardiomyocytes. When human iPS-derived cardiomyocytes in
maintaining medium were treated with 1% CSE for 90 min, minimal changes were observed
in the spontaneous beating rate or contraction deformation distance (CDD), which is an indi-
cator of cardiomyocyte contractility (S3A and S3B Fig). However, when they were treated with
5% CSE, their spontaneous beating rate gradually decreased after a transient increase, and
finally reached zero after 90 min (Fig 10A and 10B). In addition, 5% CSE treatment decreased
the CDD in a time-dependent manner (Fig 10C).

Furthermore, the long-term (up to 2 days) effects of low doses of CSE were also examined.
As mentioned above, treatment with 1% CSE for 90 min had little effect on contractile func-
tion of human iPS-derived cardiomyocytes. However, CDD was significantly decreased after
prolonged treatment such as 360 min (S3B Fig), and spontaneous beating was arrested after
treatment for more than 24 h (S3C and S3D Fig). 0.1% CSE had no effect after 48 hours of
administration (S4A-54D Fig), but longer administration might cause contractile dysfunction.
These data indicate that CSE decreases contractile function of human iPS-derived cardiomyo-
cytes in a time- and concentration-dependent manner.

Although contractile function was significantly reduced by 90 min treatment with 5% CSE
(Fig 10A-10C), myocyte morphology was unchanged (Fig 10D), suggesting that CSE-induced
contractile dysfunction was not due to cell death at this time point.

Discussion

In the present study, we evaluated the direct effects of CSE on cell viability, contractile func-
tion, intracellular Ca** dynamics, and mitochondrial function in rat cardiomyocytes and
human iPS-derived cardiomyocytes for contractile function. In vivo, the only cells directly
exposed to cigarette smoke are the alveolar epithelium, while other cells, such as cardiomyo-
cytes, are exposed to substances in cigarette smoke dissolved in the circulating blood. As this is
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Fig 8. Effect of CSE on the opening of mitochondrial permeability transition pore (mPTP) of cultured NRVMs.
Cultured NRVMs were loaded with calcein-AM, CoCl, to quench calcein outside of the mitochondria, TMRE, and
Hoechst 33342. Cells were then treated with 1% CSE at 37 °C for 1 h and opening of mPTP was assessed. (A)
Representative fluorescent images of cardiomyocytes. Green fluorescence indicates calcein in mitochondria, TMRE
red fluorescence indicates mitochondrial location and membrane potential, and blue fluorescence indicates cell nuclei.
(B) Quantitative analysis of calcein fluorescence intensity in TMRE-positive regions, i.e., mitochondria. Data are
shown as mean + S.E.M (Vehicle: n = 21 cells, 1% CSE: n = 24 cells, from 4 experiments). **: P<0.01 vs. Tyrode-
treated group.

https://doi.org/10.1371/journal.pone.0295737.g008
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Fig 9. Effect of CSE on cytochrome c release from mitochondria of cultured NRVMs. A: Cultured NRVMs were
treated with 1% CSE at 37 °C for 1 h, and immunofluorescence staining was preformed to detect co-localization of
cytochrome ¢ with ATP synthase subunit C. (A) Representative fluorescent images of cardiomyocytes. Green
fluorescence indicates cytochrome c localization, red fluorescence indicates mitochondria- specific ATP synthase
subunit C, and blue fluorescence indicates cell nuclei. (B) Quantitative analysis of co-localization values of cytochrome
c and ATP synthase subunit C by Pearson’s correlation. Data are shown as mean + S.E.M (Vehicle: n = 11, 1% CSE:

n = 12, from 4 experiments). **: P<0.01 vs. Tyrode-treated group.

