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Résumé
L’endothéline-1 (ET-1) est un peptide vasoactif extrêmement puissant qui possède une
forte activité mitogénique dans les cellules du muscle lisse vasculaire (VSMCs). Il a été
démontré que l’ET-1 est impliquée dans plusieurs maladies cardio-vasculaires, comme
l’athérosclérose, l'hypertension, la resténose après l'angioplastie, l’insuffisance cardiaque
et l'arythmie. L’ET-1 exerce ses effets via plusieurs voies de signalisation qui incluent le
Ca2+, les protéines kinases activées par les mitogènes (MAPKs) y compris les kinases
régulées par les signaux extracellulaires (ERK1/2) et la voie de la phosphatidylinositol 3kinase (PI-3K)/protein kinase B (PKB). Plusieurs études ont démontré que les dérivés
réactifs de l'oxygène (ROS) peuvent jouer un rôle important dans la signalisation
d’ERK1/2 et de PKB induite par plusieurs facteurs de croissance et hormones.
Nous avons précédemment montré que l'ET-1 produit des ROS qui agissent comme
médiateur de la signalisation cellulaire induite par l’ET-1. Le peroxyde d’hydrogène
(H2O2), une molécule qui appartient à la famille des ROS, peut activer les voies de la
MAPK et de la PKB dans les VSMCs. Par ailleurs, nos résultats suggèrent également que
le Ca2+ et la calmoduline (CaM) sont essentiels pour la phosphorylation d’ERK1/2, de
p38 et de PKB induite par le H2O2 dans les VSMCs. La Ca2+/CaM-dependent protein
kinases II (CaMKII) est une sérine/thréonine protéine kinase multifonctionnelle activée
par le Ca2+/CaM. Il a été montré que la CaMKII est impliquée dans les voies de
signalisation induite par le H2O2 dans les cellules endothéliales. Cependant, le rôle de la
CaMKII dans la phosphorylation d’ERK1/2, de PKB et de la proline-rich tyrosine kinase
2 (Pyk2) induite par l’ET-1 et le H2O2, de même que son rôle dans l’effet hypertrophique
et prolifératif de l’ET-1 dans les VSMCs demeure inexploré.
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Le monoxyde d’azote (NO) est une molécule vasoactive impliquée dans la régulation de
plusieurs réponses hormonales. Le NO peut moduler la signalisation contrôlant la
croissance cellulaire induite par plusieurs agonistes d’où son rôle protecteur dans le
système vasculaire.
Des études ont montré que le NO peut inhiber la voie de Ras/Raf/ERK1/2 et la voie de
PKB induite par le facteur de croissance endothélial (EGF) et l’angiotensine II (Ang II).
Beaucoup d’autres travaux ont mis en évidence un cross-talk entre les voies de
signalisation activées par l’ET-1 et le NO. La capacité du NO à inhiber la signalisation
intracellulaire induite par l’ET-1 dans les VSMCs demeure inconnue. Le travail présenté
dans cette thèse vise à déterminer le rôle du système Ca2+-CaM-CaMKII dans la
phosphorylation d’ERK1/2, de PKB et de Pyk2 induite par l’ET-1 et le H2O2 ainsi que
son rôle dans la croissance et la prolifération cellulaire induites par l’ET-1 dans les
VSMCs. Nous avons également testé le rôle du NO dans la phosphorylation d’ERK1/2,
de PKB et de Pyk2 ainsi que la synthèse protéique induite par l’ET-1.

Dans la première partie de notre étude, nous avons examiné le rôle de la CaMKII dans la
phosphorylation d’ERK1/2 et de PKB induite par l’ET-1 dans les VSMCs en utilisant
trois approches différentes i.e. l'usage d'inhibiteurs pharmacologiques, un peptide autoinhibiteur de la CaMKII (CaMKII AIP) et la technique de siRNA. Nous avons démontré
que la CaMKII est impliquée dans la phosphorylation d’ERK1/2 et de PKB induite par
l’ET-1 dans les VSMCs. Des études précédentes ont montré à l’aide d’inhibiteurs
pharmacologiques comme le KN-93 que l'Ang II et les agents induisant une
augmentation de la concentration en Ca2+ intracellulaire comme l’ionomycine,
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provoquent la phosphorylation d’ERK1/2 via la CaM dans les VSMCs. Cependant, en
utilisant différentes approches, nos études ont montré pour la première fois une
implication de la CaMKII dans la phosphorylation d’ERK1/2 et de PKB induite par l’ET1 dans les VSMCs. Nous avons également rapporté pour la première fois, un rôle crucial
de la CaMKII dans la pathophysiologie vasculaire associée à l’ET-1 puisque l’activation
de la CaMKII joue un rôle important dans l’hypertrophie et la croissance cellulaire.
Dans la deuxième partie, à la lumière des études précédentes qui montraient que les ROS
agissent comme médiateurs de la signalisation induite par l’ET-1 dans les VSMCs, nous
avons examiné si la CaMKII est également impliquée dans l’activation des voies
d’ERK1/2 et de PKB induite par le H2O2. En utilisant des approches pharmacologiques et
moléculaires, nous avons montré, comme pour l’ET-1, que la CaMKII joue un rôle
critique en amont de la phosphorylation d’ERK1/2, de PKB et de Pyk2 induite par le
H2O2.
Nous avons précédemment montré que la transactivation du récepteur de type I de
l’insulin-like growth factor (IGF-1R) est nécessaire à l’activation de PKB induite par le
H2O2. Pour cette raison, nous avons examiné l'effet de l'inhibition de la CaMKII par
l’inhibiteur pharmacologique ou par le knock-down de la CaMKII sur la phosphorylation
d’IGF-1R induite par le H2O2. Les résultats démontrent que la CaMKII joue un rôle
critique en amont de la phosphorylation d’ERK1/2, de PKB et d’IGF-1R induite par le
H2O2.
Dans la troisième partie de notre étude, nous avons également examiné le mécanisme
moléculaire par lequel le NO exerce ses effets anti-mitogéniques et anti-hypertrophiques
dans la signalisation induite par l’ET-1. En testant l'effet de deux différents donneurs de
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NO (S-nitroso-N-acetylpenicillamine (SNAP), sodium nitroprusside (SNP)) et

un

inhibiteur de NO synthase, le N (G)-nitro-L-arginine methyl ester (L-NAME) dans la
phosphorylation d’ERK1/2, de PKB et de Pyk2 induite par l’ET-1, nous avons observé
que le NO a un effet inhibiteur sur la signalisation induite par l’ET-1 dans les VSMCs.
Par ailleurs, le 8-Br-GMPc, un analogue du GMPc, a un effet similaire à celui des deux
donneurs du NO, tandis que l’oxadiazole quinoxaline (ODQ), un inhibiteur de la
guanylate cyclase soluble, inverse l'effet inhibiteur du NO. Nous concluons que le NO
diminue la phosphorylation d’ERK1/2, de PKB et de Pyk2 induite par l’ET-1 d’une
manière dépendante du GMPc. Le NO inhibe aussi les effets hypertrophiques de l’ET-1
puisque le traitement avec le SNAP diminue la synthèse des protéines induite par l’ET-1.

