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Abstract:

It has been verified that endothelin-1 (ET-1) activates matrix metalloproteinase (MMP) in the process of myocardial remodeling.

Sustained high thyroid hormone level gives rise to left ventricular hypertrophy, in which the ET-1 system is probably involved. We

attempted to study the effects of CPU0213, a novel endothelin receptor antagonist, on myocardial remodeling induced by high dose

L-thyroxin. Adult male Sprague-Dawley rats were treated with L-thyroxin (0.4 mg/kg/d, sc) for 10 days to induce left ventricular hy-

pertrophy. A subset of rats was given CPU0213 from day 6 to 10. Alterations in MMP, tissue inhibitor of metalloproteinase (TIMP),

and connexin 43 were measured by reverse transcription polymerase chain reaction (RT-PCR), zymography, and Western blot as-

says. L-thyroxin treatment resulted in increased mRNAexpression and MMP-2 and MMP-9 activities, along with decreased TIMP-1

and TIMP-2 mRNA expression. CPU0213 suppressed the increased activity of MMP, and prevented the downregulation of TIMP

expression. The expression of connexin 43 was upregulated at both mRNA and protein levels after L-thyroxin treatment, which was

attenuated by CPU0213. In addition, L-thyroxin caused upregulation of mRNA expression of preproET-1 (ppET-1) and endothelin

converting enzyme (ECE). These results suggest that the ET receptors mediate high dose L-thyroxin induced myocardial remodeling

by changing MMP, TIMP activities and connexin 43.
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Abbreviations: ANOVA – analysis of variance, EB – ethidium

bromide, ECE – endothelin converting enzyme, ECM – extra-

cellular matrix, ET-1 – endothelin-1, GJIC – gap junction inter-

cellular communication, MMP – matrix metalloproteinase,

ppET-1 – preproET-1, RT-PCR – reverse transcription po-

lymerase chain reaction, SDS-PAGE – sodium dodecyl sulfate

polyacrylamide gel electropheresis, TIMP – tissue inhibitor of

metalloproteinase

Introduction

Changes in thyroid hormone level have a profound

impact on cardiovascular system. In hyperthyroid pa-

tients and experimental animals, increased thyroid

hormone level gives rise to cardiac hyperfunction

524 �����������	��� 
������ ����� ��� ������	

�����������	��� 
�����

����� ��� ������	


��� 	���		��

��������� � ����

�� 
�������� �� �� �! "�#���

��#��� $" %�!� �� �"���"��

* Drs. Xiao-Yun Tang and Qing Liu are the co-first author to the paper.



(e.g. increased resting heart rate, elevated cardiac out-

put, and enhanced myocardial contractility) and left

ventricular remodeling [4, 11]. Matrix metalloprote-

inase (MMP) is a family of zinc-dependent proteases.

The interaction between MMPs and its intrinsic an-

tagonist, tissue inhibitor of metalloproteinase (TIMP),

plays a crucial role in cardiac remodeling by modulat-

ing the extracellular matrix (ECM) e.g. collagen, elas-

tin, fibronectin, and laminin [3, 25]. It was reported

that thyroid hormone induced myocardial matrix deg-

radation by activating MMP-1 [14], which is a major

reason for hyperthyroidism-induced cardiac remodel-

ing. High-dose thyroid hormone also changes inter-

cellular communication through gap junction chan-

nels formed by connexin [15, 35]. As a transcription

factor, the intranuclear thyroid hormone receptor has

the property of binding to the connexin 43 promoter,

by which it modulates connexin 43 gene transcription

[32].

