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Abstract:

Arrhythmias correlate with disorders of either K� channels in sarcolemma or calcium modulating system in sarcoplasmic reticulum

which handles Ca�� intracellularly. We hypothesized that an activated endothelin (ET) signaling pathway, which may be associated

with an alteration of K� channels and Ca�� uptake activity in the myocardium, participated in the exaggerated ventricular fibrillation

(VF) incidence in cardiomyopathy (CM) induced by L-thyroxin. We intended to test if a dual endothelin receptor antagonist

CPU0213 is effective to suppress VF correlating with a reversal of abnormalities in expression of the ion channels in sarcolemma

and sarcoplasmic reticulum. The CM was induced by L-thyroxin administration for 10 days, and the altered expression of ion chan-

nels and the ET system was examined and the susceptibility to VF was evaluated by 10-min ischemia followed by reperfusion (I/R).

Rats were treated with either propranolol or CPU0213 from day 6–10 of L-thyroxin medication. An increased VF incidence on I/R

episode in the CM was found relative to control. An elevated myocardial ET-1 and preproET-1 expression were associated with ab-

normal mRNA level of sarcoplasmic/endoplasmic reticulum Ca��-ATPase 2a (SERCA2a), phospholamban (PLB), and ERG, MinK,

and Kv4.2 in sarcolemma. Propranolol and CPU0213 were equally effective in reversing the alterations of gene phenotype and exag-

gerated VF in CM hearts. In conclusion, an activated ET receptor signaling plays a role in the progression of augmented VF in asso-

ciation with abnormal expression of ion channels in both sarcolemma and sarcoplasmic reticulum in the CM.
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Abbreviations: APD – action potential duration, �-AR – �-adre-

nergic receptors, CaMKII – calmodulin-dependent protein ki-

nase, CM – cardiomyopathy, DADs – delayed after depolariza-

tions, ET-1 – endothelin-1, I���� – L-type Ca�� channel, I�� –

rapid component of delayed rectifier outward potassium cur-

rents, I�� – slow component of delayed rectifier outward potas-

sium currents, I/R – ischemia/reperfusion, I	
 – transient inward

currents, I�� – transient outward K� currents, LV – left ventri-

cle, MDA – malondialdehyde, NCX – Na�-Ca�� exchangers,

PKC – protein kinase C, PLB – phospholamban, ROS – reac-

tive oxygen species, SERCA2a – sarcoplasmic/endoplasmic

reticulum Ca��-ATPase 2a, SOD – superoxide dismutase,

SQTS – short QT syndrome, SR – sarcoplasmic reticulum,

Tdp – torsades de pointes, VF – ventricular fibrillation

Introduction

Endothelin-1, one of the most potent vasoconstrictors,

plays pivotal role in maintaining vascular tone [21].

Recently, increasing evidence suggests that activation

of the endothelin-1 (ET-1) system in the myocardium

may take part in pathophysiologic mechanism under-

lying heart failure and arrhythmias [11, 31], and the

ET receptor antagonists, both selective and non-

selective, are effective in suppression of the ventricu-

lar tachyarrhythmias [3, 17]. In vivo studies have re-
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vealed that ET-1 has a direct arrhythmogenic effect

independent of its ability to cause myocardial ische-

mia [30], while evidences suggest that ET-1 owns a

direct electrophysiological effect to affecting cardiac

Ca2+, K+, and Na+ currents [1, 19, 20]. These studies

provide proofs to elucidate the mechanisms underly-

ing the proarrhythmic effect of exogenous ET-1.

The L-thyroxine-induced cardiomyopathy (CM) in

rats is characterized by up-regulated endothelin path-

way [31], augmented cardiac oxidative stress [14],

and enhanced currents of ICa.L [6], IKR [9], and IKS in

cardiomyocytes isolated from the CM heart [37]. By

performing ischemia/reperfusion (I/R) procedure in

the CM group, we found exacerbated ventricular fib-

rillation (VF) relative to the normal hearts [34, 36].

We attribute an increased incidence of VF of the CM

heart to disturbed homeostasis of cardiac cations,

which are regulated by K+ channels in cell membrane

or Ca2+ handling system in the sarcoplasmic reticu-

lum (SR). IKR (KCNH2, encoded by hERG), IKS

(KCNQ1, the �-subunit of IKS is encoded by MinK

gene), and ITO (encoded by Kv4.2 gene) are 3 major

membrane K+ channels, the normality of which is im-

portant to maintain normal action potential duration

(APD) in the myocardium [23]. The activity of SER-

CA2a (sarcoplasmic reticulum Ca2+-ATPase 2a) han-

dles 70% of the diastolic calcium by pumping into

the sarcoplasmic reticulum [2]. The performance is

tightly controlled by a sustained inhibition of PLB

which is modulated by phosphorylation of PKA [26].