En résumé, les études présentées dans cette thèse démontrent que l’ET-1 et le H2O2 sont
des activateurs de la phosphorylation d’ERK1/2, de PKB et de Pyk2 dans les VSMCs et
que la CaMKII s’avère nécessaire pour ce processus, en agissant en amont de l’activation
de IGF-1R induite par le H2O2 dans les VSMCs. Elles montrent également que le NO
inhibe la phosphorylation d’ERK1/2, de PKB et de Pyk2 induite par l’ET-1. Enfin, nos
travaux suggèrent aussi que l’activation de la CaMKII stimule la synthèse des protéines
et de l’ADN induites par l’ET-1 alors que le NO inhibe la synthèse des protéines induite
par ET-1.
Mots clés: Endothéline ; Peroxyde d'hydrogène ; CaMKII ; Monoxyde d’azote ; Système
vasculaire ; PKB; ERK1/2; IGF-1R; Hypertrophie.
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Abstract
Endothelin-1 has emerged as an extremely potent vasoactive peptide exhibiting
potent mitogenic activity in vascular smooth muscle cells (VSMCs). A critical role of
ET-1 in many cardiovascular diseases, such as atherosclerosis, hypertension, restenosis
after angioplasty, heart failure and arrhythmia has been suggested. ET-1 exerts its effects
through multiple signaling pathways which include Ca2+, mitogen-activated protein
kinases (MAPKs) including extracellular signal-regulated kinases 1/2 (ERK1/2) and
phosphatidylinositol 3-kinase (PI-3K)/protein kinase B (PKB)/Akt pathways. Several
studies have also demonstrated that reactive oxygen species (ROS) may play an
important role in mediating the signals of several growth factors and peptides hormones
linked to these pathways. We have previously reported that ET-1 generates ROS which
mediates ET-1-induced signaling. H2O2, an important ROS molecule, activates both
MAPKs and PKB signaling in VSMCs. In addition, we have also suggested that Ca2+ and
CaM are essential to trigger H2O2-induced ERK1/2, p38 and PKB phosphorylation in A10 VSMCs. Ca2+/calmodulin (CaM)-dependent protein kinase II (CaMKII) is a
multifunctional serine/threonine protein kinase which is believed to transduce the
downstream effects of Ca2+/CaM, and has been shown to be involved in H2O2-induced
signaling in endothelial cells. However, a role of CaMKII in mediating ET-1 and H2O2induced ERK1/2, PKB, Pyk2 phosphorylation, as well as its effect on hypertrophic and
proliferative responses of ET-1 in VSMCs remains unexplored. Interestingly, a role of
CaMKII in several cardiovascular diseases has been reported and studies showing that
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pharmacological inhibition of CaMKII, by using KN-93, prevent arrhythmic activity
improved vascular dysfunction in diabetes or in Ang II-induced hypertension.
Nitric oxide (NO) is also an important reactive species and vasoactive molecule
involved in the regulation of several hormone-mediated responses. NO has been
suggested to modify growth-promoting signaling events and thus may serve as a vascular
protective agent. Studies have shown that NO can attenuate EGF and Ang II-induced
Ras/Raf/ERK1/2 as well as increase in PKB phosphorylation signaling pathways. There
is also evidence for a potential cross-talk between ET-1 and NO, however not much
information on the ability of NO to modify ET-1-induced signaling in VSMCs is
available. Therefore, the work presented in this thesis has investigated the role of
CaMKII system in ET-1 and H2O2-induced ERK1/2, PKB and Pyk2 phosphorylation, as
well as in cell growth and proliferation evoked by ET-1 in VSMCs. We also investigated
the role of NO in ET-1-induced ERK1/2, PKB and Pyk2 phosphorylation as well as
protein synthesis.
In the first part of our studies, by using three different approaches, i.e. use of
pharmacological inhibitors, a CaMKII AIP (autoinhibitor peptide) and siRNA techniques,
we have investigated the involvement of CaMKII in ET-1-induced ERK1/2 and PKB
phosphorylation in A-10 VSMC. We have demonstrated that CaMKII mediates the effect
of ET-1 on ERK1/2 and PKB phosphorylation in A-10 VSMC.
By using pharmacological inhibitor alone such as, KN-93, earlier studies have reported
that AngII and Ca2+ elevating agents, such as ionomycin, exert their effects on ERK1/2
phosphorylation via CaM-dependent pathways in VSMC. However, by using multiple
approaches, our studies, have provided the first evidence to suggest an involvement of
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CaMKII in mediating the effect of ET-1 on ERK1/2 and PKB phosphorylation in A-10
VSMC. We have also reported for the first time, a crucial role of CaMKII in vascular
pathophysiology related to ET-1 by regulating the growth and hypertrophic events by
using the technique of [3H]leucine and [3H]thymidine incorporation.
In the second part, in view of earlier studies showing that ROS mediates ET-1-induced
signaling events in VSMC, we have also investigated if CaMKII is also implicated in
H2O2-induced activation of ERK1/2 and PKB pathways. By using both pharmacological
and molecular approaches, we show that similar to ET-1, CaMKII serves as a critical
upstream