https://doi.org/10.1371/journal.pone.0295737.9009
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Fig 10. Effect of CSE on the spontaneous beating rate and contractility of human iPS-derived cardiomyocytes.
Human iPS-derived cardiomyocytes incubated in cultured maintaining medium were exposed to 5% CSE or
corresponding amounts of PBS (37 °C), and contractile functions were measured at 0, 10, 20, 30, 60, and 90 min. (A)
Representative traces at 0 and 90 min for each group. As observed in the 90 min PBS treatment group, there were eight
beats in 6 s. Each beat had two peaks, the first representing the contraction velocity and the second the relaxation
velocity. However, in the 90 min 5% CSE treatment group, there were no beats. (B) The time course of spontaneous
beating rate (BPM) for each group. (C) The contraction deformation distance (CDD) is the area calculated from the
contraction velocity and time, and is an indicator of the contraction force. Data are shown as mean + S.E.M. (PBS:
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n =14, 5% CSE: n = 14). *P<0.05 vs. PBS-treated group, *P<0.05 vs. 0 min of 5% CSE treated group. (D) The
morphologies of human iPS-derived cardiomyocytes before and after 90 min exposure to PBS or 5% CSE.

https://doi.org/10.1371/journal.pone.0295737.9010

the same form as CSE, a water-soluble extract of cigarette smoke, we believe that CSE is a suit-
able model system that closely mimics the reaction that occurs in vivo. We found that CSE
decreased cardiomyocyte viability in a time and concentration-dependent manner (Fig 1),
indicating that CSE has direct toxic effects. In addition, CSE at concentrations of 0.1% or
higher markedly reduced the spontaneous beating rate of cultured NRVMs, eventually causing
them to stop beating. (Fig 2). Our quantitative analysis indicated that 0.1% CSE contains
approximately 1 ug/mL nicotine. The nicotine levels in the plasma of a person after smoking a
cigarette can vary widely depending on several factors, including the type of cigarette, fre-
quency of smoking, and individual differences in metabolism. However, the average concen-
tration of nicotine after smoking one cigarette for 5 min has been reported to be near 50 ng/ml
in arterial vessels [23]; thus, 0.1% CSE is equivalent to that of approximately 20 cigarettes, a
detectable amount in heavy smokers, who smoke greater than or equal to 25 or more cigarettes
a day [26]. Thus, we consider that it is physiologically appropriate to look at the effects of 0.1%
CSE. However, as previously mentioned, to identify the effects and mechanisms of CSE in
healthy cardiomyocytes, we used 1% CSE as an exaggerated model based on the condition that
its effects are concentration dependent (Figs 1 and 2).

In freshly isolated cardiomyocytes, a significant decrease in contractile function was
observed upon 5-20 min treatment of 1% CSE in electrically stimulated cardiomyocytes (Fig
3). Because knowledge of intracellular Ca** dynamics is critical for studying the mechanism of
contraction, detailed analyses of the effect of CSE on Ca®" transients were performed. We
observed that 1% CSE treatment increased the amplitude of Ca®* transients with large rises in
systolic Ca®* levels and small (or little) increases in diastolic Ca** levels (Fig 4 and S1 Fig).

