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ABSTRACT 

Cardiac hypertrophy is a compensatory mechanism in response to a variety of cardiovascular diseases. 

Recently, reactive oxygen species and nitric oxide (NO) have been demonstrated to be involved in the 

pathogenesis of atherosclerosis; however, the role of these free radicals in the development of cardiac 

hypertrophy remains unclear. Here, we investigate NO modulation of cellular signaling in 

endothelin-1 (ET-1)–induced cardiomyocyte hypertrophy in culture. ET-1 treatment of 

cardiomyocytes increased constitutive NO synthase activity and induced NO production via the 

stimulation of ET-receptor subtype ETB. Using Northern blot analysis and chloramphenicol 

acetyltransferase assay, we found that NO suppressed the ET-1-induced increase in c-fos mRNA level 

and promoter activity. In contrast, ET-1 stimulation of c-fos expression was augmented by depletion of 

endogenous NO generation with the addition of NO scavenger PTIO into cardiomyocytes. Cells 

cotransfected with the dominant negative and positive mutants of signaling molecules revealed that the 

Ras/Raf/extracellular-signal regulated kinase (ERK) signaling pathway is involved in ET-induced 

c-fos gene expression. Furthermore, NO directly inhibited ET-1-induced ERK phosphorylation and 

activation in a cGMP-dependent manner, indicating that NO modulates ET-1-induced c-fos expression 

via its inhibitory effect on ERK signaling pathway. The ET-1-stimulated activator protein-1 (AP-1) 

DNA binding activity and AP-1-mediated reporter activity were attenuated by NO. In addition, NO 

also significantly inhibited ET-1-stimulated promoter activity of hypertrophic marker gene β–myosin 

heavy chain and the enhanced protein synthesis. Taken together, our findings provide the molecular 

basis of NO as a negative regulator in ET-1-induced cardiac hypertrophy. 
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INTRODUCTION 

Cardiac hypertrophy marked by cell enlargement without proliferation is a compensatory 

mechanism in response to a variety of cardiovascular diseases (Bueno and Molkentin, 2002). 

Although the initial hypertrophic response may be beneficial, sustained hypertrophy often 

undergoes a transition to heart failure (Bueno and Molkentin, 2002). The extra-stimuli that 

induce hypertrophy include mechanical overload and neurohumoral factors such as 

endothelin-1 (ET-1). These stimuli bind to heterotrimeric G protein-coupled receptors and 

rapidly activate immediate-early genes that encode transcription factors such as c-fos, c-jun and 

egr-1, etc. via protein kinase C (PKC) pathway and mitogen-activated protein (MAP) kinase 

phosphorylation cascade (Bueno and Molkentin, 2002). Subsequently, late target genes such as 

atrial natriuretic factor (ANF), β–myosin heavy chain (β–MHC), skeletal α–actin and myosin 

light chain 2, etc. (normally expressed in the embryonic ventricle) are induced, ultimately 

leading to cardiomyocyte hypertrophy (Chen et al., 2001). Recently, reactive oxygen species 

(ROS) and nitric oxide (NO) have been demonstrated to be involved in the pathogenesis of 

atherosclerosis (Alexander and Dzau, 2000). However, the role of these radicals in the 

development of cardiac hypertrophy remains unclear. Using ET-1-induced cultured 

cardiomyocyte hypertrophy as a model, we have previously demonstrated that ET-1 treatment 

to cardiomyocytes increases intracellular ROS generation which subsequently modulates c-fos 

gene expression via Ras pathway (Cheng et al., 1999). It has been shown that NO antagonizes 
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the action of ET-1 in vascular smooth muscle cells (Rizvi and Myers, 1997). Calderone et al 

(Calderone et al., 1998) reported that NO inhibited the growth-promoting effects of 

norepinephrine in cardiomyocytes. It remains to be determined whether ET-1 induces NO 

production in cardiomyocytes and whether intracellular NO could modulate ET-1-induced 

cardiomyocyte hypertrophic response including the induction of early response gene and 

re-expression of fetal gene program. Therefore, the purpose of this study was to examine the 

effect of ET-1 on NO production and elucidate how NO is involved in ET-1-induced 

cardiomyocyte hypertrophy. Here, we demonstrate that cardiomyocytes exposed to ET-1 

increase NO production via ETB receptor. The released NO consequently attenuated 

ET-1-induced c-fos gene expression through cGMP-mediated suppression of the ERK 

signaling pathway. 
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MATERIALS AND METHODS 

Materials 

The catalytic inactive mutant of ERK2 (mERK) was a gift from Dr R.J. Davis, University of 

Massachusetts Medical School (Worcester, MA). RasN17, RasL61, and Raf310 were 

previously described (Cheng et al., 2003). S-Nitroso-N acetylpenicillamine (SNAP), 

3-morpholinosydnonimine (SIN-1), and 2- phenyl- 4,4,5,5,- tetramethyl– imidazoline– 

l –oxyl–3- oxide (PTIO), diethylamine NONOate (DEANO) were purchased from Calbiochem. 

The plasmid AP-1-Luc containing the firefly luciferase reporter gene driven by a basic 

promoter element (TATA box) joined to tandem repeats of AP-1 binding element was obtained 

from Stratagene (La Jolla, CA, U.S.A.). All other chemicals, of reagent grade, were obtained 

from Sigma. 

Cell Culture  

Primary cultures of neonatal rat ventricular myocytes were prepared as previously described 

(Cheng et al., 1999). The investigation conforms to the Guide for the Care and Use of 

Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 

85-23, revised 1996). Briefly, ventricles from 1- to 2-day-old neonatal Sprague-Dawley rats 

were cut into pieces of approximately 1 mm3 and subjected to trypsin (0.125%, GIBCO BRL, 

Life Tech., Gaithersburg, MD, U.S.A.) digestion in phosphate-buffered saline (PBS). Trypsin 

digested cells were collected by centrifugation at 1200 rpm for 5 min. The cell pellet was 
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re-suspended in a medium containing 80% F-10 Nutrient Mixture (GIBCO BRL, Life Tech., 

Gaithersburg, MD, U.S.A), 20% fetal calf serum, penicillin (100 units/ml), and streptomycin 

(100 µg/ml) and plated into a petri dish. The non-attached myocytes in the medium were 

collected and plated on a culture dish (10-cm diameter) with a cell density of 1x107 

cells/10-cm diameter dish. After 2 days in culture, culture medium was replaced with medium 

containing 90% DMEM nutrient mixture, 10% fetal calf serum, penicillin (100 units/ml), and 

streptomycin (100 µg/ml). Myocyte cultures thus obtained were >90% pure as revealed by 

immunofluorescence microscopy and counting of all nuclei [stained by 4’, 

6-diamidino-2-phenyindole diacetate (Sigma)] and of cells that stain positive for α-actinin 

(Sigma). The culture medium was replaced after 24 hours with serum-free medium consisting 

of DMEM, transferring (10 µg/ml), insulin (10 µg/ml), and BrdU (0.1 mM). 

Serum-containing medium from these cultured myocytes was replaced with serum-free 

medium and exposed to agents as indicated.  