component

in

triggering

H2O2-induced

ERK1/2,

PKB

and

Pyk2

phosphorylation in VSMC. Furthermore, since we have previously reported that IGF-1R
transactivation is needed for H2O2-induced PKB activation, we have investigated the
effect of CaMKII inhibition and knocking-down on IGF-1R phosphorylation evoked by
H2O2. Taken together, these results demonstrate that CaMKII plays a critical upstream
role in mediating the effect of H2O2 on ERK1/2, PKB and IGF-1R phosphorylation.
In the third part of our studies, we have investigated the molecular mechanism by which
NO exerts its anti-mitogenic and anti-hypertrophic effect on ET-1-induced signaling. By
testing the effect of two different NO donors (SNAP and SNP) and L-NAME, an
inhibitor of NO synthase, in ET-1-induced ERK1/2, PKB and Pyk2 phosphorylation, we
observed that NO has an inhibitory effect in ET-1-induced signaling in VSMC. In
addition, 8-Br-cGMP, an analogue of cGMP, exerted similar effect to that of NO donors
whereas, oxadiazole quinoxalin (ODQ), an inhibitor of soluble guanylyl cyclase (sGC),
reversed the inhibitory effect of NO. We conclude that NO, in a cGMP-dependent
manner, attenuated ET-1-induced phosphorylation of ERK1/2, PKB and Pyk2 and also
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antagonized the hypertrophic effects of ET-1, since SNAP treatment decreased the
protein synthesis induced by ET-1.

In summary, the studies presented in this thesis demonstrate that both ET-1 and
H2O2 induce ERK1/2, PKB and Pyk2 phosphorylation in VSMC and CaMKII activation
is required for these events. We have also shown that CaMKII phosphorylation is
upstream of H2O2-induced IGF-1R transactivation in VSMC. We have also provided
evidence that NO attenuates ET-1-induced ERK1/2, PKB and Pyk2 phosphorylation.
Finally, we have established that CaMKII activation stimulates ET-1-evoked protein and
DNA synthesis, yet NO attenuates protein synthesis induced by ET-1.

Keywords : Endothelin; Hydrogen peroxide; CaMKII; Nitric oxide; Vascular; Protein
Kinase B; Extracellular Signal-Regulated Kinase1/2; IGF-1R; Growth.
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CHAPTER 1

INTRODUCTION

2

1 Endothelin
Endothelin (ET) was discovered by Yanagisawa and co-workers in 1988 (1)
who also characterized and cloned it from porcine aortic endothelial cells (1). ET is one
of the most potent vasoconstrictors that exhibits inotropic and mitogenic properties,
influences salt and water homeostasis and stimulates the renin-angiotensin-aldosterone
as well as sympathetic system (2-4). The overall effect of ET is usually to increase
vascular tone and blood pressure. ET is believed to play an important role in vascular
remodelling associated with experimental and human hypertension (4;5). Increased
vascular smooth muscle cell (VSMC) hypertrophy, migration and proliferation are
among the key events that contribute to remodeling of the vasculature associated with
cardiovascular diseases. ET-1 exerts its physiological action by activating several signal
transduction pathways linked to cellular hypertrophy, growth, migration and
proliferation in several cell types including cardiomyocytes (6;7), kidney mesangial
cells (8), and in the vascular system (9;10).

1-1 Structure of ETs
ET is a 21 amino acid peptide which exists in at least three isoforms, ET-1, ET2 and ET-3 (11). All ET isopeptides share a common structure, two disulfide bonds
(Cys1-Cys15 and Cys3-Cys11), a cluster of three polar charged side chains on amino acid
residues 8-10 and a hydrophobic C-terminus (residues 16-21) containing the aromatic
indole side chain at Trp21 (Fig. 1). ET-2 contains two amino acid substitutions (Trp6Leu7) and shares 90% sequence homology with ET-1. ET-3 contains six amino acid
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4
substitutions (Thr2, Phe4-Thr5-Tyr6-Lys7 and Tyr14) and shares 71% sequence
homology with ET-1 and ET-2. The hydrophobic C-terminus of ET is essential for its
bioactivity, as well as the loop configuration (12). Among the three ETs, ET-1 is the
most important isopeptide in the vasculature (Fig. 1).

1-2 Regulation and sites of generation of ET-1
1-2-1 Regulation
Generation of ET-1 is increased by several factors, including vasoactive hormones,
growth factors, hypoxia, shear stress, lipoproteins, free radicals, endotoxin and
cyclosporin (13) (Fig 2) whereas factors that increase intracellular level of cyclic
guanosine monophosphate (cGMP), including endothelium-derived nitric oxide,
nitrovasodilators, natriuretic peptides, heparin and prostaglandins (13) are known to
inhibit the production of ET-1 (Table1 shows a list of factors that influence ET-1
secretion). Each member of the ET family is represented by a separate gene that
encodes a specific precursor for the mature isoform (11). In the 5' flanking region there
are binding sites for activating protein 1 and nuclear factor 1, which mediate the
induction of mRNA for ET-1 by angiotensin II (Ang II) and transforming growth
factor-E, respectively (14). The 3' flanking region of the mRNA contains adenineuracil-rich sequences that mediate selective destabilization of preproendothelin-1
mRNA, accounting for its relatively short biological half life of 15 min.
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1-2-2 Site of generation
Endothelial cells express a high level of mRNA for preproendothelin-1 and intracellular
converting enzyme. Compared to other cell types, endothelial cells are the major site of
ET-1 generation (11). ET-1 is also produced by the heart, kidney, posterior pituitary
and central nervous system (13). Human aortic vascular smooth muscle cells also
express mRNA for ET-1, although its production is about 100-fold less than that in
endothelial cells. Limited amounts of ET-2 are produced in endothelial cells, heart and
kidney (15;16). ET-3 appears to be expressed in the endocrine, gastro-intestinal and
central nervous systems, but not in endothelial cells (13)

