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Abstract: Atrial arrhythmias are considered prominent phenomena in pulmonary arterial hyper-
tension (PAH) resulting from atrial electrical and structural remodeling. Endothelin (ET)-1 levels
correlate with PAH severity and are associated with atrial remodeling and arrhythmia. In this study,
hemodynamic measurement, western blot analysis, and histopathology were performed in the control
and monocrotaline (MCT, 60 mg/kg)-induced PAH rabbits. Conventional microelectrodes were
used to simultaneously record the electrical activity in the isolated sinoatrial node (SAN) and right
atrium (RA) tissue preparations before and after ET-1 (10 nM) or BQ-485 (an ET-A receptor antagonist,
100 nM) perfusion. MCT-treated rabbits showed an increased relative wall thickness in the pulmonary
arterioles, mean cell width, cross-sectional area of RV myocytes, and higher right ventricular systolic
pressure, which were deemed to have PAH. Compared to the control, the spontaneous beating rate of
SAN–RA preparations was faster in the MCT-induced PAH group, which can be slowed down by
ET-1. MCT-induced PAH rabbits had a higher incidence of sinoatrial conduction blocks, and ET-1
can induce atrial premature beats or short runs of intra-atrial reentrant tachycardia. BQ 485 adminis-
tration can mitigate ET-1-induced RA arrhythmogenesis in MCT-induced PAH. The RA specimens
from MCT-induced PAH rabbits had a smaller connexin 43 and larger ROCK1 and phosphorylated
Akt than the control, and similar PKG and Akt to the control. In conclusion, ET-1 acts as a trigger
factor to interact with the arrhythmogenic substrate to initiate and maintain atrial arrhythmias in
PAH. ET-1/ET-A receptor/ROCK signaling may be a target for therapeutic interventions to treat
PAH-induced atrial arrhythmias.

Keywords: pulmonary arterial hypertension; atrial arrhythmogenesis; Endothelin-1

1. Introduction

Endothelin (ET)-1, an autocrine and paracrine mediator, is the predominant ET iso-
form that is expressed in the cardiovascular system with inotropic and arrhythmogenic
activity in cardiac muscles [1,2]. ET-1 expression and release are promoted by a variety of
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stimuli, including increased wall shear stress, stretch, and pressure overload, both in vitro
and in vivo [3,4]. Plasma ET-1 levels are reported to be elevated in patients with dias-
tolic dysfunction and elevated atrial pressures [5], promoting fibroblast proliferation and
extracellular matrix production [6]. With an elevated ET-1 level in the atrium, electrical
remodeling, and changes in atrial geometry, conduction heterogeneity, and size may pre-
dispose the atria to persistent arrhythmia. Burrell et al. demonstrated the occurrence of
ET-1-induced arrhythmic contractions in human right atrial (RA) tissues obtained from
patients undergoing cardiac surgery [7]. Previous studies have demonstrated that ET-1 has
direct electrophysiological effects on pulmonary vein cardiomyocytes [8] and affects the
calcium handling in atrial cardiomyocytes [9].

Pulmonary arterial hypertension (PAH) is characterized by a progressive increase in
pulmonary vascular resistance leading to right ventricular (RV) failure [10,11]. The increase
in pulmonary vascular resistance leads to increased afterload of the RV, resulting in up-
stream dilatation of the RA. It is thought that the enlargement of the RA in PAH reflects the
advancement of the disease and potential progression to right heart failure as the elevated
pulmonary artery and RV pressures are transmitted to the RA [12]. Chronic RA pressure
overload and stretching may alter the atrial substrate by promoting fibrosis and local tissue
heterogeneities, resulting in atrial conduction abnormalities. RA remodeling associated
with PAH is characterized by structural and electrical changes that may pose significant
risks for arrhythmias. The prevalence and incidence of atrial arrhythmias in PAH are less
clear due to limited study numbers and the heterogeneous nature of the patient populations
studied. The prevalence of atrial arrhythmias was 26–31%, and the 5-year incidence of atrial
arrhythmias was 13.2–25.1% in PAH [13–15]. ET-1 has been implicated in the pathogenesis
of PAH. ET-1 concentrations in tissues and plasma are increased in PAH, suggesting a
pathogenic role in this disease [16]. ET-1 has been shown to exert arrhythmogenic effects
through its effects on the ion currents in atrial myocytes [17]. However, little is known
about the role of elevated ET-1 levels in PAH-enhanced atrial arrhythmias.

Monocrotaline (MCT)-treated animals develop significant PAH and marked RV hy-
pertrophy via lung injury and chronic inflammation in pulmonary vascular diseases [18],
suggesting that the RV dysfunction of MCT-treated animals may arise as a direct con-
sequence of pressure overload. Rabbits develop severe PAH after a single injection of
MCT [19], and this model mimics several key aspects of both primary and secondary forms
of human PAH. Hiram R. et al. studied the occurrence of atrial fibrillation in PAH-induced
right heart disease and concluded that RA substrate modification from atrial fibrosis plays
an important role in the maintenance of atrial fibrillation [20]. However, it remains un-
clear whether ET-1 contributes to the pathogenesis of PAH-enhanced atrial arrhythmias.
This study investigated whether MCT-induced PAH may create a proarrhythmic substrate
in the RA and evaluated the role of ET-1 in the pathophysiology of PAH-related atrial
arrhythmogenesis.