Endothelin-1 (ET-1), a 21-amino acid peptide with

potent vasoconstrictive effect, has extensive impact

on different organs and is implicated in pathologic

processes of various diseases [19, 26, 33, 37]. Influ-

ences of ET-1 on cardiac MMPs [2, 21] and gap junc-

tion proteins have been reported by several experi-

ments. Activation of endothelin receptor A (ETA) re-

sults in upregulated mRNA expression of arterial

MMPs and cardiac connexin 43 [10, 24]. Further-

more, there is a substantial evidence that cardiac hy-

pertrophy induced by tri-iodothyronine treatment can

be significantly attenuated by introducing a structural

alteration to the ET-1 gene [31]. It is likely that ET-1

system is involved in the mechanism of myocardial

remodeling caused by increased thyroid hormone

level. The disturbed homeostasis of ECM and gap

junction intercellular communication (GJIC) probably

plays an important role in this pathologic process.

CPU0213 (Fig. 1) is a novel dual ETA/ETB an-

tagonist and exhibits a similar pharmacological pro-

file to bosentan [8]. In the present experiment, we at-

tempted to study if ET receptor blockade by

CPU0213 can attenuate high dose L-thyroxin-induced

cardiac injury through intervening in MMP, TIMP,

and connexin 43.

Materials and Methods

All the procedures performed on the animals in the

present study were conducted in accordance with the

Laboratory Animal Regulations of Jiangsu Province.

Animals and treatment

CPU0213 was supplied by the New Drug Center of

China Pharmaceutical University. Male Sprague-

Dawley rats (n = 30, 220 ± 10 g) were obtained from

Nanjing Qinglongshan Experimental Animal Center,

and were given free access to food and water. The

temperature (25°C) and humidity (70%) in the animal

room were well controlled. CPU0213 and L-thyroxin

(Sigma, USA) were suspended in 0.9% NaCl solution

for administration. Hyperthyrodism was induced by

subcutaneous injection of L-thyroxin (0.4 mg/kg/d)

for 10 days, and a subset of rats (n = 10) was simulta-

neously treated with CPU0213 (100 mg/kg/d, po)

from day 6 to 10. Rats of normal control (n = 10) were

given vehicle. On day 11, animals were sacrificed by

exsanguination through carotid artery after anesthetiz-

ing with urethane (1.5 g/kg, ip). Excised hearts were

rinsed with ice-cold 0.9% NaCl solution, and care-

fully divided into right and left ventricles (including

septum) to measure the weight.

Biochemical measurement of collagen in myo-

cardium

Total collagen in left ventricle was determined by

measuring hydroxyproline according to the previ-

ously described method [6] using a commercial kit
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Fig. 1. The chemical structure of CPU0213, MW 525



(Jiancheng Bioengineering Institute, Nanjing, China).

Collagen content was estimated by multiplying hy-

droxyproline level by a factor of 7.46, since collagen

contains an average of 13.4% hydroxyproline.

mRNA expression of MMP2, MMP9, TIMP1,

TIMP2, connexin 43, ppET-1, and ECE

mRNA extraction from myocardial tissues of left ven-

tricle and reverse transcription polymerase chain reac-

tion (RT-PCR) were performed according to the previ-

ously described method [26]. Primers of MMP-2

(sense 5’-CCCAGAAAAGATTGACGC-3’, antisense

5’-CGACAGCATCCAGGTTAT-3’), MMP-9 (sense

5’-CGTGGCCTAGTGACCTATG-3’, antisense 5’-GG-

ATAGCTCGGTGGTGTCCT-3’), TIMP-1 (sense

5’-GCTGCGGTTCTGGGATT-3’, antisense 5’-CCT-

CTGGCATCCTCTTGTT-3’), TIMP-2 (sense 5’-GA-

AGAAAGGAGGTTGCAGT-3’, antisense 5’-TCCA-

GGAAGGGATGTCAAAG-3’), connexin 43 (sense

5’-TGTAACACTCAACAACCTGGC-3’, antisense

5’-GGTTTTCTCCGTGGGACGTGA-3’), ppET-1

(sense 5’-AGCAATAGCATCAAGGCATC-3’, anti-

sense 5’-TCAGACACGAACACTCCCTA-3’), ECE

(sense 5’-CGTAGCGATAGTCTTAGCAC-3’, anti-

sense 5’-GTGCCACACCAAAACTACAG-3’), and

GAPDH (sense 5’-GCTGGGGCTCACCTGAAGG-3’,

antisense 5’-GGATGACCTTGCCCACAGCC-3’)