1-3 Biosynthesis of ET
The initial product of the human ET-1 gene is preproendothelin-1, a 212 amino acid
peptide (Fig.2). Proendothelin-1 is formed after removal of a short secretory sequence,
and is then cleaved by furin to generate a 38 amino acid peptide, bigET-1 (1). BigET-1
does not appear to have any direct actions (17). The formation of mature ET-1 requires
cleavage of bigET-1 by one of several unique ET converting enzymes (ECE). This
family of metalloproteases is related to neutral endopeptidase-24.11 and Kell protein,
but not to Ang II converting enzyme. ECE-1 is the physiologically active ECE (18). It
possesses two splice variants, ECE-1a and ECE-1b, which have functionally distinct
roles and tissue distributions (19). ECE-1a is expressed in the Golgi apparatus of
‘producer’ cells, such as endothelial cells, and appears to be responsible for
intracellular processing of bigET-1 to ET-1 in such cells. ECE-1b is expressed in
‘responder’ cells, such as vascular smooth muscle cells, and is transported to the plasma
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membrane where it acts to cleave extracellular bigET-1. Two more isoforms, ECE-1c
and ECE-1d have also been identified (20). A second form of ECE (ECE-2) has been
cloned and characterized (21). ECE-2 is similar to ECE-1 in that it is membrane bound,
inhibited by phosphoramidon and exhibits selectivity for bigET-1. However, ECE-2 is
active only at acidic pH (5.5) and is not expressed on the cell's surface (21). Thus,
ECE-2 could act as an intracellular enzyme responsible for the conversion of
endogenously synthesized big ET-1 in acidic environments. ECE-1 and ECE-2 are
relatively selective for big ET-1, having much less activity in cleaving big ET-2 and big
ET-3. It is probable that there is other, as yet unidentified, ECE that are responsible for
cleavage of ET-2 and ET-3. Both ECE-1 and ECE-2 are inhibited by phosphoramidon,
but not by selective neutral endopeptidase and angiotensin converting enzyme (ACE)
inhibitors (13)

1-4 Plasma concentrations and clearance of ET-1
In healthy subjects, circulating concentrations of ET-1 in venous plasma are in the range
1–10 pmol/l (22;23). This concentration is lower than those which cause vascular
contraction in vitro and in vivo, although concentrations at the interface between an
endothelial cell and vascular smooth muscle are likely to be much higher. It has been
reported that cultured endothelial cells secrete ET-1 into basolateral (abluminally)
compartment and not in the apical (luminally) compartment (24). Thus, ET-1 appears to
be primarily a locally acting paracrine substance rather than a circulating endocrine
hormone. Venous plasma bigET-1 and the inactive C-terminal fragment of ET-1
concentrations have been used as a marker for endothelial synthesis of the peptide and
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reflect better the exact amount of ET-1 generated as compared to ET-1 concentration
(25), because circulating ET-1 is rapidly eliminated from the circulation. Although
clearance of ET-1 from the circulation is very rapid and its biological half-life is about
one min its pressor effects are maintained for about one hour (26). ET degradation
happens mainly locally by endopeptidases (neutral endopeptidase, NEP) and cathepsins
G generated from endothelial (in vascular) and epithelial cells (in lung) (27;28). ET-1
circulating is eliminated by kidney, liver and especially lungs which are responsible for
50% of elimination of ET-1 in human (29). A second metabolic pathway of ET appears to
be mediated through receptor binding and then internalization (28). Pulmonary clearance
of labelled ET-1 can be blocked by pretreatment with a large dose of unlabelled ET-1,
suggesting that clearance of ET-1 is receptor-dependent (26). Blockade of ET receptors
of the ETB subtype, but not of the ETA subtype, increases plasma concentrations of ET-1
and ET-3 (30) and prolongs the biological half life of exogenous [125I]-endothelin-1(31).
This blockade increases circulating level of ET-1 within 15 min (30;32) without affecting
bigET-1 and C-terminal fragments concentrations (25), confirming that this increase is
mediated by displacement of ET-1 from receptors rather than through peptide synthesis.
These reports also suggest that ETB receptors play an important role in ET-1 clearance.

1-5 ET-1 receptors
ET-1 exerts its biological actions through the activation of two receptor subtypes, ETA
and ETB (33;34). Both ETA and ETB, receptors belong to a large family of
transmembrane guanine nucleotide-binding protein-coupled receptors (GPCRs). They
contain seven transmembrane domains of 22-26 hydrophobic amino acids in their a400-
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aminoacid sequences with an N-terminal extracellular region and C-terminal intracellular
region (33-35). It is currently not clear whether receptors dimerization into homo-or
heterodimers plays a role in ET-1 receptors activity and function in vivo (36). ETA
receptors are highly expressed in VSMC but are also found in cardiomyocytes,
fibroblasts, hepatocytes, adipocytes, osteoblasts and brain neurons (33;37) and exhibit
higher affinities for ET-1 and ET-2 than for ET-3 (33). Potent peptide and non-peptide
ETA antagonists have been synthesized, the prototype being the pentapeptide BQ-123
(38). ETB receptors exist predominantly in endothelial cells and smooth muscle cells, but
are also found in cardiomyocytes, hepatocytes, fibroblasts, osteoblasts, different types of
epithelial cells and neurons and have equal subnanomolar affinities for all ET isopeptides (34). ET-1 binding to ETA and ETB receptors on smooth muscles produces
vasoconstriction, cell growth and cell adhesion (39) (Fig.3). The binding of ET-1 to
endothelial ETB receptors stimulates the release of nitric oxide and prostacyclin (Fig.3)
which prevents apoptosis, inhibits ET converting enzyme-1 (ECE-1) expression in
endothelial cells and plays an important role in ET-1 clearance (40;41). Several agonists
selectively activate the ETB over the ETA receptors which include ET-3 (~2000-fold
selectivity) and sarafotoxin S6c (~300 000-fold selectivity) (42). Up to date several
selective and non-selective ET-1 receptors inhibitors have been discovered. For example,
BQ-788 is a selective peptide antagonist of the ETB receptor (43). The majority of
currently used ET agonists are shown in Table 2.
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1-6 Biological actions of ET
1-6-1 Action of ET in the vasculature
In VSMCs, activation of ETA and ETB by ETs is responsible for persistent
vasoconstrictor response, whereas stimulation of ETB, in the endothelium, causes a
transient vasodilatation, which usually precedes vasoconstriction. The vasodilatation is
attributed to the release of nitric oxide via activation of endothelial NO synthase. It has
been reported that ET-1-induced PKB phosphorylation leads to phosphorylation and
activation of NO synthase in endothelial cells (44). Prostacyclin production has been also
involved in ETB-mediated vasodilatation (41). It has been suggested that NO release and
vasodilatation are mediated by ETB1, whereas the subsequent vasoconstriction depends
on ETB2 receptors (45). The ETs increase blood pressure in vivo in animals for at least
one hour after a bolus dose (1) and in human, intravenous infusion of ET-1 increases
blood pressure by 5–10% at doses of about one pmol/kg per min administered for over
one hour (46). The coronary and renal vascular beds are most sensitive to the
vasoconstrictor effects of systemic ET-1 (47). The mesenteric bed also constricts in
response to systemic ET-1, whereas the hindquarter skeletal muscle bed exhibits only a
little constriction (48). These differences among beds may be related to differences in
constrictor (ETA and ETB) and dilator receptors (ETB) in these beds. The pressor effect of
bolus doses of ET is usually preceded by transient hypotension that is most marked for
ET-3 (49). When concentrations of ET-1 rise more slowly, hypotension does not occur
(50). The hypotensive response to bolus administration of ET is used for demonstrating
the endothelial actions of the ETs.
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As a long-term effect in VSMC, ETs have been proven to evoke mitogenic activity and
this effect seems to be mediated through ETA receptors activation (51;52). In addition to
being a potent mitogen for VSMC, ET-1 also potentiates the mitogenic effects of growth
factors such as PDGF, EGF and basic fibroblast growth factor (bFGF) and is considered
as a co-mitogen with these growth factors (52).