Abnormality of mRNA expression of these ion chan-

nels and regulating proteins may disturb the electro-

physiological property of ventricular myocytes to fa-

cilitate arrhythmias under stress such as I/R.

It has been confirmed that reactive oxygen species

(ROS) and ET-1 interact with each other to form the

ET-ROS pathway under pathologic conditions. Dong

et al. [10] found that ET-1 increasesd ROS production

by activating nicotinamide adenine dinucleotide phos-

phate (NADPH) oxidase in human umbilical vein en-

dothelial cells, and Cheng et al. [5] reported that ROS

increased the ET-1 level in endothelial cells through

the Ras/Raf/ERK signaling pathway. There is no di-

rect evidence to clarify if ET-1 interferes with the ex-

pression of cardiac ion channels, however, the ET-

ROS pathway is believed to affect the intranuclear

gene transcriptional factors and processes via the

MAPK signaling pathway [29].

We hypothesized that an abnormal mRNA expres-

sion of K+ channels (ERG, MinK and Kv4.2) and al-

tered expression of SERCA2a and its modulator phos-

pholamban (PLB) co-contributed to an augmented in-

cidence of VF which occurs on ischemia/reperfusion

(I/R) of the CM heart and that an overactivated ET-

ROS pathway is actively involved in the abnormali-

ties, thus mediating exacerbated VF.

In the present study, we used CPU0213, a novel

dual ET receptor antagonist [7], to test if a blockade

on the ET system is likely to ameliorate the aug-

mented VF incidence on I/R procedure by correcting

abnormal expression of K+ channels and SERCA2a in

the CM. Since �-receptor blockers are effective in

suppressing VF in animal models [36] and afford mild

protection against VF in clinical settings, thus propra-

nolol was used as a positive reference drug to evaluate

the antiarrhytmic effect of CPU0213.

Materials and Methods

Animals

Forty male rats weighing 300–350 g were housed in

a temperature-controlled room (22 ± 1°C) with 14 h

of artificial illumination daily (06:00–20:00 h) and

food and water available ad libitum. The experiment

was conducted in accordance with the opinion of

Local Ethics Committee for Animal Experimentation.

Reagents and instruments

RT-PCR reagents (oligo d (T)18, dNTP, Trizol, RNase

inhibitor, AMV reverse transcriptase, Taq DNA poly-

merase) were from Promega Corporation, USA. L-thy-

roxin was from Sigma Corporation, USA. CPU0213

from Medicinal Chemistry Department of China

Pharmaceutical University, was suspended in 0.5%

CMC-Na for administration. Propranolol was from

Changzhou Kangpu Medicine Ltd, China. Kits for

ET-1, malondialdehyde (MDA), superoxide dismu-

tase (SOD) were from Nanjing Jiancheng Bioengi-

neering Institute, China. Thermal Cycler was manu-

factured by Eppendorf Corporation, Germany. Lab-

works imaging acquisition and analysis software were

purchased from Ultra-Violet Products Ltd, Cam-

bridge, UK.
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L-thyroxin induced hypertrophy and ische-

mia/reperfusion episode

Rats were randomly divided into 4 groups with 10 ani-

mals each. Control group received sc injections of

the vehicle. The CM model was caused by L-thyroxin

0.2 mg/kg/d, sc, for 10 days. The two CM groups

were administered either propranolol (10 mg/kg/d, ig)

or CPU0213, an endothelin receptor antagonist (100

mg/kg/d, ig), from day 6–10 in parallel with L-thy-

roxin medication. On day 11, rats were anesthetized

with 20% urethane (1.5 g/kg, ip) and then, 10-min

ligation of left coronary artery followed by reperfu-

sion (I/R) was performed [36]. The occurrence of sus-

tained ventricular fibrillation (VF) was identified by

disappearance of QRS complexes replaced by abso-

lutely irregular waves in the lead II ECG recordings,

and then rats were sacrificed for rapid tissue harvest-

ing. Left ventricle was weighed, normalized to body

weight, and expressed as LV mass index (LVMI,

mg/kg). The cardiac mass was snap-frozen in liquid

nitrogen, and stored at –70°C until further processing

(RT-PCR and Western blot analysis). Blood samples

were centrifuged at 3000 rpm at 4°C, and the serum

was stored at –20°C until analysis.