were used, and GAPDH was the inner control. PCR

reaction was performed in 25 �l final volume with the

following profile: 40 s of melting at 94°C; 40 s of an-

nealing (MMP-2: at 60°C; MMP-9: at 64°C; TIMP-1:

at 60°C; TIMP-2: at 60°C; connexin 43: at 60°C;

ppET-1: at 64°C; ECE: at 54°C; GAPDH: at 56°C);

and 60 s of extension at 72°C. The cycle numbers for

MMP-2, MMP-9, TIMP-1, TIMP-2, connexin 43,

ppET-1, ECE, and GAPDH were 33, 35, 30, 25, 30,

30, 30, and 30, respectively. After the last cycle, the

polymerization step was extended for a further 10 min.

The PCR products were electrophoresed on 2% aga-

rose gel followed by staining with ethidium bromide

(EB) and analyzed with a gel image analysis system

(UVP, USA).

Zymography assay of MMP-2 and MMP-9

SDS-PAGE zymography was performed according to

the previously described method with some modifica-

tions [29]. Briefly, myocardial tissues of left ventricle

were homogenized with the working buffer (50 mmol/l

Tris-HCl, pH 7.6, 150 mmol/l NaCl, 5 mmol/l CaCl2,

0.1% (v/v) Triton X-100, 10% (v/v) phenylmethyl

sulfonyl fluoride). Homogenates were centrifuged at

12,000 × g at 4°C for 5 min and supernatants were col-

lected. Protein contents were determined by Coomas-

sie Brilliant Blue method. Aliquots of supernatants

were mixed with loading buffer solution (400 mmol/l

Tris-HCl pH 6.8, 5% SDS, 20% glycerol, and 0.03%

bromophenol blue) and electrophoresed on an 8%

SDS-PAGE gel polymerized with 0.1% gelatin. After

electrophoresis, enzymes were renatured by washing

the gel with 2.5% TritonX-100 solution at room tem-

perature. Activities of MMPs were revealed by incu-

bating the gel in the medium (50 mmol/l Tris-HCl,

10 mmol/l CaCl2, 200 mmol/l NaCl, 2 mmol/l ZnCl2,

pH 7.5) at 37°C for 18 h. Gels were stained with 0.5%

Coomassie brilliant blue and destained with the solu-

tion containing 10% acetic acid and 30% methanol

until clear proteolytic bands appeared on the contrast-

ing blue background.

Protein expression of connexin 43

Protein expression of connexin 43 was measured by

Western blot assay according to the previously de-

scribed method [26]. Briefly, the myocardial tissues

were homogenized with the medium (20 mmol/l hy-

droxyethyl piperazine ethanesulfonic acid, 25 mmol/l

NaCl, 2 mmol/l ethylene glycol tetraacetate, 1 mmol/l

phenylmethyl sulfonyl fluoride, and 0.1% Triton

X-100). Proteins were separated by 10% SDS-PAGE

and transferred to a nitrocellulose membrane at 20 mA

current for 1.5 h. After incubation with polyclonal

rabbit anti-connexin 43 antibody and horseradish per-

oxidase conjugated second antibody (Boster Bioengi-

neering Company, Wuhan, China), the bands of pro-

teins were visualized by diaminobenzidine and ana-

lyzed with a gel image analysis system (UVP, USA).

Statistical analysis

Data were expressed as the mean ± SD. One-way

analysis of variance (ANOVA) was performed, fol-

lowed by Student-Newman-Keuls test as post-hoc

analysis. p < 0.05 was considered statistically signifi-

cant.
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Results

Changes of weight index and collagen level

in left ventricle

L-thyroxin treatment resulted in left ventricular hy-

pertrophy shown by the significantly increased left

ventricle weight relative to normal control (Tab. 1).