1-6-2 Action of ET in the heart
The biological effect of ET-1 on cardiac tissue has been reported in several studies. ET
has been found to exert a positive inotropic effect on human myocardium in vitro by
activation of the sodium proton exchanger and increasing sensitization of cardiac
myofilaments to Ca2+ (53). Recently, the activation of Na+/H+ exchange by ETs has been
shown to be mediated by PKC (54). Na+/H+ exchange causing an increase in intracellular
Na+ concentration and alkalinisation (37). While the former effect activates the Na+/Ca2+
exchange leading to an increase in intracellular Ca2+ concentration and myocardial
contractility, the latter (alkalinisation) improves myofibrillar Ca2+ sensitivity (37).
At the same time ET-1 evokes prolongation of the duration of the action potential (55).
Thus, this pharmacological action of ET-1 may contribute to the pro-arrythmogenic
property of the peptide when it is endogenously released or exogenously applied (56).
Interestingly, in postmyocardial infarction of heart failure, ET-1 induces more positive
inotropic response compared to healthy heart because of a high responsiveness to ET-1 in
this pathological state (57). ETs also influence heart function indirectly by inducing
vasoconstriction in coronary artery. Furthermore, it has been suggested that, during
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exercise, ET-1 level was significantly increased in heart and ET-1 participates in the
modulation of cardiac function during exercise in rats (58).

1-6-3 Action of ET-1 in the nervous system
An intracerebroventricular administration of ET in conscious rats, dose-dependently
elevated blood pressure and also increased heart rate (59). These effects depend on ETA
receptors activation and not ETB receptors (60). Many other laboratories have confirmed
these results (61;62) which suggested a central pressor action of ET. On the other hand,
Makino et al have shown that intracerebroventricular administration of ET increases
plasma catecholamine levels suggesting that the central pressor action of ET might be
mediated by catecholamine release to the periphery (63). In contrast, however,
Yamamoto et al have reported that intracerebroventricular ET-1 stimulates vasopressin
secretion leading to increased blood pressure with a reduction in renal water and
electrolyte excretion (62). It has been also reported that ET via both sympathetic nervous
system and hypothalamo-pituitary-adrenal axis, and through its interaction with brain
natriuretic peptide (BNP) in the central nervous system may regulate cardiovascular and
hormonal functions. (63).

1-6-4 Action of ET in the Kidney
Many cells in the kidney produce ET-1 (64). Renal ET-1 and receptors localize
predominantly in the medulla, and the production of ET-1 in this region exceeds that of
anywhere else in the body (65). The contribution of ET-1 to regulation of renal function
under normal physiological conditions has been studied by several groups. The effect of
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ET-1 in the renal medulla is natriuretic, diuretic and hypotensive. Although, it is largely
accepted that ET-1 action promotes sodium and water excretion thereby induce diuresis
under physiological circumstances (66-68), other studies have suggested an attenuating
role of ET-1 in urinary sodium excretion (69;70). Recently, by using transgenic mice
exhibiting collecting duct-specific knockout of ET-1, data from Kohan et al have
confirmed the fact that ET-1 promotes sodium and water excretion (71;72). Several
potential mechanism by which ET-1 induces sodium and water excretion have been
proposed, one of which involves ET-1-induced inhibition of tubular Na+/K+-ATPase
activity in the proximal tubule and collecting duct (66). In addition, ET-1 has also shown
to block reabsorption of water in the collecting duct by inhibiting the effects of antidiuretic hormone (ADH) on tubular osmotic permeability (67). The natriuretic and
diuretic effects of ET-1 appear to occur via ETB receptor since the effects were
specifically blocked only by ETB receptor agonists and not by ETA receptor antagonist
B

(73). In addition, it has been reported that ETB receptor knockout mice have hypertension
B

secondary to renal retention of sodium (19).
Due to its potent vasoconstrictor action, ET-1 has been considered to be important in
regulating renal vascular tone. ET-1 contracts afferent and efferent arterioles equally in
vitro (74) and thus reduces both renal plasma flow and glomerular filtration rate (GFR)
(75). Both ETA and ETB receptors participate in ET-1-mediated vasoconstriction of
afferent arterioles (76).
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1-6-5 Action of ET in the endocrine system
ET-1 has also been shown to stimulate secretion of several hormones throughout the
body. ET-1 stimulates both cortical and medullo adrenal hormones, it enhances the
release of aldosterone from isolated cortical zona glomerulosa cells (77) and of
adrenaline from medullary chromaffin cells (78). ET-1 stimulates production and release
of atrial natriuretic peptide (ANP) by cultured atrial myocytes in vitro and in vivo
(79;80). An inhibitory role of ET-1 on renin release from isolated rat glomeruli (81) and
from rat juxtaglomerular cells (82) has also been reported. On other hand ET-1 has been
reported to stimulate endothelial ACE activity (83). Taken together these findings show
that ET-1 has contrasting effects on the renin–angiotensin system. ET-1 and ET-3 have
also been found to be implicated in the release of testosterone by stimulating basal and
gonadotrophin-induced testosterone production although the effects of ET-3 were less
marked in rat Leydig cells (84).
In adipose tissue, ET-1 inhibits adiponectin secretion through a phosphatidylinositol 4,5bisphosphate/actin-dependent mechanism (85). It has been reported that a decrease in
adiponectin (secreted by white adipose tissues) expression and secretion have been
positively correlated with a decrease in insulin sensitivity (85). More recently, by using
RT-PCR and real-time PCR analyses, Chai et al have proposed another mechanism by
which ET-1 evokes insulin resistance, they have demonstrated that ET-1 is able to
increase IL-6 secretion from adipocytes which is a critical step for insulin resistance.(86).
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1-7 Role of ET-1 in cardiovascular diseases
Because of the ability of ET system to modulate a wide variety of cellular function it has
been implicated in the pathophysiology of cardiovascular diseases such as, hypertension,
atherosclerosis, coronary artery disease, heart failure as well as in diabetes, primary
pulmonary hypertension, pulmonary fibrosis, scleroderma, renal failure, prostate cancer
and its metastasis (87-90).