Measurement of Nitrate/Nitrite Levels 

The culture medium was stored at –70 ºC until use. After the medium had been thawed, the 

sample was deproteined with two volumes of 4oC 99% ethanol and centrifuged (3000g for 10 

min). These medium samples (100 ml) were injected into a collection chamber containing 5 % 

VCl3. This strong reducing environment converts both nitrate and nitrite to NO. A constant 

stream of helium gas carried NO into a NO analyzer (Seivers 270B NOA; Seivers Instruments 
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Inc., Boulder, CO, USA), where the NO was reacted with ozone, resulting in the emission of 

light. Light emission is proportional to the NO formed; standard amounts of nitrate were used 

for calibration. 

Measurement of NOS Activity 

To measure NOS activity, L-arginine to L-citrulline conversion was assayed in 

cardiomyocytes with the NOS detection assay kit (Calbiochem) according to the 

manufacturer’s instructions. Briefly, cardiomyocytes were lysed with buffer containing 1% 

NP-40, 0.5% sodium deoxycholate, 0.1% SDS. After incubation on ice for 30 min, cell 

extracts were centrifuged to remove cell debris. Protein extracts were then incubated for 60 

min at 37 oC in a solution of 10 µM L-[3H]arginine, 1 mM NADPH, 1 µM FAD, 1 µM FMN, 

100 nM calmodulin, 600 µM CaCl2, and 3 µM tetrahydrobiopterin in a final volume of 40 µl. 

The reaction was stopped by the addition of 400 µl of stop buffer (10 mM EDTA, 50 mM 

HEPES buffer, pH 5.5) to the reaction mixture. Then 100 µl of equilibrated resin was added to 

each mixture. Reaction samples were transferred to spin cups and centrifuged at 10,000 g for 

30 s. The radioactivity of the flow through was measured by liquid scintillation counting. 

Enzyme activity was expressed as citrulline production in pmol/min/mg protein. 

RNA Isolation and Northern Blot Analysis 

Total RNA was isolated from cardiomyocytes by the guanidine 

isothiocyanate/phenochloroform method. The RNA (10 µg/lane) was separated by 
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electrophoresis on a 1% agarose formaldehyde gel and transferred onto a nylon membrane 

(Nytran, Schleicher & Schuell, Inc) by a vacuum blotting system (VacuGene XL, Pharmacia). 

After hybridization with the 32P-labeled cDNA probes, the membrane was washed with 1X 

standard saline citrate containing 1% SDS at 42°C for 30 min and then exposed to x-ray film 

at -70°C. Autoradiography results were analyzed by using a densitometer (Computing 

Densitometer 300S, Molecular Dynamics, Amersham Biosciences).  

Transfections 

For the transient transfections, cardiac cells were transfected with different expression vectors 

by the calcium phosphate method (Cheng et al., 1999). DNA concentration for all samples was 

adjusted to equal amount with empty vector pSRα in each experiment. Briefly, cardiomyocytes 

(1x107 cells/100-mm diameter dish) were maintained in culture for 48 h prior to transfection. 

The indicated expression vectors were mixed with calcium phosphate and immediately added 

to the cardiomyocyte cell culture. After incubation for 5 h, cells were then washed three times 

with PBS and incubated with 10 % serum DMEM. After 24 h, cells were washed with 

serum-free medium and incubated in the same medium for an additional 24 h. Cells were then 

treated with different agents. To correct for transfection efficiency, 5 µ g of pSV- β

-galactosidase plasmid, which contains a β-galactosidase gene driven by the simian virus 40 

promoter and enhancer, was cotransfected into cells. The c-fosCAT was 5' flanking regions of a 

2.25 kb EcoR I-Nae I fragment containing upstream sequences and the promoter of the c-fos 
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gene. In some experiments, mERK, RasN17, RasL61, or Raf310 were transfected in the 

presence of c-fosCAT. The empty vector pSRα was transfected and used as a control. The 

β-MHCCAT was  5' flanking regions of a 1306 bp Hind III-Pst I fragment containing 

upstream sequences and the promoter of the β-myosin heavy chain gene as previously 

described (Shih et al., 2001). Except for routine β-galactosidase activity, cells were constantly 

collected for measuring chloramphenicol acetyltransferase (CAT) activities as described below. 

Chloramphenicol Acetyltransferase Assays and β-Galactosidase Assays 

The chloramphenicol acetyltransferase and β-galactosidase assays were performed. The 

relative chloramphenicol acetyltransferase activity was corrected by normalizing the respective 

CAT value to that of β-galactosidase activity. Cotransfected β-galactosidase activity varied by 

<10% within a given experiment and was not affected by any of the experimental 

manipulations described. As positive and negative controls, pBLCAT2 (with thymidine kinase 

promoter) and pBLCAT3 (without promoter) were included in every assay. 

cGMP concentration 

Cardiomyocytes were stimulated with different agents and then disintegrated with ethyl alcohol 

(100%). The lysate was centrifuged (12,000 rpm, 2 min). The supernatant was used for cGMP 

determination and the pellet for analysis of protein content. cGMP was determined by RIA 

using the cGMP [3H] assay system (code TRK500, Amersham Biosciences, Freiburg, Germany) 

according to the manufacturer’s protocol. The cGMP concentration was normalized to cellular 
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protein content. 

Electrophoretic Mobility Shift Assay (EMSA) 

To prepare nuclear protein extracts, cardiomyocytes were washed with cold PBS and then 

immediately removed by scraping in PBS. After centrifugation of the cell suspension at 2000 

rpm, the cell pellets were resuspended in cold buffer A (containing, in mM, KCl 10, EDTA 0.1, 

DTT 1, and PMSF 1) for 15 min. The cells were lysed by adding 10% NP-40 and then 

centrifuged at 6000 rpm to obtain pellets of nuclei. The nuclear pellets were resuspended in 

cold buffer B (containing, in mM, HEPES 20, EDTA 1, DTT 1, and PMSF 1, and 0.4 M NaCl), 

vigorously agitated, and then centrifuged. The supernatant containing the nuclear proteins was 

used for the EMSA or stored at -70°C until used. Double-stranded oligonucleotides (30 bp) 

containing the AP-1 binding site were prepared. The oligonucleotides were end labeled with 

[32P]ATP. Extracted nuclear proteins (10 µg) were incubated with 0.1 ng 32P-labeled DNA for 

15 min at room temperature in 25 µL binding buffer containing 1 µg poly (dI-dC). In the 

antibody super-shift assay, anti–c-Fos and anti-c-Jun antibodies (1 µg each, Santa Cruz 

Biotechnology) were incubated with the mixture for 10 min at room temperature followed by 

the addition of the labeled probe. The mixtures were electrophoresed on 5% non-denaturing 

polyacrylamide gels. Gels were dried and imaged by autoradiography.  

Luciferase assay  

Cardiomyocytes plated on 3-cm-diameter culture dishes were transfected with the luciferase 
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reporter construct possessing consensus AP-1 binding sites (AP-1-Luc) (Stratagene, La Jolla, 

CA, U.S.A.). After incubation for 24 hours in serum-free DMEM, myocytes were cultured 

under different treatments as indicated for 48 hours. Myocytes were assayed for luciferase 

activity with a luciferase reporter assay kit (Stratgene). The firefly luciferase activities as AP-1 

transcriptional activity were normalized for transfection efficiency to its respective 

β-galactosidase activity and expressed as relative activity to control.  