The collagen content of left ventricle in hyperthyroid

rats was by approximately 35% lower than that of

normal control (p < 0.05). ET receptor blockade

by CPU0213 significantly attenuated these changes

(Fig. 2).

Tab. 1. Changes in left ventricle weight index before and after treat-
ment with L-thyroxin and CPU0213

Left ventricle
weight (g)

Left ventricle
weight/body
weight (10��)

Normal control (n = 10) 0.70 ± 0.07 2.97 ± 0.12

L-thyroxin (n = 10) 0.89 ± 0.05� 4.52 ± 0.19��

L-thyroxin + CPU0213 (n = 10) 0.78 ± 0.09 3.81 ± 0.20*

� p < 0.05, �� p < 0.01 vs. normal control, * p < 0.05 vs. L-thyroxin

Changes of MMPs and TIMPs in myocardial

tissues of left ventricle

MMP-2 and MMP-9 mRNA expression was signifi-

cantly upregulated after L-thyroxin treatment, and

TIMP-1 and TIMP-2 expression was reduced (p < 0.01).

Zymography assay showed increased activities of

MMP-2 and MMP-9, which was in accordance with

the results of RT-PCR (p < 0.01). CPU0213 signifi-

cantly suppressed MMPs activity, and relieved the

downregulation of TIMPs expression (Fig. 3).

Changes in connexin 43 in myocardial tissues

of left ventricle

L-thyroxin treatment significantly increased the con-

nexin 43 mRNA expression in left ventricle (p < 0.05).

Accordingly, the protein expression of connexin 43

was increased either (p < 0.05). CPU0213 partially at-

tenuated the change of connexin 43 at both mRNA

and protein levels (Fig. 4).

Changes in ppET-1 and ECE expression

in myocardial tissue of left ventricle

L-thyroxin treatment induced high expression of

ppET-1 and ECE in left ventricle (p < 0.01), suggest-

ing the activation of ET system. ET receptors block-

ade by CPU0213 had no effects on the upregulation of

ppET-1 and ECE expression (Fig. 5).

Discussion

In the present experiment, high-dose L-thyroxin treat-

ment resulted in left ventricular hypertrophy. Metabo-

lism of myocardial ECM seemed to be disturbed by

L-thyroxin, since activities of MMP-2 and MMP-9

significantly increased, and expression of TIMP-1 and

TIMP-2 was suppressed. The increased ECM degra-

dation by MMPs led to the decline in myocardial col-

lagen content. This change probably confers adverse

influences to heart, since ECM not only serves as the

scaffold of myocardium [17], but also transmits cellu-

lar signals through ECM receptors such as �1 integrin

[28]. Recent studies have reported that loss of ECM

(mainly collagen) causes myocyte slippage, ventricu-

lar dilation, progressive contractile dysfunction, and

finally heart failure [7]. ECM remodeling is also asso-

ciated with sustained atrial fibrillation [22]. Patients

with hyperthyroidism have increased risk of heart
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Fig. 2. L-thyroxin (0.4 mg/kg) treatment for 10 days caused a de-
crease in collagen content in left ventricle, which was significantly re-
covered after CPU0213 (n = 10). � p < 0.05 vs. normal control, ** p <
0.01 vs. L-thyroxin
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Fig. 3. (A) MMP-2 and MMP-9 mRNA expression in left ventricle tissue was significantly upregulated after 10 days of L-thyroxin (0.4 mg/kg)
treatment, along with decreased expressions of TIMP-1 and TIMP-2. These changes were recovered in part after CPU0213 (n = 6). (B) In-
creased activities of MMP-2 and MMP-9 in L-thyroxin group were shown by zymography, which is in accord with the changes in mRNA expres-
sion. This was significantly suppressed by CPU0213 (n = 4). �� p < 0.01 vs. normal control, * p < 0.05, ** p < 0.01 vs. L-thyroxin



failure and arrhythmia [16, 27]. In this process, the ef-

fects of MMPs should not be neglected.