1-7-1 ET-1 in hypertension
1-7-1-1 ET-1 in experimental hypertension
Significant increases in plasma ET-1 levels are consistently seen in only certain models
of hypertension. Deoxycorticosterone acetate (DOCA) salt-hypertensive rats, Dahl saltsensitive rats, Ang II-induced hypertension, 1-kidney 1-clip Goldblatt hypertensive rats,
and stroke-prone spontaneously hypertensive rats (SHRs) are among the models that
exhibit an increase in systemic levels of ET-1 (91;92). As a consequence of the enhanced
production of ET-1 in these models, ET-1 contributes to the remodeling of arteries in
hypertension (93). Interestingly, the models of experimental hypertension that evoke
increase in ET-1 systemic level also exhibit hypertrophic remodeling of resistance
arteries with increased cross-sectional area, which is believed to be the results of the ET1 action (94), rather than the eutrophic remodeling without true vascular hypertrophy
often found in essential hypertension and in spontaneously hypertensive rats (93).
Flamant et al have suggested a critical role of EGF receptor transactivation in the
vascular fibrotic response that is associated with ET-1-dependent vascular remodelling
(95). It has also been reported that ET-1 stimulates DNA synthesis of VSMC which is an
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index of proliferation and remodelling, via ETA receptor (52) and through transactivation
of EGFR (96). Studies using vessels from male Wistar rats have revealed the mechanism
by which ET-1 induces remodelling. These studies have suggested that ET-1- induced
inward eutrophic remodelling seems to response to sustained contraction, which involves
collagen reorganization through 3-integrins (97). It has been reported that ET-1 activates
NADPH oxidase in VSMC and in blood vessels (98) and ET-1-induced proliferation may
be mediated partly by increased ROS production (99). In aldosterone-induced
hypertension systolic blood pressure, plasma ET-1, systemic oxidative stress, and
vascular NADPH activity was increased. Enhancements of collagen, fibronectin and
intercellular adhesion molecule (ICAM-1) have been shown to be associated with small
artery hypertrophic remodeling in this hypertensive model (100). In the same study, BMS
182874, an ETA receptor antagonism, attenuated vascular remodeling, fibrosis and
oxidative stress as well as adhesion molecule expression in aldosterone-induced
hypertension (100). Involvement of ET-1 in renal and cardiac target organ damage in
hypertension has been documented. Studies have confirmed an implication of ET-1 in
renal fibrosis through stimulation of growth factors and by inducing inflammation in
hypertensive rats (101). In these studies an increase in renal ET-1 in hypertensive rats
was shown to be associated with enhancements in transforming growth factor (TGF)-1,
basic fibroblast growth factor (bFGF), procollagen I expression and matrix
metalloproteinase (MMP)-2 activity. In addition, it was also demonstrated that a selective
ETA antagonist was able to normalize these events. (101). Although, the role of ET-1 in
promoting renal fibrosis has been confirmed, implication of ET-1 in renal damage
associated with hypertension is still controversial. It has been demonstrated that in Ang
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II-infused mice, the non-selective ET-1 receptor blocker, bosentan, prevented activation
of the procollagen gene (102). By using the same blocker, Muller et al have shown a
reduction in renal damage in rats overexpressing human angiotensinogen and human
renin, that develop hypertension (103). On the other hand, Rothermund et al have
suggested that ET-1 is not involved in renal damage and mortality in primary renindependent hypertension (104). Recently, it has been demonstrated that a selective ETA
receptor blockade not only reduces podocyte (cells of the visceral epithelium in the
kidneys) injury and end-organ but also improves growth and survival independently of
hypertension (105). In the heart, ETA (106) or combined ETA/ETB (103) or ECE inhibitor
(107) blockade prevented target organ damage in hypertension animal models. Recently,
Vanourkova et al gave evidence showning that blockade of the ET-1 system prevented
the rise in cardiac ET-1 concentration in transgenic rats with inducible malignant
hypertension. They suggested that ET-1 receptor blockade may provide evidence for ET
blockade as a tool to protect rats from hypertensive cardiac damage (108).

1-7-1-2 ET-1 in essential hypertension.
Systemic concentration of ET-1 does not reflect the real production of ET-1 because ET
is generated and acts locally. Studies investigating the role of ET in essential
hypertension have revealed no change in plasma ET-1 concentration in hypertensive
patients as compared with normotensive (4), whereas, plasma ET-1 level rises in African
Americans hypertensive subjects (109). It has been shown that the increases of plasma
ET concentration seem to be related to aging, smoking and renal dysfunction rather than
essential hypertension (110). ETA receptor antagonists cause vasodilatation in forearm
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vessels of both normotensive and essential hypertensive patients (111), and improve
impaired vasodilation in hypertensive patients. On the other hand, the ETB antagonist
induces vasoconstriction on forearm resistance arteries in normotensive subjects
(112;113) and

had a vasodilator action on the forearm circulation of hypertensive

subjects (113), indicating that a vasoconstrictor effect of ETB receptors could be found in
hypertensive but not normotensive individuals. African Americans patients appear to
have increased numbers of smooth muscle vasoconstrictor ETB receptors (109;114),
which may explain the important role of the ET-1 system in these subjects. Both selective
and dual-acting ET-1 receptor blockers can reduce systemic blood pressure in animal
models and in hypertensive patients. Clinical studies recruiting 293 patients with mild-tomoderate essential hypertension revealed that bosentan, an antagonist of both ETA and
ETB receptors, was able to significant lower diastolic blood pressure in these patients.
This reduction was similar to that observed with the ACE inhibitor enalapril (115).
Furthermore, in animal experimentation, combination of ET-1 receptor antagonist,
bosentan and ACE inhibitor leads to additional hypotensive effect in hypertensive dogs
(116). The selective ETA antagonist darusentan reduced systolic blood pressure by 6.0 to
11.3 mm Hg (117). Elevation of liver enzymes, a side-effect found with bosentan, was
not encountered with darusentan in this study. Recently, safety and efficacy of darusentan
have been evaluated in the treatment of hypertension and heart failure (118). Although,
the effect of ECE inhibitor has not been studied in essential hypertension in human,
encouraging results have been reported in SHR where phosphoramidon, an ECE
inhibitor, lowered mean arterial pressure when infused in conscious SHRs (119).
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Data from recent study shows that moderate aerobic exercise reduces ET-1-mediated
vasoconstrictor tone. These reductions in ET-1 system activation may be the mechanism
by which exercising contribute to the known beneficial affects to prevent or treat
hypertension. (120). Finally, as mention above, aging is cardiovascular risk factor which
exhibits increased ET-1 system activation which may be one cause of aging-promoted
hypertension (121).