2. Results
2.1. Pulmonary Arteriole and RV Remodeling in MCT-Induced PAH Rabbits

In MCT-treated rabbits, there were thick-walled pulmonary arterioles with endothelial
and vascular smooth muscle cell proliferation, and infiltrated macrophages within the
alveolar space were observed in the MCT-treated rabbit lungs compared to the normal
vascular structure in the control rabbit lungs (Figure 1A). The mean cell width and cross-
sectional area of RV myocyte were greater in the MCT-treated group compared to the
control group (Figure 1B). The changes in pulmonary artery pressure were assessed by
measuring the RVSP via right heart catheterization. In the MCT-induced PAH group, the
RVSP was significantly higher than that in the control group (Figure 1C).
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magnification × 40) as well as cell width and cross-sectional area of RV myocytes from the control 

(n = 21 cells) and the MCT-treated (n = 21 cells) groups. (C) Representative tracings and average data 
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Figure 1. Representative pulmonary vascular, alveoli, and right ventricular (RV) histological features, and
RV systolic pressure (RVSP) in the control and the monocrotaline (MCT)-treated hearts. (A) Hematoxylin
and eosin (H&E) staining of pulmonary arterioles (original magnification × 10) and relative wall thickness
of pulmonary arterioles from the control (n = 27 cells) and the MCT-treated (n = 33 cells) groups. Relative
wall thickness was calculated as [2 × wall thickness/external diameter] × 100%. (B) Representative
hematoxylin and eosin (H&E) staining of the RV (original magnification × 40) as well as cell width and
cross-sectional area of RV myocytes from the control (n = 21 cells) and the MCT-treated (n = 21 cells) groups.
(C) Representative tracings and average data of the RVSP in the control (N = 4) and the MCT-treated
(N = 5) rabbits.

2.2. Action Potential (AP) Morphology of the RA and Electrical Activity in Sinoatrial Node
(SAN)-RA Preparations

As shown in Figure 2, RA preparations from MCT-induced PAH rabbits had a longer
AP duration at repolarization of 90% (APD90) than those from control rabbits, and RA
preparations from control and MCT-induced PAH rabbits had similar APD at repolariza-
tions of 20% and 50% (APD20 and APD50), AP amplitude (APA), and resting membrane
potential (RMP). ET-1 did not change the morphology of the AP in RA preparations from
MCT-induced PAH rabbits.

Compared to SAN–RA preparations from control rabbits, SAN–RA preparations
from the MCT-induced PAH group had faster beating rates, and ET-1 had more negative
chronotropic actions than those from the MCT-induced PAH group (Figure 3). Among
control rabbits, there were no premature beats or conduction blocks found in SAN–RA
preparations treated with or without ET-1. As shown in Figure 4A, the incidence of
conduction block was higher in SAN–RA preparations from the MCT-induced PAH group
than those from the controls (6 of 9 vs. 0 of 7, p < 0.05). Only one SAN–RA preparation from
the MCT-induced PAH group showed premature atrial beats with retrograde conduction
from the RA to the SAN (Figure 4B), and ET-1 could induce more premature beats or short
runs of atrial tachycardia (1 of 9 vs. 7 of 9, p < 0.05) in SAN–RA preparations from the
MCT-induced PAH group. Moreover, ET-1-induced short runs of atrial tachycardia in MCT-
treated SAN–RA preparations were associated with premature beat-induced reentrant
tachycardia (Figure 5A,B).
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Figure 2. Action potential (AP) characteristics of the right atrial (RA) tissue preparations from control
or monocrotaline (MCT)-treated hearts with or without endothelin (ET)-1 treatment. (A) Examples
and average data of the APs of RA preparations from MCT-induced PAH rabbits (N = 10) and
control rabbits (N = 10). (B) Examples and average data of the APs of RA preparations from MCT-
induced PAH rabbits (N = 6) treated with or without ET-1 (10 nM). AP durations at 20%, 50%, and
90% repolarization of the AP amplitude (APD20, APD50, and APD90) were measured at 2 Hz; AP
amplitude, APA; RMP, resting membrane potential.
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Figure 3. The spontaneous activity of sinoatrial node-right atrium (SAN–RA) preparations from
control or monocrotaline (MCT)-treated rabbits and the effect of endothelin (ET)-1 on the spontaneous
activity of sinoatrial node (SAN)–right atrium (RA) preparations from the control or monocrotaline
(MCT)-treated rabbits. Representative tracings and average data of the AP morphology in SAN–RA
preparations with or without ET-1 (10 nM) from the control (left panel, N = 7) or MCT-treated (right
panel, N = 9) rabbits are shown.
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Figure 4. Conduction block and premature atrial beats with retrograde conduction in the sinoatrial
node (SAN)–right atrium (RA) preparations from monocrotaline (MCT)-treated rabbits recorded by
the conventional glass electrode. (A) Representative recordings of the conduction block from the
SAN to the RA presented with a 6:1 conduction block (upper panel) or a long pause (lower panel).
(B) Representative recordings of premature atrial beats with retrograde conduction from the RA to
the SAN.
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Figure 5. The electrical activities of endothelin (ET)-1-treated sinoatrial node (SAN)–right atrium
(RA) preparations from monocrotaline (MCT)-treated rabbits were recorded by the conventional
glass electrode. (A) A representative recording of short runs of atrial tachycardia (indicated by a
black asterisk on top) in ET-1-treated SAN–RA preparations from MCT-treated rabbits. (B) Represen-
tative recordings revealed reentry as a mechanism of initiation of ET-1-induced short runs of atrial
tachycardia in MCT-treated SAN–RA preparations.
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2.3. Effects of BQ 485 on Electrical Activity on ET-1-Treated SAN–RA Preparations from
MCT-Treated Rabbits

As shown in Figure 6, the administration of BQ 485 (100 nM) can mitigate ET-1-induced
arrhythmogenesis of SAN–RA preparations from the MCT-induced PAH group. Among
the MCT-induced PAH group with ET-1-induced triggered beats or burst firing, BQ 485
(100 nM) decreased the number of ‘triggered beat’ or ‘burst firing’ from 5 in 5 to 1 in 5
(p < 0.05). However, BQ 485 (100 nM) did not significantly change the conduction property
among SAN–RA preparations with conduction blocks (3 of 3 vs. 1 of 3, p > 0.05).