Assay of ERK Activity and Phosphorylation 

ERK activity was assayed. Briefly, cardiomyocytes were lysed with buffer containing 1% 

NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and a protease inhibitor mixture (PMSF, 

aprotinin, and sodium orthovanadate). Cells were disrupted by repeated aspiration through a 

21-gauge needle. The same amount of protein from each sample was incubated with 

anti–ERK1/ERK2 antibody (Santa Cruz Biotechnology, CA, USA) for 2 h at 4°C with gentle 

shaking. The immune complex was then incubated with protein A/G agarose for 1 h. This 

agarose-bound immune complex was then incubated with kinase reaction buffer containing 

myelin basic protein (MBP). The kinase reaction was carried out for 20 min at 30°C in buffer 

containing 0.3 g/L MBP, 50 µM ATP, and 1 µCi [-32P]ATP. The reaction was stopped by adding 

an equal volume of sample buffer containing SDS and boiling for 3 min. The samples were 

electrophoresed on a 15% polyacrylamide gel. After drying, the gel was exposed to x-ray film. 

For detection of ERK phosphorylation in cardiac myocytes, the cell lysates were collected and 
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boiled. Total cell lysates (100 µg of protein) were separated by SDS-PAGE (12% running, 4% 

stacking) and transferred onto a polyvinylidene fluoride membrane (Immobilon P, 0.45-µm 

pore size). The membrane was then incubated with anti–active ERK1/ERK2 antibody 

(Promega Inc). Immunodetection was performed by using the Western-Light chemiluminescent 

detection system (Tropix, Inc).  

Protein Synthesis Measurement (3H-Leucine Incorporation) 

To measure synthesis of new protein, cardiomyocytes cultured in 6-well plates were incubated 

with 1.0 µCi/ml 3H-leucine in serum-free medium. After addition of the test agent, cells were 

harvested by incubation at 4°C with trichloroacetic acid (5%) followed by solubilization in 0.1 

N NaOH, and radioactivity determined by scintillation counting. 

Statistical Analysis 

Results are expressed as mean ± S.E.M. Statistical analysis was performed using Student's t 

test and analysis of variance (ANOVA) followed by a Dunnett multiple comparison test using 

GraphPad Prism (GraphPad Software, San Diego, CA, USA). A value of p<0.05 was 

considered to be statistically significant.  
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RESULTS 

Effects of ET-1 on NO synthesis and NOS activity 

  The effects of ET-1 on NO generation and NOS activity in cardiomyocytes were analyzed. 

Exposure of cardiomyocytes to ET-1 (10 nM) induced a 2-folds increase of NO generation at 

30 min after stimulation (Fig. 1A). To specify ET-1 receptor subtype which is responsible for 

the generation of NO in cardiomyocytes, cells were pretreated with ET-1 receptor type A (ETA) 

antagonist (BQ485) or type B (ETB) antagonist (BQ788) before the ET-1 exposure. As shown 

in Fig. 1B, in contrast to BQ485 treatment, BQ788 significantly inhibited the ET-1-induced 

NO generation. Consistently, cardiomyocytes treated with ETB agonist IRL1620 (100 nM) 

induced NO generation. These results indicate that induction of NO generation upon ET-1 

treatment is mediated via the ETB receptor. All three NOS isoforms characterized to date 

depend upon calmodulin activation, but are distinguished from each other by their calcium 

sensitivity and enzymatic activity. A constitutive NO synthase activity was detected and 

quantified in whole extracts of cardiomyocytes and this activity was dependent upon the 

presence of calcium (Fig. 1C). Exposure of cardiomyocytes to ET-1 increased NOS activity 

by 2-folds at 30 min after stimulation (Fig. 1C). To specify ET-1 receptor subtype which is 

responsible for the increase of NOS activity in cardiomyocytes, cardiomyocytes were 

pretreated with ETA receptor antagonist (BQ485) or ETB receptor antagonist (BQ788) before 

the ET-1 exposure. As shown in Fig. 1D, BQ788 (100 nM) significantly inhibited the 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 27, 2005 as DOI: 10.1124/mol.105.014449

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #14449 15

ET-1-induced NOS activity. In contrast, BQ485 (100 nM) had no significant effect on NOS 

activity. Cardiomyocytes treated with ETB receptor agonist IRL1620 (100 nM) alone also 

increased NOS activity.  

NO modulates ET-1–induced c-fos gene expression in cardiomyocytes 

   To explore whether NO modulates ET-1-induced c-fos gene expression, cardiomyocytes 

were preincubated with a NO donor, i.e., SNAP or SIN-1, for 30 min followed by ET-1 

treatment. As shown in Fig. 2A, cardiomyocytes treated with SNAP (100 µM) or SIN-1 (100 

µM) significantly suppressed ET-1–induced c-fos mRNA expression. In contrast, when 

cardiomyocytes were pretreated with PTIO (100 µM), a NO scavenger, for 1 h and followed 

by ET-1 treatment, ET-1–induced c-fos mRNA level was significantly augmented (Fig. 2A). 

These results suggest that ET-1–induced c-fos expression in cardiomyocytes is modulated by 

NO.  

   To further determine whether the modulation of NO in ET-1–induced c-fos expression is a 

transcriptional event, a c-fos promoter construct containing the c-fos promoter region (–2.25 

kb) and the reporter gene CAT were transiently transfected into cardiomyocytes. 

Cardiomyocytes exposed to 24 h of ET-1 significantly increased c-fos promoter activity by 

2.4-folds compared with untreated cells (Fig. 2B). The addition of either SNAP or SIN-1 to 

cardiomyocytes completely abolished the increased c-fos promoter activity. Conversely, 

treatment of cardiomyocytes with PTIO enhanced this promoter activity. These results suggest 
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that the modulation of NO on c-fos induction by ET-1 is a transcriptional event. 

ET-1–induced c-fos expression is mediated via the Ras/Raf/ERK1/2 pathway 

     In order to identify the signaling pathway involved in ET-1-induced c-fos expression, 

we transiently transfected cardiomyocytes with various dominant negative mutants, Ras 

(RasN17) or Raf-1 (Raf301) or a catalytically inactive mutant of ERK2 (mERK), all of which 

are associated with the Ras/Raf/ERK pathway. Cardiomyocytes cotransfected with the empty 

vector PSRα revealed no effect on ET-1–induced c-fos promoter activity (Fig 3). However, 

cells cotransfected with RasN17, Raf301 or mERK resulted in a significant inhibition of 

ET-1–induced c-fos promoter activity. Consistently, cardiomyocytes treated with a specific 

inhibitor to mitogen-activated protein kinase kinase (MEK), i.e., PD98059, attenuated 

ET-1–induced c-fos promoter activity. In contrast, cardiomyocytes cotransfected with a 

dominant positive mutant of Ras (RasL61) or MEK1 greatly increased their c-fos promoter 

activity either with or without ET-1-stimulation. These results suggest that the Ras/Raf/ERK 

signaling pathway is involved in ET-1–induced c-fos gene expression in cardiomyocytes.  