Stock and Sies reported that thyroid hormone in-

creases connexin 43 expression in rat liver, but not in

heart [32]. However, Tribulova et al. proved the in-

crease in connexin 43 expression in cultured cardio-

myocytes treated with triiodo-L-thyronine [35]. The

opposite results from cells and intact animals suggest

that effects of thyroid hormone on cardiac connexin 43

are probably intervened by other neurohormonal fac-

tors. Differences in the dose of thyroid hormone, and

in the duration of treatment between experiments may

also account for the different results. Dynamic changes

in connexin 43 expression during the process of ex-

perimental heart failure have been confirmed [1], sug-

gesting the complexity in the regulation of connexin

43. In the present experiment, hypertrophied left ven-

tricle exhibited upregulation of connexin 43 expres-

sion at both mRNA and protein levels. Cardiac gap

junction channels have a critical role to play in electri-

cal transduction and signal communication between

myocardial cells. A single gap junction channel is

composed of two hemi channels, each constructed

from six connexin proteins. Connexin 43 is a member

of connexin family, and is mainly expressed in ventri-

cle. The important role of connexin 43 in maintaining

normal cardiac function has been proved by series of

experiments [34, 36]. Deficiency of connexin 43 is as-

sociated with arrhythmia and heart failure [23]. How-

ever, experiments also showed increased connexin 43
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Fig. 4. L-thyroxin (0.4 mg/kg) treatment for 10 days significantly increased the left ventricle connexin 43 expression in both mRNA (n = 6) and
protein (n = 4) levels, which was suppressed significantly by CPU0213. � p < 0.05 vs. normal control, * p < 0.05, ** p < 0.01 vs. L-thyroxin

Fig. 5. Expression of ppET-1 and ECE mRNA in left ventricle increased significantly after L-thyroxin treatment (0.4 mg/kg) for 10 days. These in-
creased expressions were not restored by CPU0213 (n = 6). �� p < 0.01 vs. normal control



expression in some pathologic processes [1, 9], and

gene transfer of connexin 43 mutants was considered

to be a promising strategy to treat ventricular tachy-

cardia by reducing intracellular electrical conduction

[18]. Therefore, the excessive connexin 43 expression

caused by L-thyroxin most likely underpins the en-

hanced cardiac performance, and may alter the normal

electrical characteristics of cardiomyocytes. These

changes probably accounts for the increased inci-

dence of arrhythmia induced by high-dose L-thyroxin.

Our findings showed that ppET-1 and ECE were

heavily expressed in hyperthyroid myocardial tissue,

in conjunction with the changes of ECM and con-

nexin 43. This is in agreement with the previous ex-

periment, in which the close relationship between thy-

roid hormone and ET-1 was reported [5, 12]. Defini-

tive evidence has been presented that ET-1 mediates

structural remodeling by promoting MMPs expres-

sion in various diseases, e.g. pulmonary hypertension

[20] and myocardial remodeling [21]. Effects of ET-1

on gap junction channels and connexin 43 were con-

troversial [13, 30]. But in cardiomyocytes, exogenous

ET-1 resulted in an increase in connexin 43 expres-

sion [24]. In this experiment, CPU0213 showed no ef-

fects on expressions of ppET-1 and ECE, but the

changes in MMPs, TIMPs, collagen, and connexin 43

induced by high-dose L-thyroxin were partially at-

tenuated by CPU0213. These results indicate that ET

receptors most likely mediate the effects of thyroid

hormone on ECM and GJIC. Blockade of ET recep-

tors by CPU0213 nullifies the downstream signal of

ET, however, the upstream of ET receptors e.g.

ppET-1 and ECE were not affected.

In conclusion, ET receptors are implicated in the pro-

cess of cardiac remodeling induced by high thyroid

hormone level. Under this condition, changes in MMPs,

TIMPs and connexin 43 are mediated by ET receptors.

ET receptor is an important target for treating cardiac

injury induced by elevated thyroid hormone.
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