2.4. Western Blotting Analysis

Compared to control RA preparations, MCT-induced PAH RA preparations had a re-
duced expression of connexin 43 but increased expressions of RhoA/Rho kinase 1 (ROCK1)
and phosphorylated Akt. The expression of protein kinase G (PKG) and total Akt of RA
specimens were similar between the control and MCT-induced PAH groups (Figure 7,
Supplementary Figure S1 for expanded, uncropped gels).
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Figure 6. Effects of BQ 485 (an endothelin-A receptor antagonist) on the electrical activity of en-
dothelin (ET)-1-treated sinoatrial node–right atrium (SAN–RA) preparations from monocrotaline
(MCT)-treated rabbits. The representative tracings demonstrate the electrical activity of MCT-treated
SAN–RA preparations after ET-1 (10 nM) and BQ 485 (100 nM) administration.
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Figure 7. Western blot analysis of connexin 43, protein kinase G (PKG), RhoA/Rho kinase 1 (ROCK1),
Akt and phosphorylated Akt (p-Akt) of right atrium (RA) tissue from control rabbits or rabbits with
monocrotaline (MCT)-induced pulmonary arterial hypertension (PAH). Representative images and
the relative expression of connexin 43 (N = 12), PKG (N = 8), ROCK1 (N = 7), Akt (N = 8), p-Akt
(N = 7) in the control and MCT-induced PAH groups. Data are presented as the mean ± standard
error of the mean.

3. Discussion

MCT-induced PAH in rabbits leads to a significant increase in RV pressure and pul-
monary vascular remodeling. In the present study, the histology of lung sections from
MCT-treated rabbits showed proliferated endothelial and vascular smooth muscle cells in
pulmonary arterioles. Pressure overload generally results in concentric hypertrophy, char-
acterized by an increase in cell width without affecting cell length, resulting in an increased
myocyte cross-sectional area [21,22]. The MCT-induced PAH group showed an increase
in the mean cell width and cross-sectional area of RV myocytes that are representative of
PAH-induced RV hypertrophy. The RVSP, an indicator for PAH, was remarkably elevated
in the MCT-induced PAH group compared with the control group. Accordingly, we created
a reliable MCT animal model by a single injection of MCT, mimicking COPD patients
who have been found to have increased pulmonary artery pressure [23]. RV pressure
overload and stretching may alter the atrial substrate by promoting fibrosis and local tissue
heterogeneities, which in turn predispose the patient to a risk of arrhythmia [20,24,25]. RA
interstitial fibrosis increases electrical heterogeneity and steeper electrical restitution, which
makes conduction block and reentry more likely [26–28]. Idiopathic PAH is associated with
RA remodeling characterized by generalized conduction slowing with marked regional
abnormalities, reduced tissue voltage, and regions of electrical silence [29]. Our present
study showed that MCT created an arrhythmogenic substrate, which may promote the con-
duction block and trigger beats in the RA. There were several types of interactions between
SAN and RA in the MCT-induced PAH group, including different types of sinoatrial block
and premature atrial beats with retrograde conduction, which are predisposed to reentrant.
Connexin 43 mRNA expression was significantly downregulated in pulmonary arteries
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in mice during hypoxia [30]. A previous study has shown that the connexin 43 mRNA in
the RA was reduced by 3 weeks after MCT injection, which induces a substrate for the
maintenance of atrial fibrillation due to RA reentrant activity [20].

Although PAH-induced atrial remodeling provides a substrate for the development of
atrial arrhythmia, ET-1 plays a crucial role in triggering the atrial arrhythmia observed in
the present study. ET-1 has been linked to cardiac electrical remodeling, which promotes
changes in cardiomyocytes such as changes in ionic current density and inhomogeneous
prolongation of APD, resulting in increased dispersion [31]. In this study, MCT-induced
PAH rabbits had a longer APD than control rabbits. Prolongation of the APD can be
responsible for the generation of the triggered activity. Prolonged APD allows L-type
calcium channels to recover from inactivation, which brings an extra amount of calcium
ions into the cells and triggers an AP [32]. When compared to patients in sinus rhythm,
patients with chronic atrial fibrillation had a shorter APD of RA [33,34]. Therefore, the
mechanism of PAH-induced atrial arrhythmias may differ from that of atrial fibrillation
caused by rapid atrial pacing, which decreases the atrial effective refractory period [27].
Moreover, the left atrium serves as a substrate and is not as integral to ectopic triggers
for atrial fibrillation [35]. ET-1 may develop early afterdepolarizations and oscillatory
potentials that occur during the AP plateau or late repolarization in RA cardiomyocytes [36],
and enhance reentrant due to the increased dispersion of APD on pro-arrhythmic substrates.
Both mechanisms are involved in the genesis of ET-1-induced arrhythmias. The effects
of ET-1 are mediated through interactions with two major types of cell surface receptors.
ET-A receptors have been associated with electrical remodeling, vasoconstriction, and
cell growth, while ET-B receptors are involved in the clearance of ET-1, inhibition of
endothelial apoptosis, and release of nitric oxide and prostacyclin [31]. In this study,
Western blot analysis showed an increase in ROCK1 and phosphorylated Akt expression
but a similar PKG expression in RA myocytes from the MCT-induced PAH group compared
to those from the control group. These results indicate that the MCT-induced PAH model
did not activate the nitric oxide/cGMP/PKG signaling pathway mediated via the ET-B
receptor in the RA [37]. The present study showed that the ET-A receptor antagonist
BQ-485 is a beneficial drug that improves RA premature beats or burst firings in RA-
SAN preparations from the MCT-induced PAH group. Therefore, blocking the ET-1-
associated signaling pathway with an ET-A receptor antagonist may be beneficial for PAH-
induced atrial arrhythmia. Accordingly, ET-1 plays an important role in PAH-induced atrial
arrhythmogenesis, and modulation of the ET-1-related signaling pathway may exacerbate
or ameliorate the occurrence of atrial arrhythmias that are correlated with severity and
prognosis in patients with PAH. In both human and experimental PAH, activation of the ET-
A receptor activates the phosphoinositide 3-kinases (PI3K)/Akt pathway [38,39]. Moreover,
inhibition of PI3K/Akt signaling slows the beating rate of the SAN in situ and in vitro
and reduces the early slope of diastolic depolarization [40]. Accordingly, ET-1 activation
might increase spontaneous activity through activation of PI3K/Akt signaling and might
have anti-arrhythmic effects. However, ET-1 activation decreased spontaneous activity
and increased arrhythmogenesis in the MCT-induced PAH group in the present study,
which means that the PIP3/Akt signaling pathway is not involved in the ET-1-induced
electrical response in our MCT-induced PAH model. ET-1 also activates signals for the
ROCK pathway [41], which is associated with cardiac fibrosis and arrhythmias [42,43].
ROCK inhibition improved pulmonary vascular remodeling and reduced the contraction
of smooth muscle cells, thereby reducing PAH [44]. ROCK signaling activation induces
connexin 43 degradation, which results in a reduction in the amount of connexin 43 [45]. As
a result, PAH-induced RA arrhythmogenesis is thought to be mediated by an ET-1/ET-A
receptor-mediated ROCK signaling pathway.