ERK signaling pathway is involved in the inhibitory effect of NO on ET-1-induced c-fos gene 

expression 

     To explore the role of ERK signaling pathway in the attenuating effect of NO on 

ET-1-induced c-fos expression, we pretreated cells with PD98059, which specifically blocks 

the activation of MAP kinase pathway. Cardiomyocytes treated with PD98059 showed no 
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ET-1-induced increase in c-fos mRNA expression. Consistently, NO scavenger PTIO 

enhanced ET-1-incduced c-fos expression was also inhibited by pretreating cells with 

PD98095 (Fig. 4A). To further confirm that the ERK signaling pathway is involved, the 

dominant inhibitory mutant of ERK (mERK) or wild-type MEK1 was transiently transfected 

into cells. Cardiomyocytes co-transfected with mERK showed neither ET-1 induced c-fos 

promoter activity nor PTIO enhanced ET-1-stimulated c-fos promoter activity (Fig. 4B). 

Cardiomyocytes cotransfected with wild-type MEK1 failed to further increase 

ET-1-stimulated c-fos promoter activity. The addition of SNAP to cardiomyocytes 

significantly inhibited the increased c-fos promoter activity by ET-1 alone but not ET-1 with 

MEK1 overexpression. These results indicate that the attenuating effect of NO on 

ET-1-induced c-fos promoter activity is at least partially mediated via MAPK/ERK pathway. 

NO regulates ET-1–induced ERK1/2 phosphorylation and activity in cardiomyocytes 

     Given that the ERK signaling pathway is involved in ET-1-induced c-fos expression 

and that NO modulates ET-1-induced c-fos expression, we further investigated whether NO 

modulates ERK pathway in ET-1-treated cardiomyocytes. We first examined the 

phosphorylation of ERK1/2 in cardiomyocytes exposed to ET-1 in the presence of the NO 

donor or NO scavenger. As shown in Fig. 5A, cardiomyocytes exposure to ET-1 for 15 min 

rapidly induced phosphorylation of ERK1/2 by 4.7-folds. However, cardiomyocytes 

pretreated with a NO donor, SNAP, or PD98059, a specific MEK1 inhibitor, significantly 
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inhibited ET-1–induced ERK1/2 phosphorylation by 80%. Consistently, cardiomyocytes 

pretreated with PTIO augmented ET-1–induced ERK1/2 phosphorylation by 40% above that 

of ET-1-treated cells (Fig. 5B). NO modulation of ERK1/2 signaling pathway was further 

elucidated by its inhibitory effect on ET-1–induced ERK1/2 activity. Cardiomyocytes exposed 

to ET-1 rapidly induced ERK1/2 activity by 3.4-folds as indicated by an increase of 

32P-labeled phosphorylation of MBP by ERK1/2 (Fig. 5C). Treatment of cardiomyocytes with 

SNAP or SIN-1 significantly attenuated ERK1/2 activation by 90%. In contrast, PTIO 

treatment of cardiomyocytes enhanced ERK activation by 50% (Fig. 5D). Taken together, 

these findings imply that NO attenuation of ET-1-induced c-fos expression is mediated via the 

ERK1/2 signaling pathway in cardiomyocytes.  

NO modulates ET-1-induced c-fos gene expression and suppresses ERK phosphorylation via 

cGMP/PKG pathway 

     We next tested whether ET-1 stimulates cGMP accumulation by activating ETB 

receptors. ET-1 alone (10 nM; 30 min) significantly increased intracellular cGMP 

concentration. In cells pretreated with BQ485 (100 nM; 30 min), ET-1 still significantly 

increased intracellular cGMP concentration. In contrast, pretreatment with BQ788 (100 nM) 

or L-NAME (100 µM), ET-1 had no significant effect on intracellular cGMP concentration 

(Fig. 6A). BQ485, BQ788 or L-NAME alone had no significant effect on basal levels of 

intracellular cGMP. IRL1620 (100 nM) or SNAP (100 µM) also significantly increased 
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intracellular cGMP concentration. These data suggest that ET-1 increases intracellular cGMP 

concentration by activating the ETB receptors in cardiomyocytes. To examine whether NO 

donor antagonizes ET-1-induced c-fos gene expression through cGMP and PKG pathways, we 

utilized KT5823 (1 µM), a specific inhibitor of PKG, to determine the involvement of 

cGMP/PKG pathway in NO modulation of ET-1-induced c-fos gene expression. 

Cardiomyocytes exposed to ET-1 in the presence of the NO donor SNAP or cGMP analogs, 

8-bromoguanosine-3’,5’-cyclic monophosphate (8-Br-cGMP), which activates PKG, showed 

significant inhibition of ET-1-stimulated ERK phosphorylation (Fig. 6B). In contrast, in the 

presence of KT5823 (1 µM), the inhibitory effect of SNAP or 8-Br-cGMP on ET-1-induced 

ERK phosphorylation was reversed. As shown in Fig. 6C & D, KT5823 significantly reversed 

the inhibitory effect of SNAP (100 µM) on ET-1-induced c-fos gene expression. These results 

indicate the involvement of cGMP/PKG pathway in NO modulation of c-fos gene expression. 

NO inhibits ET-1-induced AP-1 transcriptional activity 

  The ET-1-induced c-fos gene expression was concordant with an increase in activator 

protein-1 (AP-1) activity. Using electrophoretic mobility shift assay, AP-1 binding activity to 

consensus AP-1 binding sequence was assayed in cells treated with ET-1 for 6h (Fig. 7A). 

This ET-1-stimulated AP-1 binding activity was attenuated by pretreating cells with NO donor, 

SNAP or SIN-1. In contrast, cells pretreated with a NO scavenger, PTIO, enhanced AP-1 

binding activity, indicating that intracellular NO level is involved in the modulation of 
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ET-1-stimulated AP-1 activity. This binding appears to be specific to AP-1, because it was 

abolished by co-incubation of nuclear proteins with c-Fos and c-Jun antibodies. The effects of 

NO donors on ET-1–induced AP-1 functional activity were also assessed in a reporter gene 

assay. ET-1 significantly increased AP-1-luciferase activities (Fig. 7B). SNAP or SIN-1 

significantly attenuated ET-1–induced AP-1 reporter activation. In contrast, cells pretreated 

with a NO scavenger, PTIO, enhanced AP-1 reporter activation (Fig. 7B). These results 

clearly indicate that NO inhibits the transcriptional activity of AP-1 induced by ET-1. 

The activation of β–myosin heavy chain promoter (β-MHC) and cardiomyocyte hypertrophy 

by ET-1 is modulated by NO 

     ET-1 is known to induce cardiac hypertrophy (Shohet et al., 2004; Xu et al., 2004). The 

hypertrophy responses in cardiac myocytes are characterized by the induction of a fetal gene 

program (Stewart et al., 1998). To investigate further the attenuation effects of NO on 

ET-1-induced cardiac responses, we examined whether NO modulates ET-1-induced 

expression of cardiac β-myosin heavy chain gene (β-MHC). ET-1 (10 nM, 48h) increased 

β-MHC promoter activity by 2.8–fold as compared with control level (Fig. 8A). When 

cardiomyocytes were pre-incubated with NO donors, SNAP (100 µM) or DEA-NO (100 µM) 

for 60 min, ET-1-induced activation of β-MHC promoter activity was significantly suppressed 

by DEA-NO. Using [3H]-leucine incorporation, SNAP (100 µM) or DEA-NO (100 µM) also 

attenuated the enhanced protein synthesis in cardiomyocytes induced by ET-1 (Fig. 8B). 
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Conversely, treatment of cardiomyocytes with PTIO enhanced β-MHC promoter activity and 

protein synthesis induced by ET-1 (Fig. 8A and 8B). These results further support the 

hypothesis that NO plays an important role as a negative regulator in ET-1-induced 

cardiomyocyte hypertrophy.