Myocardial ET-1, serum MDA (malondialdehyde)

and SOD (superoxide dismutase)

A part of left ventricle (50 mg) was homogenized in

1 ml 0.1% acetic acid and boiled for 10 min, then an

aliquot of 200 �l of supernatant was used for determi-

nation of myocardial ET-1 level by radioimmunoas-

say kit. MDA and SOD levels in serum were meas-

ured by biochemical kits.

Semi-quantitative determination of prepro-ET-1,

PLB, SERCA2a, Kv4.2, ERG, MinK and PKA

mRNA by RT-PCR

Total mRNA (2.0 �g) was extracted from the ho-

mogenate of frozen cardiac mass using Trizol reagent

and reversely transcribed to cDNA by using AMV re-

verse transcriptase (Promega Co., USA) according to

the manufacture’s instructions and previous papers

[24, 37]. PCR primers specific for preproET-1, PLB,

SERCA2a, Kv4.2, ERG, MinK, and GAPDH were

designed as shown in Table 1.

Amplification products were separated by agarose

gel electrophoresis (1.5%), stained with ethidium bro-

mide, visualized under ultraviolet, and scanned by

digital scanner (Syngene, England). Density of the

bands was analyzed by gel imaging analysis system

(Genegenus, Syngene, England), and the relative den-

sity of each DNA band was obtained by dividing by

the density of GAPDH bands.

SERCA2a protein assay by Western blotting

For the quantitative analysis of SERCA2a protein

level in the cardiac myocytes, the LV tissue (100–200

mg) was homogenized in 4 volumes of extraction

buffer and centrifuged at 10,000 × g for 10 min. After

determining the protein concentration, the super-

natants were stored at –20°C until use. An aliquot was

heated to 95°C, size-fractionated on 10% SDS-PAGE

for SERCA2a. Transfer to nitrocellulose and blocking

with nonfat milk (5% w/v) was followed by incuba-

tion with first antibody (Affinity Bioreagents,

MA3-919 for SERCA2a, 1:500 dilution in 5% milk-

TBS-Tween) for another hour. After 3 washes, the blot

was incubated with horseradish peroxidase-conjugated

goat secondary antibody IgG (Affinity Bioreagents,

1:1000) for an additional 1 h. Antigen was detected

with 0.1% 3,3’-diaminobenzidine (DAB)/0.01% H2O2.

A linear relationship between the density of blots and

protein loaded was observed when 20, 40, 60, 80 and

100 �g of membrane protein were used per lane.
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Tab. 1. �� #����� ��%������ �� #�
 ��� ��!�

Molecule Primer sequences Accession No

preproET-1 5’-AGCAATAGCATCAAGGCATC-3’

5’-TCAGACACGAACACTCCCTA-3’

NM_010104

PLB 5’-TACCTTACTCGCTCGGCTATC-3’

5’-CAGAAGCATCACAATGATGCAG-3’

NM_022707

SERCA2a 5’-CCGTATCCGATGACAATG-3’

5’-CCGTATCCGATGACAATG-3’

NM_017290

Kv4.2 5’-GTGAGTGGCACCCGTTTC-3’

5’-GGCGGTATCCAAGCAGAAT-3’

NM_031730

ERG 5’-GCGCAAAGTGGAGATCGCCT-3’

5’-GTGCTCGCCTCTCTTCTGCA-3

Z96106

MinK 5’-TTTTGCTCCACATCAGGG-3’

5’-TGGCAGGTTGTTCTACGG-3’

M22412

GAPDH 5’-GCTGGGGCTCACCTGAAGG-3’

5’-GGATGACCTTGCCCACAGCC-3’

X022231



Statistical analysis

All values are given as the mean ± SEM. The VF inci-

dence was analyzed using a nonparametric Kruskal-

Wallis test followed by Wilcoxon rank sum tests.

Other data were tested for homogeneity by one-way

ANOVA and the differences between specific means

were tested for significance by the Bonferroni’s mul-

tiple comparison tests. A difference between two

means was considered statistically significant when

p < 0.05.

Results

Ventricular hypertrophy with exaggerated VF

After L-thyroxin medication for 10 days, the hyper-

trophic myocardium was evidently found in otherwise

untreated group, by +35% (p < 0.01) relative to con-

trol. (Fig. 1A). There was no VF observed in any

group before I/R procedure. The I/R episode caused

no sustained VF in the control rats (0/10) during

reperfusion following 10 min of coronary ligation,

an increased VF rate (8/10) was significantly found in

the CM rats, relative to control (p < 0.01). (Fig. 1B, C)

Propranolol and CPU0213 decreased the LVMI (p <

0.01) relative to the antagonist-untreated group. A re-

duced incidence of VF compared to the untreated CM

rats was found after propranolol (2/10) and CPU0213

(3/10), (p < 0.01).
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Altered ET and redox System

In the untreated CM rats elevated mRNA of prepro-

ET-1 and ET-1 levels were found by + 70% (p < 0.01)

and + 36% (p < 0.01), relative to control, respectively.