The data should be interpreted with caution because of the limitations of this study.
First, the applied rabbit model of MCT-induced PAH may not fully translate to patients with
PAH resulting from a variety of causes [46]. Second, the duration from MCT administration
to performing the experiment was relatively short in our studied rabbits. Thus, late manifes-
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tations of structural or electrical remodeling in PAH may not be well demonstrated. Finally,
more in vivo electrophysiological studies, qPCR, and genomic analyses are mandatory to
further confirm the hypothesis of the present study.

In conclusion, the RA structure and electrical remodeling induced by a MCT-induced
PAH model created an arrhythmogenic substrate with a conduction block. In PAH, ET-1
acts as a trigger factor to interact with the arrhythmogenic substrate to initiate and maintain
atrial arrhythmias. The ET-1/ET-A receptor with its downstream ROCK signaling may be
a target for therapeutic interventions for treating PAH-induced atrial arrhythmias.

4. Materials and Methods
4.1. Animal Model

The investigation was approved by a local ethics review board (IACUC-19-037) and
conformed to the institutional Guide for the Care and Use of Laboratory Animals and the
Guide for the Care and Use of Laboratory Animals published by the United States National
Institutes of Health (NIH Publication No. 85–23, revised 1996). The MCT (Sigma, Deishofen,
Germany) was dissolved in 0.5 N of HCl, and the pH was adjusted to 7.4 with 0.5 N of
NaOH. Male New Zealand White rabbits (2–3 months old, 1.5~2 kg weight) received a
single subcutaneous injection (60 mg/kg) of MCT or not (control group) [19].

4.2. Hemodynamic Analysis

At the end of 5 weeks after MCT injection, RV systolic pressure (RVSP) was recorded.
The rabbits were anesthetized using an intramuscular injection of a mixture of zoletil 50
(10 mg/kg) and xylazine (5 mg/kg) and were given an overdose of inhaled isoflurane (5%
oxygen; Panion & BF Biotech, Taoyuan, Taiwan) from a precision vaporizer. Adequate doses
of anesthesia were confirmed with the absence of corneal reflexes and motor responses to
pain stimuli, and the rabbits were placed in the supine position. A 1.4F Millar Mikro-tip
catheter-introducer (Model SPR-671, Millar Instrument, Houston, TX, USA) was inserted
carefully into the right jugular vein and then into the RV under pressure waveform moni-
toring. After a period of stabilization, RVSP was recorded using PowerLab (ADInstrument,
Colorado Springs, CO, USA) [47].

4.3. Tissue Preparation Add Histological Analysis

After the animals were anesthetized and euthanized as prescribed previously, a mid-
line thoracotomy was then performed and the heart and the lungs were removed after
adequate doses of anesthesia were confirmed by the absence of corneal reflexes and mo-
tor responses to pain stimuli inflicted using a scalpel tip. The lungs and the RVs were
immersion-fixed in neutral 10% buffered formalin and paraffin sections (5 µm) were cut.
The paraffin sections were stained with hematoxylin and eosin (H&E) stain. The wall
thickness and external diameter of pulmonary arterioles were measured, and relative wall
thickness was calculated as [2 × wall thickness/external diameter] × 100% [22]. The
cross-sectional area of RV myocytes is assessed by squaring the cell width/2 and then
multiplying by 3.14. Tissue preparations of the isolated sinoatrial node (SAN)-RA (around
3 cm) were superfused with normal Tyrode’s solution consisting (in mM) of 137 NaCl,
4 KCl, 15 NaHCO3, 0.5 NaH2PO4, 0.5 MgCl2, 2.7 CaCl2, and 11 dextrose, with the epicardial
side facing upward.

4.4. Electropharmacological Experiments

As described previously [48], the transmembrane Aps of the isolated RA or SAN–RA
preparations were recorded within the RA and SAN–RA preparations by simultaneously
using machine-pulled glass capillary microelectrodes filled with 3 M of KCl, which were
connected to a WPI model FD223 electrometer under tension with 150 mg. Tissue prepara-
tions (around 3 cm) were superfused at a constant rate (3 mL/min) with normal Tyrode’s
solution, consisting (in mM) of 137 NaCl, 4 KCl, 15 NaHCO3, 0.5 NaH2PO4, 0.5 MgCl2,
2.7 CaCl2, and 11 dextrose, saturated with a 97% O2/3% CO2 gas mixture. The temper-
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ature was maintained at 37 ◦C, and the preparations were allowed to equilibrate for 1 h
before beginning the electrophysiological study. Electrical events were simultaneously
displayed on a Gould 4072 oscilloscope and a Gould TA11 recorder. The signals were
digitally recorded with a 16-bit accuracy at a rate of 125 kHz. An electrical stimulus with a
10-ms duration and suprathreshold strength (30% above the threshold) was provided by
a Grass S88 stimulator through a Grass SIU5B stimulus isolation unit, and the APs were
elicited by a 2-Hz electrical stimulus. The RMP was measured during the period between
the last repolarization and the onset of the subsequent AP. The APA was measured from
the RMP to the peak of the AP depolarization. The APD at repolarizations of 90%, 50%,
and 20% of the APA were measured as the APD90, APD50, and APD20, respectively. ET-1
(10 nM, Sigma-Aldrich, St. Louis, MO, USA), BQ-485 (an ET-A receptor antagonist, 100 nM,
Sigma-Aldrich, St. Louis, MO, USA), were superfused for 20 min to test the pharmacologi-
cal responses of the RAs and the SANs. Spontaneous activity was defined as the constant
occurrence of spontaneous APs in the absence of any electrical stimuli. Burst firing was
defined as accelerated spontaneous activity that was faster than the basal beating activity,
with the characteristics of sudden onset and termination.