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 27, 2005 as DOI: 10.1124/mol.105.014449

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #14449 22

DISCUSSION 

ET-1, a 21-amino acid peptide with a terminal tryptophan residue, was originally 

characterized from supernatant of cultured endothelial cells (Goraca, 2002). It is a potent and 

long-lasting vasoconstrictor and also exerts inotropic and chronotropic effects on 

cardiomyocytes and induces cardiomyocyte hypertrophy (Goraca, 2002). Two mammalian 

ET-1 receptor subtypes termed ETA and ETB have been characterized. The ETA receptor is 

specific for ET-1, whereas the ETB receptor shows no specificity for ET isoforms (Goraca, 

2002); ET-1 binds to both receptor subtypes. ET-1 treatment of cardiomyocytes increased NO 

synthase (NOS) activity and induced NO production (Fig 1. A &C). The free radical gas, NO, 

is synthesized from L-arginine and O2 by NOS that require NADPH and tetrahydrobiopterin 

as cofactors. These NOS isoforms have been cloned and characterized. At least two of the 

three isoenzymes (inducible, Ca++-insensible iNOS and constitutive, Ca++-sensitive eNOS) are 

now known to be present in cardiomyocytes and play an important role in the regulation of 

cardiac contractile function (Buchwalow et al., 2001; Petroff et al., 2001). The inducible 

isoform of NOS is not normally expressed in the myocardium, but is synthesized de novo in 

response to inflammatory cytokines (Stein et al., 1996). The constitutive eNOS is 

distinguished from inducible iNOS by their calcium sensitivity for the binding of activator 

calmodulin, and enzymatic activity within the physiological range of intracellular calcium 

(Ebadi and Sharma, 2003). These results indicate the activation of a constitutive 
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Ca++-dependent NOS which generates NO formation. In this study, we demonstrated that NO 

formation upon ET-1 treatment is mediated via ETB receptor stimulation (Fig 1. B). In 

agreement with our results, several studies showed a relationship between ETB receptor 

activation and NO formation (Liu et al., 2003; Yamada et al., 1999). Interestingly, we have 

previously reported that ROS generation induced by ET-1 is via ETA receptor activation in 

cardiomyocytes (Cheng et al., 1999). To our knowledge, this is the first report documenting 

the fact that ET-induced stimulation of NOS activity via the ETB receptor subtype in a 

cardiomyocyte system (Fig 1. D). However, considering that the cardiac ETB level was 

relatively lower than cardiac ETA level in cardiomyocytes (data not shown) and that the 

ETB-mediated effect observed in the present study was modest, we should be more cautious in 

speculating about the potential relevance of the finding observed in the present study to 

clinical situations. 

The immediate proto-oncogene c-fos is normally expressed at a minimal level in the 

mammalian heart. Increased proto-oncogene expression has been implicated in the 

development of cardiac hypertrophy (Zimmer, 1997). Induction of c-fos, a transcriptional 

factor that interacts with cis-regulatory element, such as activator protein-1 (AP-1) in many 

genes, has important consequences for downstream gene expression that may determine the 

phenotypic response to ET-1. We previously demonstrated that ET-1 induced c-fos gene 

expression (Cheng et al., 1999). Here, we further demonstrated that ET-1-induced c-fos 
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expression is modulated by NO (Fig 2). These findings reveal that ET-1 treatment of 

cardiomyocytes simultaneously generates both free radicals, ROS and NO via ET-receptor 

subtype ETA and ETB stimulation respectively. ROS stimulates c-fos expression, whereas NO 

exerts a partially inhibitory effect on c-fos induction. The positive net effect on c-fos gene 

induction modulated by interaction between endogenous ROS and NO formation induced by 

ET-1 is consistent with the overwhelming distribution of ETA receptors on cardiomyocytes. 

Therefore, ET-1 stimulation of c-fos expression is enhanced by depletion of endogenous NO 

generation with the administration of NO scavenger PTIO into cardiomyocytes. Thus, the 

cells posses endogenous counterbalance mechanism for the ET-1-induced c-fos gene 

expression. 

In order to investigate how NO modulates intracellular signal transduction in ET-1-induced 

c-fos expression, we identified the signaling pathway in regulating c-fos induction by ET-1. 

We clearly demonstrated that the Ras/Raf/ERK signaling pathway is involved in 

ET-1-induced c-fos gene expression in cardiomyocytes (Fig. 3). Previous studies have shown 

that activation of any of the three parallel MAP kinase pathways which consists of the ERKs, 

SAPKs/JNKs and p38 subfamilies can lead to a hypertrophic response in cardiomyocytes 

(Molkentin, 2004). All three MAPK subfamilies are activated by the ET-1 and other 

hypertrophic G protein-coupled receptor agonists (Dorn and Brown, 1999). It is unlikely that 

any one pathway could be responsible for all features of the hypertrophic response induced by 
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the diverse array of extracellular stimuli. In addition, there has been disagreement over which 

of the pathways is necessary for expression of various components of the hypertrophic 

response induced by specific stimulus. For instance, Choukroun et al. (1998) reported that 

SAPKs are necessary for the development of ET-1-induced cardiomyocyte hypertrophy 

(Choukroun et al., 1998), whereas we demonstrated that ET-1 certainly induces upregulation 

of c-fos via Ras/Raf/ERK signaling pathway. ET-1 activates the small G protein Ras through 

a PKC-dependent transactivation mechanism. Ras in turn activate ERK cascade which 

consists of 3-member protein kinase “modules”, Raf/MEK/ERK. When activated, the ERKs 

translocate to the nucleus to activate immediate downstream target, transcription factor Elk-1 

(ternary complex factor) which subsequently transactivates the c-fos serum response element 

and induces c-fos expression. 

Given that Ras/Raf/ERK signaling pathway is involved in ET-1-induced c-fos gene 

expression and NO regulates ET-1-induced c-fos expression in cardiomyocytes, we further 

demonstrated that the inhibitory effect of NO on ET-1-induced c-fos expression is at least 

partially mediated via MAPK/ERK pathway (Fig. 4). In order to identify the molecule(s) that 

NO modulates in MAP kinase signaling pathway, we showed that NO modulates the 

phosphorylation and activation of ERK molecules (Fig. 5). ERKs are key molecules in 

intracellular signal transduction and play essential roles in cellular proliferation and 

differentiation in many cell types. In cardiomyocytes, activation of ERKs was reported to be 
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necessary for α1-adrenoceptor agonist phenylephrine-induced transactivation of immediate 

early genes such as c-fos (Bueno and Molkentin, 2002). Our findings clearly demonstrate that 

NO modulates ET-1-induced c-fos gene expression via its inhibitory effect on the ERK 

signaling pathway in cardiomyocytes. 

It is well known that NO activates guanylyl cyclase with a resulting increase in cGMP 

accumulation which subsequently activates the receptor protein cGMP-dependent protein 

kinase (PKG) (Fiedler and Wollert, 2004). In agreement with our present findings, 

endothelins are reported to stimulate the NO-dependent cGMP formation in different tissues 

(Tack et al., 1997). This NO/cGMP signaling pathway plays an important role in regulating 

contractile properties of cardiac muscle in vitro and in vivo (Paulus and Bronzwaer, 2004). 