In cardiac myocytes, electrical stimulation activates voltage-gated Ca** channels, causing a
small amount of Ca®" to enter the myocyte. This triggers the release of a large amount of Ca**
from the SR via ryanodine receptor Ca** release channels, resulting in muscle contraction.
Cytoplasmic Ca*" is then taken up by the SR via the SR Ca®* pump or effluxed out of the cell
through the plasma membrane Na*/ Ca®* exchanger, resulting in muscle relaxation [27]. As
the amount of Ca®" excluded by Na*/ Ca** exchanger is small in rodent myocytes, the SR Ca**
pump activity significantly contributes to beat-to-beat Ca®" depletion [27]. In the present
study, 1% CSE treatment increased spike-shaped Ca" transients that were not triggered by
electrical stimulation (secondary peaks) in some cardiomyocytes (S2 Fig), suggesting that
spontaneous Ca”" leakage from the SR via ryanodine receptors may have occurred. Further-
more, kinetic analysis during the decay phase of the Ca®* transient showed that CSE rather
promoted Ca** uptake into the SR (Fig 5), indicating that SR Ca®* pump activity may have
increased. This hypothesis was confirmed by preliminary experimental data showing that the
phosphorylation level of Thr17 (which undergoes phosphorylation by CaMKII but not by
PKA) of phospholamban, a regulator of the SR Ca** pump, was increased in the 1% CSE-
treated group (S5 Fig). Indeed, alterations in the SR Ca** pump and/or its regulator, phospho-
lamban have been reported in cardiomyocytes from mice exposed to cigarette smoke [28].
These results suggest that CSE increases SR Ca®* pump activity via phospholamban phosphor-
ylation and maintains SR Ca** content, thereby increasing systolic Ca** levels and Ca®* tran-
sient amplitude. Diastolic Ca** levels are the result of a balance between Ca*" release from the
SR and Ca®" uptake into the SR. Thus, intracellular Ca®>* dynamics were altered by CSE.
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Although Ca** transient amplitude was increased by CSE treatment (Fig 4), fractional
shortening was decreased (Fig 3). This discrepancy may be attributed to CSE dysregulating
mitochondrial function, which is known to be relevant to cardiomyocyte contractility. Indeed,
Fig 6 shows that mitochondrial membrane potential (A¥m), whose decrease is known as an
early indicator of cell damage, is slightly but significantly reduced in CSE-treated cardiomyo-
cytes compared to the Tyrode-treated group. To confirm whether mitochondrial dysfunction
is indeed induced by CSE, other parameters involved in mitochondria-mediated cell death sig-
naling were examined using cultured NRVMs showing contractile dysfunction and eventual
cell death. Abnormal cytosolic Ca** overload induces mitochondrial Ca** influx via mitochon-
drial Ca®" uniporters, both of which can lead to enhanced mitochondrial ROS production
[29]. This can activate a large conductance channel in the mitochondrial inner membrane
(IMM) known as mitochondrial permeation transition pore (mPTP), and opening of mPTP
decrease AW m [24], that collapse protonmotive force and inhibits ATP synthesis. Prolonged
opening of the mPTP allows cytoplasmic solutes to flow into the mitochondria, causing mas-
sive swelling of the IMM, rupture of the outer membrane, that cause cytochrome c release and
cell death [30]. We observed that mitochondrial ROS production was indeed increased in CSE
treated NRVM (Fig 7). The opening of mPTP, suggested by reduced calcein fluorescence in
mitochondria, was detected in CSE-treated cardiomyocytes compared to the Tyrode group
(Fig 8). As observed in freshly isolated cardiomyocytes, A¥m detected by TMRE was also
reduced by CSE treatment. Furthermore, immunofluorescence analysis showed that cyto-
chrome ¢ was released from mitochondria in the CSE treated group (Fig 9). These results
strongly suggest that CSE causes mitochondrial dysfunction, leading to contractile dysfunction
and cardiomyocyte death as observed in Figs 1-3. Similar CSE-induced mitochondrial abnor-
malities have been reported [31], and emerging evidence has demonstrated that mitochondrial
dysfunction contributes to the contractile dysfunction of cardiomyocytes [32].

We observed that CSE concentrations of 0.1% or higher led to an eventual cessation of car-
diomyocytes spontaneous beating (Fig 2). It is possible that various ion channel functions may
be affected by CSE. For example, nicotine has been reported to reduce various myocardial K*
channel activities, including the transient outward current (I;,/Kv4.3), delayed rectifier K" cur-
rent (Ix,/HERG) and inward rectifier K" currents (Ix,/Kir2.1) [33]. However, in our experi-
ments using an in vitro expression system (S6 Fig), 1% CSE had no effect on the activities of G-
protein-coupled inwardly rectifying K" channels (GIRK1/GIRK4: the cardiac type heterotetra-
mer), which is known to have significant influence on cardiac auto-rhythmicity. Further
experiments are needed to clarify the impact of CSE on different channel activities. Another
possibility is that mitochondrial dysfunction, which would disable energy generation [32],
may contribute to the cessation of spontaneous beating of cardiomyocytes. We have previously
reported that treating cultured cardiomyocytes with toxic insults that can cause mitochondrial
damage, such as oxidative stress, results in the cessation of spontaneous beating of cardiomyo-
cytes [34] and reduction in AW, [17]. Loss of A¥},, and mitochondrial Ca** overload leads to
the rupture of the outer membrane, releasing intermembrane components such as cytochrome
¢, which induce cell death [35]. Thus, CSE-induced cardiomyocyte dysfunction (reduced con-
tractility and spontaneous beating rate) and eventual cell death may be partially promoted by
mitochondrial dysfunction.