4.5. Western Blotting Analysis

The procedure of western blotting was as described previously [49]. Tissues from
the RA with or without MCT treatment were homogenized and lysed in a RIPA buffer
containing 50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, and protease inhibitor cocktails (Sigma). The protein concentration was determined
with a Bio-Rad protein assay reagent (Bio-Rad, Richmond, CA, USA). Proteins were sepa-
rated in 10% SDS-PAGE under reducing conditions and electrophoretically transferred onto
an equilibrated polyvinylidene difluoride membrane (Amersham Biosciences, Bucking-
hamshire, UK). Blots were probed with primary antibodies against connexin 43 (no. 610062;
BD Biosciences, Oxford, UK), PKG (no. 3248; Cell Signaling, Beverly, MA, USA), ROCK1
(no. 4035; Cell Signaling, Beverly, MA, USA), Akt (no. 4685) (Cell Signaling, Beverly, MA,
USA), phospho-Akt (no. 4060; Cell Signaling, Beverly, MA, USA), β-actin (no. ab6274;
Abcam, Cambridge, MA, USA), and secondary antibodies conjugated with horseradish
peroxidase. All bound antibodies were detected using an enhanced chemiluminescence
detection system and analyzed with AlphaEaseFC software. All targeted bands were
normalized to β-actin to confirm equal protein loading.

4.6. Statistical Analysis

Continuous variables are expressed as the mean ± S.E.M. A one-way repeated-
measures analysis of variance (ANOVA) was used to compare the difference before and
after drug administration to SAN–RA preparations and Fisher’s LSD post hoc test was used.
An unpaired t-test was used to compare the differences between control and MCT-induced
PAH groups. Comparisons between the different non-parametric variables were analyzed
using the Chi-square test with Fisher’s exact correction. The statistical analysis was done
using SigmaState 3.1, and a p-value of <0.05 was considered statistically significant.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms231910993/s1.

Author Contributions: Conceptualization, Y.-Y.L. and Y.-J.C.; data curation, F.-J.L.; formal analy-
sis, Y.-Y.L. and F.-J.L.; funding acquisition, Y.-Y.L., Y.-C.C., S.H. and Y.-J.C.; investigation, Y.-C.C.;
methodology, Y.-Y.L., Y.-C.C., Y.-H.K. and Y.-J.C.; project administration, Y.-C.C.; resources, S.H.;
software, Y.-C.C. and Y.-H.K.; supervision, Y.-J.C.; visualization, S.-A.C.; writing—original draft,
Y.-Y.L.; writing—review and editing, Y.-J.C. All authors have read and agreed to the published version
of the manuscript.

https://www.mdpi.com/article/10.3390/ijms231910993/s1
https://www.mdpi.com/article/10.3390/ijms231910993/s1


Int. J. Mol. Sci. 2022, 23, 10993 11 of 13

Funding: This work was supported by grants from the Ministry of Science and Technology (MOST108-
2314-B-281-007-MY3, MOST109-2314-B-038-124-MY3, MOST110-2314-B-038-129, MOST110-2314-B-
038-107-MY3, and MOST110-2314-B-016-037-MY3), Ministry of National Defense-Medical Affairs
Bureau (MND-MAB-D-112098), Cathay General Hospital (CGH-MR-A11109), and the Foundation for
the Development of Internal Medicine in Okinawa (2-02-005).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of National Defense Medical. Center (IACUC-19-037 and approved
on 1 April 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors hereby declare to have no conflict of interest regarding this article.

References
1. Masaki, T. The discovery of endothelins. Cardiovasc. Res. 1998, 39, 530–533. [CrossRef]
2. Russell, F.D.; Molenaar, P. The human heart endothelin system: ET-1 synthesis, storage, release and effect. Trends Pharmacol. Sci.

2000, 21, 353–359. [CrossRef]
3. Macarthur, H.; Warner, T.D.; Wood, E.G.; Corder, R.; Vane, J.R. Endothelin-1 release from endothelial cells in culture is elevated

both acutely and chronically by short periods of mechanical stretch. Biochem. Biophys. Res. Commun. 1994, 200, 395–400. [CrossRef]
4. Hasdai, D.; Holmes, D.R., Jr.; Garratt, K.N.; Edwards, W.D.; Lerman, A. Mechanical pressure and stretch release endothelin-1

from human atherosclerotic coronary arteries in vivo. Circulation 1997, 95, 357–362. [CrossRef]
5. Cheng, C.P.; Ukai, T.; Onishi, K.; Ohte, N.; Suzuki, M.; Zhang, Z.S.; Cheng, H.J.; Tachibana, H.; Igawa, A.; Little, W.C. The role of

ANG II and endothelin-1 in exercise-induced diastolic dysfunction in heart failure. Am. J. Physiol. Heart Circ. Physiol. 2001, 280,
H1853–H1860. [CrossRef]

6. Burstein, B.; Libby, E.; Calderone, A.; Nattel, S. Differential behaviors of atrial versus ventricular fibroblasts: A potential role for
platelet-derived growth factor in atrial-ventricular remodeling differences. Circulation 2008, 117, 1630–1641. [CrossRef]

7. Burrell, K.M.; Molenaar, P.; Dawson, P.J.; Kaumann, A.J. Contractile and arrhythmic effects of endothelin receptor agonists in
human heart in vitro: Blockade with SB 209670. J. Pharmacol. Exp. Ther. 2000, 292, 449–459.