1-7-2 ET-1 in atherosclerosis

Endothelial cell injury, inflammation, monocyte infiltration of the vessel wall, cytokines
and growth factors releases, migration of VSMC to the intima, and lipid accumulation in
foam cells are the main characteristics of atherosclerosis (87). Evidence from several
groups has suggested the involvement of ET-1 in development and progression of
atherosclerosis (87;122). It has been documented that ET-1 is a chemoattractant for
monocytes and macrophages and acts as a comitogen for VSMC (123;124). Lerman et al
have shown a significant increase in plasma ET-1 concentration and this increase is
correlated with the number of atherosclerotic lesions in atherosclerotic patients (125).
Together with the fact that ET-1 has a short half-life in the circulation (126), these raised
plasma levels are likely to be due to increased tissue ET-1 production. Upregulation of
ET-1 and ET receptors have been demonstrated in atherosclerotic lesions in human and
experimental animal models (127). Recently, another parameter of ET system which is
ECE-1, has been shown to be significantly increased in apolipoprotein E-deficient (apoE)
atherosclerotic mice (128). By studying ET-1 mRNA expression in normal and
atherosclerotic human coronary arteries, Winkles et al. have suggested that endothelial
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cells, monocyte-derived macrophages and VSMCs within the atherosclerotic lesion are
capable of synthesising ET-1 (129). In the same regard, it has been reported by using
cultured human VSMC from atherosclerotic coronary arteries that ET-1 production is
markedly increased in coronary atherosclerotic plaques which may contribute to the
development or progression of coronary artery disease (130). Both ETA and ETB
receptors have been shown to be linked to atherosclerosis pathology. It has been
demonstrated that both receptors are localized in endothelial cells, smooth muscle cells
and macrophages in atherosclerotic plaques in hyperlipidemic hamsters (131). Moreover,
chronic ETA receptor blockade normalized NO-mediated endothelial dysfunction and
reduced atheroma formation in atherosclerotic apolipoprotein E-deficient mice (132). In
human, infusion of the selective ETA receptor antagonist BQ123, improves coronary
vascular function in patients with atherosclerosis. These data suggest that ET-1 receptor
blockade may be a new therapeutic strategy to improve coronary vascular function in
patients with atherosclerosis (122).

Additional mechanism by which ET-1 induces

atherosclerosis has been revelled recently. Ballinger et al have demonstrated that ET-1,
via ETA receptors, induces changes in the structure of glycosaminoglycan (GAG) that
increases its binding to low density lipoprotein (LDL) and modifies its lipid binding
proprieties within the vascular wall (133).

Neointimal formation is the major cause of vessel occlusion observed following balloon
angioplasty. Injury to the vascular endothelium and underlying tissue initiates intimal
thickening with migration of medial VSMCs towards the intima where they change from
the contractile to synthetic phenotype. The resultant thickened intimal layer forms a
pronounced neointima, narrowing the vessel lumen and acting as pro-atherosclerosis
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(134). ETA receptors have been identified on proliferating cells in the neointima of
porcine vein grafts and balloon-injured porcine coronary arteries (135). Infusion of
exogenous ET-1 has been shown to potentiate the development of intimal hyperplasia
following balloon catheter injury (136) whilst mixed ETA/ETB receptor antagonists or
ECE inhibitor reduced angioplasty-induced neointima formation (135;137;138) which
further support a role of ET-1 system in this process.

1-7-3 ET-1, Gi protein and hypertension

Guanine nucleotide regulatory proteins (G proteins) are a family of GTP-binding proteins
that play an important role in the regulation of a variety of signal transduction systems,
including the adenylyl cyclase/cAMP system. The activity of adenylyl cyclase is
regulated by two G proteins, Gs (stimulatory) and Gi (inhibitory). Alterations in the
levels of Gi proteins and cAMP levels that result in the impaired cellular functions lead to
various pathological states such as hypertension. Studies have been shown an increased
expression of Gi proteins and Gi protein mRNA in hearts and aortas from spontaneously
hypertensive rats (SHR) and in hearts from experimental hypertensive rats including
deoxycorticosterone acetate (DOCA)-salt hypertensive rats and 1 kidney 1 clip (1K1C)
rats with established hypertension with established hypertension (139-142). VSMC from
SHR exhibited enhanced levels of Gi protein as compared to WKY rats, which were
restored to control levels by antioxidants, suggesting a role of oxidative stress in this
process. (143). ET-1 treatment has been shown to increase both Gi-2 and Gi-3
expression without affecting Gs expression level in A10 VSMC (144) this may explain
the mechanism by which ET-1 contribute to established hypertension. Similar to ET-1,
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Ang II and arginine vaspressin have been also reported to increase the levels of Gi
proteins in VSMC, whereas atrial natriuretric peptides (ANP) and nitric NO, which
increase cGMP levels, decreased Gi protein expression in the cells (144-146). In this
context, it seems that ET-1 and NO have opposite action on Gi expression and adenylyl
cyclise activity which explains le vascular protection effect of NO as well as the
mechanism by which ET-1 contribute to establish hypertension.