Human cardiomyocytes are known to differ from rodent cardiomyocytes in the expression
of several ion channels and in cellular electrophysiology and, hence beating rate. Therefore, we
also examined the effects of CSE on human cardiomyocytes. We found that 5% CSE treatment
ultimately reduced the spontaneous beating rate and contractility of human iPS-derived cardi-
omyocytes (Fig 10), similar to the observations in cultured rat cardiomyocytes (Fig 2). We first
examined the effects of 1% CSE, which had little effect on human iPS-derived cardiomyocytes,
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not only in the 30 min treatment but also in the 90 min treatment. However, contractility
decreased after 360 min of treatment, and spontaneous beating stopped after 24 h of treatment.
These results indicate that CSE is toxic to human iPS-derived cardiomyocytes in a dose- and
time-dependent manner. One reason why human iPS-derived cardiomyocytes appeared to be
less sensitive to CSE than cultured rat cardiomyocytes could be that CSE was applied to Tyr-
ode’s solution in NRVMs, whereas culture medium (maintaining medium) was used for
human iPS-derived cardiomyocytes (because Tyrode’s solution is somewhat cytotoxic for
these cells). The maintaining medium may contain protective factors (e.g., amino acids,
growth factors, and proteins) that scavenge or counteract the various toxic compounds in the
CSE. In human iPS-derived cardiomyocytes, 5% CSE treatment initially increased and then
decreased the spontaneous beating rate of cardiomyocytes, whereas in cultured rat cardiomyo-
cytes, only a decline was observed with 1% CSE treatment. The increase in spontaneous beat-
ing rate observed in human iPS-derived cardiomyocytes might be due to the effects of CSE on
various K* channels (which are differentially expressed in rat and human cardiomyocytes)
[33].

Cigarette smoke contains thousands of chemicals, including nicotine, tar, carbon monox-
ide, and reactive oxygen species, some of which are highly reactive but unstable, while others
are stable. Since the organs are exposed to a mixture of cigarette smoke, we considered it
important to first examine the effects of the mixture itself. However, the question of which
components of CSE are toxic is an important issue. Although we measured the nicotine con-
centration in the CSE as an indicator, previous studies have shown that cigarette smoke con-
sists of a particle phase and a gas phase, and both tar and nicotine are present in the particle
phase [36]. Gas-phase CSE (without nicotine or tar) is more likely to reach the circulation sys-
tem and contains a variety of chemicals, including carbon monoxide, acetone, acrolein, and
formaldehyde. A previous study using both LC/MS and GC/MS confirmed the presence of
cytotoxic activity in CSE from Hi-Lite in two high-performance liquid chromatography frac-
tions, from which five compounds—acrolein, methyl vinyl ketone, 2-cyclopenten-1-one, ace-
tone, and propionaldehyde—were detected. In particular, acrolein and methyl vinyl ketone
were found to be the major stable cytotoxic factors inducing acute cell membrane damage and
cell death in C6 glioma cells [19]. Authentic standards of these compounds did indeed show
cytotoxic activity, with a 50% effective rate (ECsq) being 1/50th of the concentration of these
compounds in CSE [19]. This suggests that some compounds other than nicotine in cigarette
smoke, such as methyl vinyl ketone and acrolein, which are stable and can accumulate in the
blood, can cause cytotoxicity in vivo even at fairly low concentrations. Whether these sub-
stances are indeed toxic to cardiomyocytes remains to be determined. In any case, the results
of the present study are expected to provide important insights into the potential mechanisms
of cytotoxicity associated with smoking.

Conclusion

We determined that administration of CSE causes direct toxicity to cardiomyocytes. CSE
induced abnormal intracellular Ca** dynamics and led to mitochondrial dysfunction, which
may have caused contractile dysfunction and eventual cell death. In the future, it is necessary
to elucidate more specific molecular mechanisms of the cardiotoxicity of CSE, which may lead
to various drug discovery applications.

Supporting information

S1 Fig. Acute effects of CSE on the intracellular Ca** dynamics in freshly isolated adult rat
ventricular myocytes. Intracellular Ca** transients of cardiomyocytes elicited by electrical
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field stimulation (1 Hz) at 37 °C before and after 6 min of 1% CSE treatment. (A) Representa-
tive traces for each group. (B) Summary of diastolic and systolic Ca®* levels, and Ca®* transient
amplitude obtained from each trace are shown as mean + S.E.M. (Vehicle: n = 25, 1% CSE:

n = 31). **P<0.01 vs. 0 min of 1% CSE. *P<0.05 vs. 6 min of Tyrode. “*P<0.01 vs. 6 min of
Tyrode.