8. Udyavar, A.R.; Chen, Y.C.; Chen, Y.J.; Cheng, C.C.; Lin, C.I.; Chen, S.A. Endothelin-1 modulates the arrhythmogenic activity of
pulmonary veins. J. Cardiovasc. Electrophysiol. 2008, 19, 285–292. [CrossRef]

9. Li, X.; Zima, A.V.; Sheikh, F.; Blatter, L.A.; Chen, J. Endothelin-1-induced arrhythmogenic Ca2+ signaling is abolished in atrial
myocytes of inositol-1,4,5-trisphosphate(IP3)-receptor type 2-deficient mice. Circ. Res. 2005, 96, 1274–1281. [CrossRef]

10. Humbert, M.; Morrell, N.W.; Archer, S.L.; Stenmark, K.R.; MacLean, M.R.; Lang, I.M.; Christman, B.W.; Weir, E.K.; Eickelberg,
O.; Voelkel, N.F.; et al. Cellular and molecular pathobiology of pulmonary arterial hypertension. J. Am. Coll. Cardiol. 2004, 43
(Suppl. S12), 13S–24S. [CrossRef]

11. Runo, J.R.; Loyd, J.E. Primary pulmonary hypertension. Lancet 2003, 361, 1533–1544. [CrossRef]
12. Grapsa, J.; Gibbs, J.S.; Cabrita, I.Z.; Watson, G.F.; Pavlopoulos, H.; Dawson, D.; Gin-Sing, W.; Howard, L.S.; Nihoyannopoulos, P.

The association of clinical outcome with right atrial and ventricular remodelling in patients with pulmonary arterial hypertension:
Study with real-time three-dimensional echocardiography. Eur. Heart J. Cardiovasc. Imaging 2012, 13, 666–672. [CrossRef]

13. Mercurio, V.; Peloquin, G.; Bourji, K.I.; Diab, N.; Sato, T.; Enobun, B.; Housten-Harris, T.; Damico, R.; Kolb, T.M.; Mathai, S.C.;
et al. Pulmonary arterial hypertension and atrial arrhythmias: Incidence, risk factors, and clinical impact. Pulm. Circ. 2018,
8, 2045894018769874. [CrossRef]

14. Cannillo, M.; Grosso Marra, W.; Gili, S.; D’Ascenzo, F.; Morello, M.; Mercante, L.; Mistretta, E.; Salera, D.; Zema, D.;
Bissolino, A.; et al. Supraventricular Arrhythmias in Patients With Pulmonary Arterial Hypertension. Am. J. Cardiol. 2015,
116, 1883–1889. [CrossRef]

15. Tongers, J.; Schwerdtfeger, B.; Klein, G.; Kempf, T.; Schaefer, A.; Knapp, J.M.; Niehaus, M.; Korte, T.; Hoeper, M.M. Incidence and
clinical relevance of supraventricular tachyarrhythmias in pulmonary hypertension. Am. Heart J. 2007, 153, 127–132. [CrossRef]

16. Galie, N.; Manes, A.; Branzi, A. The endothelin system in pulmonary arterial hypertension. Cardiovasc. Res. 2004, 61, 227–237.
[CrossRef]

17. Ono, K.; Tsujimoto, G.; Sakamoto, A.; Eto, K.; Masaki, T.; Ozaki, Y.; Satake, M. Endothelin-A receptor mediates cardiac inhibition
by regulating calcium and potassium currents. Nature 1994, 370, 301–304. [CrossRef]

18. Stenmark, K.R.; Meyrick, B.; Galie, N.; Mooi, W.J.; McMurtry, I.F. Animal models of pulmonary arterial hypertension: The hope
for etiological discovery and pharmacological cure. Am. J. Physiol. Lung Cell. Mol. Physiol. 2009, 297, L1013–L1032. [CrossRef]

19. Rosenberg, H.C.; Rabinovitch, M. Endothelial injury and vascular reactivity in monocrotaline pulmonary hypertension. Am. J.
Physiol. 1988, 255, H1484–H1491. [CrossRef]

20. Hiram, R.; Naud, P.; Xiong, F.; Al-U’datt, D.; Algalarrondo, V.; Sirois, M.G.; Tanguay, J.F.; Tardif, J.C.; Nattel, S. Right Atrial
Mechanisms of Atrial Fibrillation in a Rat Model of Right Heart Disease. J. Am. Coll. Cardiol. 2019, 74, 1332–1347. [CrossRef]

http://doi.org/10.1016/S0008-6363(98)00153-9
http://doi.org/10.1016/S0165-6147(00)01524-8
http://doi.org/10.1006/bbrc.1994.1462
http://doi.org/10.1161/01.CIR.95.2.357
http://doi.org/10.1152/ajpheart.2001.280.4.H1853
http://doi.org/10.1161/CIRCULATIONAHA.107.748053
http://doi.org/10.1111/j.1540-8167.2007.01033.x
http://doi.org/10.1161/01.RES.0000172556.05576.4c
http://doi.org/10.1016/j.jacc.2004.02.029
http://doi.org/10.1016/S0140-6736(03)13167-4
http://doi.org/10.1093/ehjci/jes003
http://doi.org/10.1177/2045894018769874
http://doi.org/10.1016/j.amjcard.2015.09.039
http://doi.org/10.1016/j.ahj.2006.09.008
http://doi.org/10.1016/j.cardiores.2003.11.026
http://doi.org/10.1038/370301a0
http://doi.org/10.1152/ajplung.00217.2009
http://doi.org/10.1152/ajpheart.1988.255.6.H1484
http://doi.org/10.1016/j.jacc.2019.06.066


Int. J. Mol. Sci. 2022, 23, 10993 12 of 13

21. Campbell, S.E.; Korecky, B.; Rakusan, K. Remodeling of myocyte dimensions in hypertrophic and atrophic rat hearts. Circ. Res.
1991, 68, 984–996. [CrossRef]