Here, we further demonstrated that ET-1-induced c-fos gene expression is inhibited by NO via 

the suppression of the ERK signaling through NO/cGMP/PKG pathway (Fig. 6). Since the 

ET-1-induced c-fos gene expression is coincident with an increase in the activity of AP-1, 

which is composed of a heterodimer of c-fos and c-jun, we further test whether NO modulates 

ET-1-induced AP-1 transcriptional activity. The ET-1-induced AP-1 binding activity assayed 

by the electrophoretic mobility shift assay and AP-1-luciferase activity both were attenuated 

by the NO donor SNAP or SIN-1 and augmented by NO scavenger, PTIO (Fig. 7). Previous 

studies reveal that AP-1 and ERK appear to be activated by ROS which is involved in the 

regulation of ET-1 gene expression (Cheng et al., 2003). Our findings further indicate that NO 
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suppresses the ET-1-stimulated transcriptional activity of AP-1 via its inhibitory effect on 

ERK activation and c-fos expression.  

At the gene level, the most characteristic finding in cardiac hypertrophy is re-expression of a 

group of muscle-specific fetal genes. Among these, only myosin heavy chain gene has 

physiological significance, because the ratio of its isoforms in myocardium is directly 

associated with contractile performance of the heart. We have previously reported that ET-1 

stimulates α- and β-MHC mRNA level and promoter activity in cultured cardiomyocytes 

(Cheng et al., 2005; Wang et al., 1992). Since NO regulates ET-1-induced c-fos expression 

and AP-1 transcriptional activity, we further examine whether NO modulates the 

ET-1-stimulated promoter activity of hypertrophic marker gene, β-MHC. Our results also 

indicate that NO inhibits the ET-1-induced hypertrophic response, i.e., the induction of 

immediate-early gene, re-expression of fetal gene, and increased protein synthesis (Fig. 8). 

These findings further support that NO plays an important role as a negative regulator in 

ET-1-induced cardiomyocyte hypertrophy. In summary, ET-1 increases NOS activity and NO 

formation via ET-receptor subtype ETB stimulation in cardiomyocytes. The expression of 

ET-1-induced immediate early gene c-fos is modulated by NO via the ERK signaling pathway 

in a cGMP-dependent manner. NO regulates hypertrophic marker gene β-MHC, at lease in 

part via modulation of c-fos expression and AP-1 transcriptional activity. Thus, our findings 

provide the molecular mechanisms of NO as a negative regulator in ET-1-induced 
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hypertrophic response of cardiomyocytes and may allow the development of new strategies 

for the treatment of cardiac hypertrophy and heart failure. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 27, 2005 as DOI: 10.1124/mol.105.014449

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #14449 29

ACKNOWLEDGEMENTS 

This work was supported by National Science Council Grants (NSC 93-2314-B-038-012-; 

93-2320-B-038-020-). We are gratefully acknowledged to the oral presentation of this study 

in the "From mice to men: lessons in myocardial protection and hypertrophy" session at the 

"ESC Congress 2004", Munich, Germany. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 27, 2005 as DOI: 10.1124/mol.105.014449

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #14449 30

REFERENCES 

Alexander RW and Dzau VJ (2000) Vascular biology: the past 50 years. Circulation 

102:IV112-6. 

Buchwalow IB, Schulze W, Karczewski P, Kostic MM, Wallukat G, Morwinski R, Krause EG, 

Muller J, Paul M, Slezak J, Luft FC and Haller H (2001) Inducible nitric oxide 

synthase in the myocard. Mol Cell Biochem 217:73-82. 

Bueno OF and Molkentin JD (2002) Involvement of extracellular signal-regulated kinases 1/2 

in cardiac hypertrophy and cell death. Circ Res 91:776-81. 

Calderone A, Thaik CM, Takahashi N, Chang DL and Colucci WS (1998) Nitric oxide, atrial 

natriuretic peptide, and cyclic GMP inhibit the growth-promoting effects of 

norepinephrine in cardiac myocytes and fibroblasts. J Clin Invest 101:812-8. 

Chen QM, Tu VC, Purdon S, Wood J and Dilley T (2001) Molecular mechanisms of cardiac 

hypertrophy induced by toxicants. Cardiovasc Toxicol 1:267-83. 

Cheng CM, Hong HJ, Liu JC, Shih NL, Juan SH, Loh SH, Chan P, Chen JJ and Cheng TH 

(2003) Crucial role of extracellular signal-regulated kinase pathway in reactive oxygen 

species-mediated endothelin-1 gene expression induced by endothelin-1 in rat cardiac 

fibroblasts. Mol Pharmacol 63:1002-11. 

Cheng TH, Cheng PY, Shih NL, Chen IB, Wang DL and Chen JJ (2003) Involvement of 

reactive oxygen species in angiotensin II-induced endothelin-1 gene expression in rat 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 27, 2005 as DOI: 10.1124/mol.105.014449

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #14449 31

cardiac fibroblasts. J Am Coll Cardiol 42:1845-54. 

Cheng TH, Shih NL, Chen CH, Lin H, Liu JC, Chao HH, Liou JY, Chen YL, Tsai HW, Chen 

YS, Cheng CF and Chen JJ (2005) Role of mitogen-activated protein kinase pathway 

in reactive oxygen species-mediated endothelin-1-induced beta-myosin heavy chain 

gene expression and cardiomyocyte hypertrophy. J Biomed Sci 12:123-33. 

Cheng TH, Shih NL, Chen SY, Wang DL and Chen JJ (1999) Reactive oxygen species 

modulate endothelin-I-induced c-fos gene expression in cardiomyocytes. Cardiovasc 

Res 41:654-62. 

Choukroun G, Hajjar R, Kyriakis JM, Bonventre JV, Rosenzweig A and Force T (1998) Role 

of the stress-activated protein kinases in endothelin-induced cardiomyocyte 

hypertrophy. J Clin Invest 102:1311-20. 

Dorn GW, 2nd and Brown JH (1999) Gq signaling in cardiac adaptation and maladaptation. 

Trends Cardiovasc Med 9:26-34. 

Ebadi M and Sharma SK (2003) Peroxynitrite and mitochondrial dysfunction in the 

pathogenesis of Parkinson's disease. Antioxid Redox Signal 5:319-35. 

Fiedler B and Wollert KC (2004) Interference of antihypertrophic molecules and signaling 

pathways with the Ca2+-calcineurin-NFAT cascade in cardiac myocytes. Cardiovasc 

Res 63:450-7. 

Goraca A (2002) New views on the role of endothelin (minireview). Endocr Regul 36:161-7. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 27, 2005 as DOI: 10.1124/mol.105.014449

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #14449 32

Liu S, Premont RT, Kontos CD, Huang J and Rockey DC (2003) Endothelin-1 activates 

endothelial cell nitric-oxide synthase via heterotrimeric G-protein betagamma subunit 

signaling to protein jinase B/Akt. J Biol Chem 278:49929-35. 

Molkentin JD (2004) Calcineurin-NFAT signaling regulates the cardiac hypertrophic response 

in coordination with the MAPKs. Cardiovasc Res 63:467-75. 

Paulus WJ and Bronzwaer JG (2004) Nitric oxide's role in the heart: control of beating or 

breathing? Am J Physiol Heart Circ Physiol 287:H8-13. 