(PDF)

$2 Fig. Abnormal Ca®* dynamics detected in some ARVMs treated with CSE. (A) Traces of
spike-shaped Ca”* transients (arrowhead) were observed in cardiomyocytes treated with 1%
CSE for 6 min. (B) The number of spike-shaped Ca®* transients (during the 6 s measurement)
are shown as mean + S.E.M. (Vehicle: n = 42 cells, 1% CSE: n = 44 cells, from 4 experiments).
N.D.: not detected. *P<0.05 vs. 6 min of Tyrode, “*P<0.01 vs. 0 min of 1% CSE.

(PDF)

S3 Fig. Effect of 1% CSE on the spontaneous beating rate and contractility of human iPS-
derived cardiomyocytes. Human iPS-derived cardiomyocytes incubated in culture maintain-
ing medium were exposed to 1% CSE or corresponding amounts of PBS (37 °C), and contrac-
tile functions were measured at 0, 10, 20, 30, 60, 90 and 360 min. In another group of cells, the
effects of 1% CSE were measured at 0, 24, and 48 h. (A) Time course of spontaneous beating
rate (BPM: beats per minute) for each group. There was little difference between the two
group. (B) Contraction deformation distance (CDD), an index of contractile force, was com-
pared; 1% CSE was found to significantly decrease CDD after 360 min. C and D: The long-
term (up to 48 h) effects of 1% CSE on (C) the spontaneous beating rate and (D) CDD of
human iPS-derived cardiomyocytes. Human iPS-derived cardiomyocytes stopped spontane-
ous beating after 24 h. Data are shown as mean + S.E.M. (PBS: n = 8, 1% CSE: n = 8). *P<0.05
vs. PBS-treated group, “P<<0.05 vs. 0 min of 1% CSE-treated group.

(PDF)

S4 Fig. Effect of 0.1% CSE on the spontaneous beating rate and contractility of human iPS-
derived cardiomyocytes. Human iPS-derived cardiomyocytes incubated in cultured main-
taining medium were exposed to 0.1% CSE or corresponding amounts of PBS (37 °C), and
contractile functions were measured at 0, 10, 20, 30, 60, and 90 min. In another group of cells,
the effects of 0.1% CSE were measured at 0, 24, and 48 h. (A-D) Time course of spontaneous
beating rate (BPM) and CDD of human iPS-derived cardiomyocytes were measured (A and B)
up to 90 min and (C and D) up to 48 h. 0.1% CSE had little effect on each parameter.

(PDF)

S5 Fig. Effect of 1% CSE on phosphorylation of phospholamban in freshly isolated adult
rat ventricular myocytes. After 1% CSE or Tyrode treatment (20 min), total cell lysates of
ARVMs were collected. Expression levels of total and phosphorylated phospholamban were
detected by Western blotting. (A) Representative blots of phospho-phospholamban Ser16 (p-
PLB Ser16), phospho-phospholamban Thr17 (p-PLB Thr17), and total-phospholamban (total-
PLB) are shown. (B and C) Phosphorylation of (B) PLB Ser16 and (C) Thr17 was corrected for
total PLB, and normalized phosphorylation relative to Tyrode is shown as mean + S.E.M.
(Vehicle: n = 3, 1% CSE: n = 3). Statistical analyses were performed using a paired Student’s t-
test *P < 0.05 vs. Tyrode.

(PDF)

S6 Fig. Effect of 1% CSE on GIRK currents exogenously expressed in Xenopus oocytes. Rep-
resentative current traces in oocytes expressing GIRK1 and GIRK4 (A) before and (B) after
application of 1% CSE. Currents were recorded in extracellular high K* solution by the voltage
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protocol shown above the trace and repeated every 5 s. (C) Representative time course of cur-
rent change at -100 mV (grey filled circle) and +40 mV (white filled circle) before and after
1% CSE application in extracellular solution. (D) Normalized current at -100 mV before (-)
and after (+) application of 1% CSE from three cells. The current amplitude before CSE appli-
cation was normalized to 1.

(PDF)
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