22. Yanucil, C.; Kentrup, D.; Li, X.; Grabner, A.; Schramm, K.; Martinez, E.C.; Li, J.; Campos, I.; Czaya, B.; Heitman, K.; et al.
FGF21-FGFR4 signaling in cardiac myocytes promotes concentric cardiac hypertrophy in mouse models of diabetes. Sci. Rep.
2022, 12, 7326. [CrossRef]

23. Kalaycioglu, E.; Cetin, M.; Cinier, G.; Ozyildiz, A.G.; Durmus, I.; Kiris, T.; Gokdeniz, T. Epicardial adipose tissue is associated
with increased systolic pulmonary artery pressure in patients with chronic obstructive pulmonary disease. Clin. Respir. J. 2021, 15,
406–412. [CrossRef]

24. Siontis, K.C.; Geske, J.B.; Gersh, B.J. Atrial fibrillation pathophysiology and prognosis: Insights from cardiovascular imaging.
Circ. Cardiovasc. Imaging 2015, 8, e003020. [CrossRef]

25. Kazbanov, I.V.; ten Tusscher, K.H.; Panfilov, A.V. Effects of Heterogeneous Diffuse Fibrosis on Arrhythmia Dynamics and
Mechanism. Sci. Rep. 2016, 6, 20835. [CrossRef]

26. Allessie, M.A.; Boyden, P.A.; Camm, A.J.; Kleber, A.G.; Lab, M.J.; Legato, M.J.; Rosen, M.R.; Schwartz, P.J.; Spooner, P.M.;
Van Wagoner, D.R.; et al. Pathophysiology and prevention of atrial fibrillation. Circulation 2001, 103, 769–777. [CrossRef]

27. Li, D.; Fareh, S.; Leung, T.K.; Nattel, S. Promotion of atrial fibrillation by heart failure in dogs: Atrial remodeling of a different
sort. Circulation 1999, 100, 87–95. [CrossRef]

28. Ozawa, K.; Funabashi, N.; Kataoka, A.; Tanabe, N.; Yanagawa, N.; Tatsumi, K.; Kobayashi, Y. Myocardial fibrosis in the right
ventricle detected on ECG gated 320 slice CT showed a short term poor prognosis in subjects with pulmonary hypertension. Int.
J. Cardiol. 2013, 168, 584–586. [CrossRef]

29. Medi, C.; Kalman, J.M.; Ling, L.H.; Teh, A.W.; Lee, G.; Lee, G.; Spence, S.J.; Kaye, D.M.; Kistler, P.M. Atrial electrical and structural
remodeling associated with longstanding pulmonary hypertension and right ventricular hypertrophy in humans. J. Cardiovasc.
Electrophysiol. 2012, 23, 614–620. [CrossRef]

30. Lowen, M.A.; Bergman, M.J.; Cutaia, M.V.; Porcelli, R.J. Age-dependent effects of chronic hypoxia on pulmonary vascular
reactivity. J. Appl. Physiol. 1987, 63, 1122–1129. [CrossRef]

31. Mohacsi, A.; Magyar, J.; Tamas, B.; Nanasi, P.P. Effects of endothelins on cardiac and vascular cells: New therapeutic target for the
future? Curr. Vasc. Pharmacol. 2004, 2, 53–63. [CrossRef]

32. Kistamas, K.; Veress, R.; Horvath, B.; Banyasz, T.; Nanasi, P.P.; Eisner, D.A. Calcium Handling Defects and Cardiac Arrhythmia
Syndromes. Front. Pharmacol. 2020, 11, 72. [CrossRef]

33. Schmidt, C.; Wiedmann, F.; Voigt, N.; Zhou, X.B.; Heijman, J.; Lang, S.; Albert, V.; Kallenberger, S.; Ruhparwar, A.; Szabo, G.; et al.
Upregulation of K(2P)3.1 K+ Current Causes Action Potential Shortening in Patients With Chronic Atrial Fibrillation. Circulation
2015, 132, 82–92. [CrossRef]

34. Bosch, R.F.; Zeng, X.; Grammer, J.B.; Popovic, K.; Mewis, C.; Kuhlkamp, V. Ionic mechanisms of electrical remodeling in human
atrial fibrillation. Cardiovasc. Res. 1999, 44, 121–131. [CrossRef]

35. Morillo, C.A.; Klein, G.J.; Jones, D.L.; Guiraudon, C.M. Chronic rapid atrial pacing. Structural, functional, and electrophysiological
characteristics of a new model of sustained atrial fibrillation. Circulation 1995, 91, 1588–1595. [CrossRef]

36. Yorikane, R.; Koike, H.; Miyake, S. Electrophysiological effects of endothelin-1 on canine myocardial cells. J. Cardiovasc. Pharmacol.
1991, 17 (Suppl. S7), S159–S162. [CrossRef]

37. Horinouchi, T.; Terada, K.; Higashi, T.; Miwa, S. Endothelin receptor signaling: New insight into its regulatory mechanisms.
J. Pharmacol. Sci. 2013, 123, 85–101. [CrossRef]

38. Imamura, T.; Huang, J.; Dalle, S.; Ugi, S.; Usui, I.; Luttrell, L.M.; Miller, W.E.; Lefkowitz, R.J.; Olefsky, J.M. Beta-Arrestin-mediated
recruitment of the Src family kinase Yes mediates endothelin-1-stimulated glucose transport. J. Biol. Chem. 2001, 276, 43663–43667.
[CrossRef]

39. Berghausen, E.M.; Janssen, W.; Vantler, M.; Gnatzy-Feik, L.L.; Krause, M.; Behringer, A.; Joseph, C.; Zierden, M.; Freyhaus, H.T.;
Klinke, A.; et al. Disrupted PI3K subunit p110alpha signaling protects against pulmonary hypertension and reverses established
disease in rodents. J. Clin. Investig. 2021, 131, e136939. [CrossRef]