Petroff MG, Kim SH, Pepe S, Dessy C, Marban E, Balligand JL and Sollott SJ (2001) 

Endogenous nitric oxide mechanisms mediate the stretch dependence of Ca2+ release 

in cardiomyocytes. Nat Cell Biol 3:867-73. 

Rizvi MA and Myers PR (1997) Nitric oxide modulates basal and endothelin-induced 

coronary artery vascular smooth muscle cell proliferation and collagen levels. J Mol 

Cell Cardiol 29:1779-89. 

Shih NL, Cheng TH, Loh SH, Cheng PY, Wang DL, Chen YS, Liu SH, Liew CC and Chen JJ 

(2001) Reactive oxygen species modulate angiotensin II-induced beta-myosin heavy 

chain gene expression via Ras/Raf/extracellular signal-regulated kinase pathway in 

neonatal rat cardiomyocytes. Biochem Biophys Res Commun 283:143-8. 

Shohet RV, Kisanuki YY, Zhao XS, Siddiquee Z, Franco F and Yanagisawa M (2004) Mice 

with cardiomyocyte-specific disruption of the endothelin-1 gene are resistant to 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 27, 2005 as DOI: 10.1124/mol.105.014449

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #14449 33

hyperthyroid cardiac hypertrophy. Proc Natl Acad Sci U S A 101:2088-93. 

Stein B, Frank P, Schmitz W, Scholz H and Thoenes M (1996) Endotoxin and cytokines 

induce direct cardiodepressive effects in mammalian cardiomyocytes via induction of 

nitric oxide synthase. J Mol Cell Cardiol 28:1631-9. 

Stewart AF, Suzow J, Kubota T, Ueyama T and Chen HH (1998) Transcription factor RTEF-1 

mediates alpha1-adrenergic reactivation of the fetal gene program in cardiac myocytes. 

Circ Res 83:43-9. 

Tack I, Castano EM, Pecher C, Praddaude F, Bascands JL, Bompart G, Ader JL and Girolami 

JP (1997) Endothelin increases NO-dependent cGMP production in isolated glomeruli 

but not in mesangial cells. Am J Physiol 272:F31-9. 

Wang DL, Chen JJ, Shin NL, Kao YC, Hsu KH, Huang WY and Liew CC (1992) Endothelin 

stimulates cardiac alpha- and beta- myosin heavy chain gene expression. Biochem 

Biophys Res Commun 183:1260-5. 

Xu FP, Chen MS, Wang YZ, Yi Q, Lin SB, Chen AF and Luo JD (2004) Leptin induces 

hypertrophy via endothelin-1-reactive oxygen species pathway in cultured neonatal rat 

cardiomyocytes. Circulation 110:1269-75. 

Yamada K, Kushiku K, Yamada H, Katsuragi T, Furukawa T, Noguchi H and Ono N (1999) 

Contribution of nitric oxide to the presynaptic inhibition by endothelin ETB receptor 

of the canine stellate ganglionic transmission. J Pharmacol Exp Ther 290:1175-81. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 27, 2005 as DOI: 10.1124/mol.105.014449

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #14449 34

Zimmer HG (1997) Catecholamine-induced cardiac hypertrophy: significance of 

proto-oncogene expression. J Mol Med 75:849-59. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 27, 2005 as DOI: 10.1124/mol.105.014449

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #14449 35

FIGURE LEGENDS 

Figure 1. ET-1 increases NO production and NO synthase activity in cardiomyocytes. (A) 

Time course of ET-1-induced NO production in cardiomyocytes. Cardiomyocytes were in 

control condition, treated with ET-1 (10 nM) for 10, 30, 60, or 120 min. Results are shown as 

mean + SEM (n=5). *P<0.05 vs. control. (B) Cardiomyocytes from either control or treated 

with ET-1 in the absence (column 2) or presence of BQ485 (100 nM, column 3), BQ788 (100 

nM, column 4) for 30 min. ETB receptor agonist IRL1620 (100 nM, column 5) treated cells 

are shown as positive controls. Results are shown as mean + SEM (n=6). *P<0.05 vs. control; 

#P<0.05 vs. ET-1 alone. (C) Time course of ET-1-incerased NOS activity in cardiomyocytes. 

Cardiomyocytes were treated with ET-1 for 0, 10, or 30 min. NOS activities were measured 

by citrulline formation from cell lysate incubated with (black bars) or without Ca2+ (white 

bars). NOS activity in the absence of Ca2+ indicates inducible NOS activity, whereas its 

activity in the presence of Ca2+ represents constitutive NOS activity. Results are shown as 

mean + SEM (n=5). *P<0.05 vs. control. (D) Cardiomyocytes from either control or treated 

with ET-1 in the absence or presence of BQ485, BQ788 for 30 min. IRL1620 treated cells are 

shown as positive controls. Results are shown as mean + SEM (n=6). *P<0.05 vs. control; 

#P<0.05 vs. ET-1 alone. 

Figure 2. NO modulates ET-1-induced c-fos gene expression in cardiomyocytes. (A) NO 

modulates ET-1-induced c-fos mRNA in cardiomyocytes. Cardiomyocytes were untreated or 
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pretreated with PTIO, SNAP, or SIN-1 for 30 minutes at a concentration of 100 µM and then 

treated with or without ET-1 (10 nM) for 30 min. Total RNA was extracted and Northern 

hybridization was performed with 32P-labeled rat c-fos as probe. 18S RNA was used to 

normalize the RNA applied in each lane. Data was presented as a percentage change of 

experimental groups compared to untreated controls. Results are shown as mean + SEM 

(n=6). *P<0.05 vs. control; #P<0.05 vs. ET-1 alone. (B) NO modulating ET-1-induced c-fos 

expression is a transcriptional event. Cardiomyocytes were transfected with 15 µg of 

c-fosCAT chimeric gene for 24 h. Some cells were pretreated with SNAP, SIN-1 or PTIO for 

30 min. Cardiomyocytes were then treated with ET-1 (10 nM) for 24 h. CAT2 and CAT3 are 

shown as positive and negative controls of a CAT assay system. CAT activities are shown as 

% incorporation after normalizing to that of β-galactosidase activities. Data are represented 

as fold induction relative to control groups. Results are shown as mean + SEM (n=6). 

*P<0.05 vs. control; #P<0.05 vs. ET-1 alone.  

Figure 3. ET-1-induced c-fos gene expression is mediated via Ras/Raf/ERK signaling 

pathway. Cardiomyocytes were transfected with either pSRα-empty vector (5 µg), or an 

expression plasmid encoding the dominant negative mutant mERK, Raf301, or RasN17 (5 µ

g), was cotransfected with 15 µg of c-fosCAT. Cardiomyocytes transfected with c-fosCAT 

were pretreated with PD98059 (30 µM) for 30 minutes before been treating with ET-1. 

Cardiomyocytes cotransfected with an expression plasmid encoding MEK1 (5 µg) or RasL61 
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(5 µg) were used as positive controls. Results are shown as mean + SEM (n=6). *P<0.05 vs. 

pSRα-transfected control; #P<0.05 vs. ET-1 alone.  