After treatment with propranolol and CPU0213 the

increased preproET-1 level was completely reversed

(p < 0.01), while an elevated ET-1 activity partially

declined (p < 0.05) relative to the untreated CM ani-

mals. (Fig. 2A, B).

Increased MDA (p < 0.01 vs. control), and reduced

activity of SOD (p < 0.01 vs. control) were found in

serum of the untreated CM rats. Propranolol and

CPU0213 decreased MDA (p < 0.01 and p < 0.05),

and increased SOD (p < 0.05) in serum, relative to the

untreated CM animals, respectively, (Fig. 3A, B).

Abnormal expression of ion channels

In untreated CM group, PLB mRNA expression was

dramatically up-regulated by + 135% p < 0.01 vs. con-
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trol), whereas that of SERCA2a mRNA was down-

regulated by – 46% (p < 0.01 vs. control). Propranolol

and CPU0213 effectively reversed the up-regulated

expression of PLB mRNA (p < 0.01), and down-

regulated SERCA2a mRNA (p < 0.05) relative to the

untreated CM rats. (Fig. 4A, B) In addition, a signifi-

cantly lower SERCA2a-to-PLB ratio in the CM group

was observed relative to control (control 0.94 ± 0.14

vs. CM 0.21 ± 0.05, p < 0.01), and this ratio was ele-

vated by propranolol (1.18 ± 0.24) and CPU0213

(1.38 ± 0.12), p < 0.01 vs. the CM animals, respec-

tively.

SERCA2a protein expression by Western blot de-

clined by –72% (p < 0.001 vs. control) in the untreated

CM group. Propranolol and CPU0213 reversed the

abnormality significantly (p < 0.01 and p < 0.05) rela-

tive to untreated CM rats, respectively, (Fig. 4C).

The Kv 4.2 mRNA level was down-regulated in the

CM group significantly by – 47% (p < 0.01), while

ERG and MinK mRNAs were up-regulated by + 69%

(p < 0.01) and + 61% (p < 0.01) relative to control, re-

spectively. Propranolol and CPU0213 significantly al-

leviated the abnormal expression towards normal

range, respectively, (Fig. 5A–C).

Discussion

In the present study, exacerbated VF on I/R episode, in

association with an activated ET system and maladap-

tive changes in mRNA levels of ion channels in both

sarcoplasmic reticulum and sarcolemma, was found in

the L-thyroxin-induced CM. Endothelin receptor an-

tagonism by CPU0213 significantly suppressed VF

incidence, and corrected the abnormal expression of

the ET system and ion channels, comparable to that of

�-receptor antagonism by propranolol.

In this CM model, a down-regulation of SERCA2a

mRNA and protein amount indirectly demonstrates

elevated diastolic calcium in the CM. A depressed

SERCA2a may leave more Ca2+ in diastole, thus,

the Na+-Ca2+ exchanger (NCX) is activated to extrude

more Ca2+ out and trigger a transient inward current

(Iti) [13]. As a depolarizing current, Iti retards the re-

polarization process to prolong APD. In addition,

an enhanced ICa.L has been found in the CM induced

by L-thyroxin [6], which allows more inward depolar-

izing Ca2+ currents at the plateau of repolarization

�����������	��� 
������ ����� ��� ���	��
 311

Endothelin receptor antagonism in ventricular fibrillation
�� ���� �� �	


A

Control CM CM+Prop CM+0213
0.0

0.5

1.0

1.5

2.0

**

# #

GAPDH

Kv4.2

K
v
4

.2
m

R
N

A

B

Control CM CM+Prop CM+0213
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

**

#

##

GAPDH

ERG

E
R

G
m

R
N

A

C

Control CM CM+Prop CM+0213
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35
**

## ##

GAPDH

MinK

M
in

K
m

R
N

A

Fig. 5. :,�
��������� 
� �)#�����
� 
� A	<$�� 1�2� �� +��A �� ���
�+ ��
�# (��� ������������� ��	���� ,� #�
#���
�
� �� �� 
������
����#�
� �����
���� 
� �����-$ (A) �
(���������� A	<$� ���:$
(B) �#��������� 1�2 ���:$ (C) �#��������� +��A ���:$ +����
3 41+� � 5 <7=$ 88 # 9 �$�� vs. �
���
�� � # 9 �$�� �� �� # 9 �$��� vs.