40. Lin, R.Z.; Lu, Z.; Anyukhovsky, E.P.; Jiang, Y.P.; Wang, H.Z.; Gao, J.; Rosen, M.R.; Ballou, L.M.; Cohen, I.S. Regulation of heart rate
and the pacemaker current by phosphoinositide 3-kinase signaling. J. Gen. Physiol. 2019, 151, 1051–1058. [CrossRef]

41. Seccia, T.M.; Rigato, M.; Ravarotto, V.; Calo, L.A. ROCK (RhoA/Rho Kinase) in Cardiovascular-Renal Pathophysiology: A Review
of New Advancements. J. Clin. Med. 2020, 9, 1328. [CrossRef] [PubMed]

42. Loirand, G. Rho Kinases in Health and Disease: From Basic Science to Translational Research. Pharmacol. Rev. 2015, 67, 1074–1095.
[CrossRef] [PubMed]

43. Chen, H.C.; Chang, J.P.; Chang, T.H.; Lin, Y.S.; Huang, Y.K.; Pan, K.L.; Fang, C.Y.; Chen, C.J.; Ho, W.C.; Chen, M.C. Enhanced
expression of ROCK in left atrial myocytes of mitral regurgitation: A potential mechanism of myolysis. BMC Cardiovasc. Disord.
2015, 15, 33. [CrossRef] [PubMed]

44. Chapados, R.; Abe, K.; Ihida-Stansbury, K.; McKean, D.; Gates, A.T.; Kern, M.; Merklinger, S.; Elliott, J.; Plant, A.;
Shimokawa, H.; et al. ROCK controls matrix synthesis in vascular smooth muscle cells: Coupling vasoconstriction to vascular
remodeling. Circ. Res. 2006, 99, 837–844. [CrossRef]

http://doi.org/10.1161/01.RES.68.4.984
http://doi.org/10.1038/s41598-022-11033-x
http://doi.org/10.1111/crj.13316
http://doi.org/10.1161/CIRCIMAGING.115.003020
http://doi.org/10.1038/srep20835
http://doi.org/10.1161/01.CIR.103.5.769
http://doi.org/10.1161/01.CIR.100.1.87
http://doi.org/10.1016/j.ijcard.2013.01.251
http://doi.org/10.1111/j.1540-8167.2011.02255.x
http://doi.org/10.1152/jappl.1987.63.3.1122
http://doi.org/10.2174/1570161043476528
http://doi.org/10.3389/fphar.2020.00072
http://doi.org/10.1161/CIRCULATIONAHA.114.012657
http://doi.org/10.1016/S0008-6363(99)00178-9
http://doi.org/10.1161/01.CIR.91.5.1588
http://doi.org/10.1097/00005344-199100177-00044
http://doi.org/10.1254/jphs.13R02CR
http://doi.org/10.1074/jbc.M105364200
http://doi.org/10.1172/JCI136939
http://doi.org/10.1085/jgp.201812293
http://doi.org/10.3390/jcm9051328
http://www.ncbi.nlm.nih.gov/pubmed/32370294
http://doi.org/10.1124/pr.115.010595
http://www.ncbi.nlm.nih.gov/pubmed/26419448
http://doi.org/10.1186/s12872-015-0038-9
http://www.ncbi.nlm.nih.gov/pubmed/25956928
http://doi.org/10.1161/01.RES.0000246172.77441.f1


Int. J. Mol. Sci. 2022, 23, 10993 13 of 13

45. Xie, X.; Chen, C.; Huang, K.; Wang, S.; Hao, J.; Huang, J.; Huang, H. RhoA/rho kinase signaling reduces connexin43 expression
in high glucose-treated glomerular mesangial cells with zonula occludens-1 involvement. Exp. Cell Res. 2014, 327, 276–286.
[CrossRef]

46. Gomez-Arroyo, J.G.; Farkas, L.; Alhussaini, A.A.; Farkas, D.; Kraskauskas, D.; Voelkel, N.F.; Bogaard, H.J. The monocrotaline
model of pulmonary hypertension in perspective. Am. J. Physiol. Lung Cell. Mol. Physiol. 2012, 302, L363–L369. [CrossRef]

47. Chen, L.; Xiao, J.; Li, Y.; Ma, H. Ang-(1-7) might prevent the development of monocrotaline induced pulmonary arterial
hypertension in rats. Eur. Rev. Med. Pharmacol. Sci. 2011, 15, 1–7.

48. Chen, Y.C.; Lu, Y.Y.; Cheng, C.C.; Lin, Y.K.; Chen, S.A.; Chen, Y.J. Sinoatrial node electrical activity modulates pulmonary vein
arrhythmogenesis. Int. J. Cardiol. 2014, 173, 447–452. [CrossRef]

49. Kao, Y.H.; Chen, Y.C.; Cheng, C.C.; Lee, T.I.; Chen, Y.J.; Chen, S.A. Tumor necrosis factor-alpha decreases sarcoplasmic reticulum
Ca2+-ATPase expressions via the promoter methylation in cardiomyocytes. Crit. Care Med. 2010, 38, 217–222. [CrossRef]

http://doi.org/10.1016/j.yexcr.2014.07.019
http://doi.org/10.1152/ajplung.00212.2011
http://doi.org/10.1016/j.ijcard.2014.03.009
http://doi.org/10.1097/CCM.0b013e3181b4a854

	Introduction 
	Results 
	Pulmonary Arteriole and RV Remodeling in MCT-Induced PAH Rabbits 
	Action Potential (AP) Morphology of the RA and Electrical Activity in Sinoatrial Node (SAN)-RA Preparations 
	Effects of BQ 485 on Electrical Activity on ET-1-Treated SAN–RA Preparations from MCT-Treated Rabbits 
	Western Blotting Analysis 

	Discussion 
	Materials and Methods 
	Animal Model 
	Hemodynamic Analysis 
	Tissue Preparation Add Histological Analysis 
	Electropharmacological Experiments 
	Western Blotting Analysis 
	Statistical Analysis 

	References