Figure 4. NO modulates ET-1-induced c-fos gene via extracellular signal-regulated kinase 

pathway in cardiomyocytes. (A) NO scavenger augments ET-1-induced c-fos mRNA via 

extracellular signal-regulated kinase pathway in cardiomyocytes. PTIO pretreatment 

augments ET-1-induced c-fos mRNA. Cardiomyocytes were untreated or pretreated with 

PD98059 in the absence or presence of PTIO for 30 minutes and then treated with or without 

ET-1 (10 nM) for 30 minutes. Data was presented as a percentage change of experimental 

groups compared to untreated controls. Results are shown as mean + SEM (n=6). *P<0.05 vs. 

control; #P<0.05 vs. ET-1 alone; +P<0.05 vs. ET-1 alone. (B) NO modulating ET-1-increased 

c-fos promoter activity is mediated via ERK signaling pathway in cardiomyocytes. 

Cardiomyocytes were transfected with either pSRα-empty vector (5 µg), or an expression 

plasmid encoding the dominant negative mutant mERK, or an expression plasmid encoding 

MEK1 (5 µg), was cotransfected with 15 µg of c-fosCAT. Cardiomyocytes transfected with 

c-fosCAT were pretreated with PTIO, or SNAP for 30 minutes before been treating with ET-1. 

Results are shown as mean + SEM (n=6). *P<0.05 vs. pSRα-transfected control; #P<0.05 vs. 

ET-1 alone. 

Figure 5. NO regulates ET-1-induced ERK phosphorylation and activity in cardiomyocytes. 

(A) Time course study of ET-1-induced ERK phosphorylation. Cardiomyocytes were in 
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control condition or exposed to ET-1 (10 nM) for 5, 15, 30, or 60 min. After ET-1 treatment, 

cardiomyocytes were lysed, and the phosphorylation of ERK was determined by using 

Western blot analysis as described in Materials and Methods. Grey or black columns denote 

the degree of ERK1 or ERK2 phosphorylation, respectively. Data are represented as fold 

induction relative to control groups. Results are shown as mean + SEM (n=4). *P<0.05 vs. 

control. (B) Cardiomyocytes were untreated or pretreated with PTIO, SNAP, or PD98059 for 

30 min and then treated with or without ET-1 (10 nM) for 15 minutes. Data are represented as 

fold induction relative to control groups. Results are shown as mean + SEM (n=6). *P<0.05 

vs. control; #P<0.05 vs. ET-1 alone. (C) Time course study of ET-1-induced ERK activity. 

Cardiomyocytes were in control condition or exposed to ET-1 (10 nM) for 5, 15, 30, or 60 

min. After ET-1 treatment, ERK was immunoprecipitated and a kinase activity assay was 

performed in the presence of MBP and [γ-32P]ATP as described in Materials and Methods. 

The phosphorylated MBP was as indicated. Data are represented as fold induction relative to 

control groups. Results are shown as mean + SEM (n=4). *P<0.05 vs. control. (D) 

Cardiomyocytes were preincubated with PTIO, SNAP, or SIN-1 for 30 min and then treated 

with or without ET-1 (10 nM) for 15 minutes. Data was presented as a percentage change of 

experimental groups compared to untreated controls. Results are shown as mean + SEM 

(n=6). *P<0.05 vs. control; #P<0.05 vs. ET-1 alone.  

Figure 6. NO antagonizes ET-1 in a cGMP/PKG-dependent manner. (A) ET-1 increases 
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cGMP concentration in cardiomyocytes Cardiomyocytes from either control or treated with 

BQ485 (100 nM), BQ788 (100 nM), or L-NAME (100 µM) in the absence or presence of 

ET-1 (10 nM) for 30 min. ETB receptor agonist IRL1620 (100 nM) or SNAP (100 µM) 

treated cells are shown as positive controls. Results are shown as mean + SEM (n=4). 

*P<0.05 vs. control; #P<0.05 vs. ET-1 alone. (B) Before ET-1 treatment, cardiomyocytes 

were preincubated with SNAP or 8-Br-cGMP (100 µM) for 30 min in the absence or 

presence of KT-5823 (1 µM). After ET-1 (10 nM; 15 min) treatment, cardiomyocytes were 

lysed, and the phosphorylation of ERK was determined. White or black columns denote the 

degree of ERK1 or ERK2 phosphorylation, respectively. Data are represented as fold 

induction relative to control groups. Results are shown as mean + SEM (n=5). *P<0.05 vs. 

control; #P<0.05 vs. ET-1 alone. (C) KT5823 reverses the inhibitory effect of SNAP on 

ET-1-induced c-fos mRNA in cardiomyocytes. Cardiomyocytes were treated with ET-1 (10 

nM) for 30 minutes in the absence or presence of SNAP, or SNAP plus KT-5823. Data was 

presented as a percentage change of experimental groups compared to untreated controls. 

Results are shown as mean + SEM (n=6). *P<0.05 vs. control; #P<0.05 vs. ET-1 alone. (D) 

KT5823 reverses the inhibitory effect of SNAP on ET-1- increased c-fos promoter activity in 

cardiomyocytes. Cardiomyocytes transfected with c-fosCAT were treated with ET-1 (10 nM, 

24h) in the absence or presence of SNAP, or SNAP plus KT-5823. Results are shown as mean 

+ SEM (n=6). *P<0.05 vs. control; #P<0.05 vs. ET-1 alone. 
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Figure 7. NO modulates ET-1-increased activator protein-1 (AP-1) activity in 

cardiomyocytes. (A) Cardiomyocytes were in control condition, treated with ET-1 (10 nM) 

for 6 h, pretreated with PTIO, SNAP, or SIN-1 for 30 min at a concentration of 100 µM and 

then treated with ET-1 (10 nM) for 6 h or treated with PMA (100 µg/L) for one hour. Total 

nuclear extracts were prepared and analyzed by EMSA using a 32P-labeled oligonucleotide 

probe containing AP-1 binding sites. The specificity of the retarded complexes (AP-1) was 

assessed by preincubating the nuclear extracts with anti–c-Fos and anti-c-Jun antibodies (1 

µg each). Results are representative of triplicate experiments with similar results. (B) 

Cardiomyocytes, transfected with AP-1-Luc, were incubated for 48 h with either no drug, 

PTIO, SNAP, or SIN-1 at a concentration of 100 µM in the absence or presence of ET-1 (10 

nM) or treated with PMA (100 µg/L) as a positive control. Results are shown as mean + 

SEM (n=6). *P<0.05 vs. control; #P<0.05 vs. ET-1 alone. 

Figure 8. NO modulates ET-1–increased β-MyHC promoter activity and protein synthesis. (A) 

NO modulates ET-1-increased β-MyHC promoter activity. Cardiomyocytes were transfected 

with 15 µg β-MHCCAT chimeric gene. Cells were pretreated with PTIO, SNAP, or DEA-NO 

at a concentration of 100 µM in the absence or presence of ET-1 (10 nM) for 48 h. Data are 

represented as fold induction relative to control groups. Results are shown as mean + SEM 

(n=4). *P<0.05 vs. control; #P<0.05 vs. ET-1 alone. (B) Cardiomyocytes treated with either 

no drug, PTIO, SNAP, or DEA-NO at a concentration of 100 µM in the absence or presence 
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of ET-1 (10 nM) then assayed for protein synthesis. Results are shown as mean + SEM (n=6). 

*P<0.05 vs. control; #P<0.05 vs. ET-1 alone. 
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