��� �������� 



resulting in a prolonged APD. Since ET-1 increases

L-type Ca2+ current in rat ventricular myocytes [16],

and the reinforced Ca2+ influx via L-type calcium

channel in the L-thyroxin-induced CM may be par-

tially attributed to an activation of the ET system.

Both enhanced ICa.L and Iti as inward currents contrib-

ute to APD prolongation, thus, DADs (delayed after

depolarizations) and Tdp (torsades de pointes), and

eventually an exacerbated incidence of VF are devel-

oped. The depressed activity of SERCA2a is in agree-

ment with the down-regulated expression of SER-

CA2a in this study. Enhanced ICa.L channels in the

CM [32] allow more Ca2+ influx to increase the bur-

den of SERCA2a, therefore, an overload of calcium at

the diastole activates Iti [13] which serves a role in

mechanisms underlying severe ventricular tachyar-

rhythmias [8, 33]. In fact, Ca2+ transients in isolated

cardiomyocytes from the CM heart were significantly

augmented in association with increased diastolic cal-

cium levels [22].

Dispersion of repolarization correlates well with

arrhythmias [24]. In the CM, besides the prolonged

APD caused by an increase in ICa.L currents [6],

a shortened APD due to an increase in IKR and IKS

currents [37] has also been revealed by patch clamp

investigation in freshly isolated cardiac myocytes

from the CM. An up-regulation of ERG and MinK

mRNA is in line with enhanced currents of IKR and

IKS which extrude more K+ outward to accelerate re-

polarization, thus, a shortened APD is anticipated.

Taken together, the exaggerated currents of ICa.L, IKR

and IKS contribute to dispersion of repolarization, thus

forming risk factors for sudden cardiac death (SCD).

An increased risk for SCD has been found clinically

resulting from shortened APD (SQTS) which is favor-

able to initiate tachyarrhythmias by reentry mecha-

nism [4]. Thus, two main mechanisms for inducing

tachyarrhythmias, the reentrant and non-reentrant, are

likely simultaneously presented in the diseased hearts,

as in the myocardium of the CM.

We have found an overactivated ET-1 pathway

which is characterized by up-regulated expression of

prepro-ET-1 and increased amount of ET-1 in the CM.

Excessive ET-1 damages the myocardium to develop

myocardial hypertrophy [28] and apoptosis [18]. Pro-

duction and release of ET-1 are promoted by the ROS

(reactive oxygen species), and an excess of ET-1

stimulates the ROS production. The two events as

a whole form the ET-ROS pathway to stimulate the

MAPK signaling pathway which affects the expres-

sion of genes via intranuclear gene transcriptional

processes [29].

An augmented oxidative stress has been revealed in

the CM, as we reported previously [15]. Intranuclear

transcriptional factors such as c-fos [5] and NF-�B

[34] are involved in the up-regulation of the ET-1

pathway and phenotype of ERG, and MinK. The pro-

cess is partially mediated by oxidative stress and sup-

pression of oxidative stress by endothelin receptor an-

tagonism, achieved by either an ETA/ETB blocker

CPU0213 in this study and previous report [16] or

a selective ETA blocker [34], and provides a relief of

the exacerbated VF. Thus, an activation of the ET

pathway is crucially involved in the progression of VF.

KCND2 and KCND3 genes encode the ion chan-

nels of Kv4.2 and Kv4.3, which conduct the fast tran-

sient outward current (ITO,f) [12]. Down-regulation of

Kv4.2 mRNA accompanied with an excessive ET-1

coincides with that reported by Hagiwara [14] who

showed suppression of Kv4.3 mRNA and ITO currents

by ET-1. Both PKC and CaMKII are involved in the

regulation of the ET pathway [29], two phosphoryla-

tion sites of PKC and CaMKII in Kv1.4 and one PKC

phosphorylation site in Kv4.3 are responsible for the

decrease in Ito by ET-1 [35]. A depressed Kv4.2 which

correlates with the reduced ITO currents offers another

factor to prolong the APD in relation to substantial in-

tracellular Ca2+ overload [27].

In conclusion, in the L-thyroxin-induced CM, an

increased incidence of VF is attributed to abnormal

expression of K+ channels (ERG, MinK, and Kv4.2)

and Ca2+ handling proteins of SERCA2a and PLB.

The findings indicate that an activated ET signaling

pathway is actively involved in the mechanisms

underlying an exaggerated VF incidence which is as-

sociated with altered expression of ERG, MinK,

Kv4.2 and SERCA2a in the CM.
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