1-7-4 ET-1 in heart failure

Circulating ET-1 levels have been shown to be increased not only in animal model but
also in humans with heart failure (147;148). In addition, the degree of plasma levels of
ET-1 correlates with the magnitude of alterations in cardiac hemodynamics and
functional class (149). It seems that low cardiac output, observed in heart failure, serves
as a stimulus for endot release because very high levels have been documented in animals
with low cardiac output and low ventricular filling pressures produced by thoracic
inferior vena cava constriction (150). Both selective (ETA receptor) and non-selective
(ETA/ETB receptors) ET receptor inhibitor have been shown to be beneficial in limiting
heart failure complication. Indeed, oral ET-receptor antagonist, bosentan, improved
systemic and pulmonary hemodynamics in heart failure patients. (151), same results have
been seen with a selective ETA receptor inhibitor (152). In fact a selective ETA receptor
blockade improved cardiac index in patients with congestive heart failure (152). Ohnishi
et al compared the effects of selective ETA and mixed ET A/B receptor antagonism using
FR139317 and TAK-044, respectively, in conscious dogs with heart failure. Both agents
improved cardiac function in these studies (153). Recently, by using anesthetized rats,
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Rufanova et al have shown that myocardial contractility was restored and cardiac
relaxation significantly improved after the application of PP36 an inhibitor of ECE
application suggesting a crucial role of ET production in this pathophysiology state (154).

1-8 ET-1induced signaling in vascular smooth muscle cells
ET-1 exerts its physiological actions through the activation of multiple signaling
pathways which include the PLC/DAG/IP3, MAPKs, and PI3-K/PKB pathways. As
shown in Fig. 4 and 8, many receptor and non-receptor tyrosine kinases also play a role in
initiating the ET-1-induced signaling events. The cellular events triggered by the
activation of these signalling pathways play important role in regulating the cellular
growth, proliferation, contraction and survival of VSMC, and aberration in this pathways
results in the pathological states.

1-8-1 ET-1-induced activation of phoshoinositide cascade
The binding of ET-1 to its receptor activates heterotrimeric guanine nucleotide binding
(G) proteins such as Gq which is the best characterized signal transducer for ETA
receptor. As with all heterotrimeric G-proteins, Gq consists of an D-subunit (Dq, or
related D-subunit, such as D11), a member of the E-subunit family as well as a member
of the -subunit family and is associated with the membrane (35;155). In the inactive
Gq heterotrimer, Dq is ligated to guanosine diphosphate (GDP) and exchange of GDP
for guanosine triphosphate (GTP) on Dq leads to the dissociation of Dq(GTP) and EJ
and both remain associated with the membrane (35). Their dissociation leads to the
activation of phosphoinositide-specific phospholipase CE (PLC E) (156;157), which
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then hydrolyzes the membrane phospholipid, phosphatidylinositol-4’,5’-bisphosphate
[PtdIns(4,5)P2] to generate two second messengers: hydrophobic diacylglycerol (DAG),
which remains in the membrane, and soluble inositol-1’,4’,5’-trisphosphate
[Ins(1,4,5)P3] (156;157). Ins(1,4,5)P3 diffuses into the cytoplasm and activates calcium
channels of the sarcoplasmic reticulum, which leads to an increase in Ca2+ levels in the
sarcoplasm

and

cell

contraction.

DAG

together

with

Ca2+

activates

the

phosphatidylserine-dependent protein kinase, protein kinase C (PKC) (Fig.4). The PKC
family of serine/threonine kinases have been subdivided into three groups: the classical
or conventional PKCs, which require DAG and Ca2+, include the isoenzymesDE and J
(158), the novel PKC (nPKC) which are DAG-dependent, but Ca2+-independent,
include the isoenzymes GHKTP and Q (158;159) and the atypical PKC (aPKC),
which are independent of DAG and Ca2+ and include [ and O isoenzymes (158;160).
ET-1 has been shown to activate PKC in cardiomyocytes (161) and in other cells
(162;163). Many studies have implicated PKC in the deleterious vascular effects of a
variety of pathologies including diabetes and hypertension (164). PKC has been shown
to be involved in ET-1-induced signalling in VSMCs (165;166). Moreover, growing
evidence suggests that PKC activity modulates proliferation (166;167) and contraction
of VSMCs evoked by ET-1 (168). Recntly, by using human VSMC, Chen et al have
reported an implication of PKC in ET-1-induced ERK activation through ETA receptors
(169). Thus, ET-1-induced activation of PKC and its downstream effects appear to be
important in regulating vascular functions.

In addition to PLC via Gq, ETA and ETB receptor subtypes are functionally coupled to
adenylate cyclase, via Gs in VSMC and Gi in endothelial cells respectively. (170;171). It
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has been also reported in other cell types that the calcium signal induced by ET-1 is
consequent to both an activation of PLC and inhibition of the calcium pump, both
effectors being coupled to the ETB receptor by different G proteins, Gq and Gs,
respectively (172).

1-8-2 Calcium calmodulin system in ET-1 signaling
It has been shown that, in VSMC, ET-1 evokes increase in intracellular calcium
concentration via a stimulated plasma membrane Ca2+ entry and/or sarcoplasmic
reticulum Ca2+ release (173-175). Cytoplasmic Ca2+ is tightly controlled and in the
unstimulated state it is believed to be around 100 nM. In response to various signalings
this concentration can rise up to 300-500 nM this increased Ca2+ signals participates in
many cellular functions including short-term contractile, secretory, or metabolic
responses to longer term regulation of transcription, growth, and cell division (176).
Through the activation of PLCE, ET-1 generates the second messengers IP3 and DAG.
IP3 diffuses rapidly within the cytosol and interacts with IP3 receptors (IP3R) located on
the endoplasmic reticulum, which function as calcium channels to release calcium stored
in the endoplasmic reticulum lumen and generate the initial calcium signal phase as
mention in the previously section. The resulting depletion of calcium stored within the
endoplasmic reticulum lumen functions as the primary trigger for a message that is
returned to the plasma membrane. The lowered luminal Ca2+ causes dissociation of Ca2+
bound to the low-affinity EF-hand Ca2+ -binding site on the N-terminus of stromalinteracting molecule (STIM)1, which is considered as a ‘‘sensor’’ of Ca2+ within ER Ca2+
store (177). This Ca2+ dissociation causes STIM1 molecules to aggregate and be
translocated close to the plasma membrane (177). At this level STIM1 interacts directly
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with Orai1 protein, (178) which serve as highly Ca2+-selective store-operated channel
(179) and allow entry of external calcium. This sustained calcium entry phase mediates
longer term cytosolic calcium signals and provides a means to replenish intracellular
stores (180).
The other product of PLC activation, DAG, also has important effects on calcium entry
channels. Transient receptor potential channels (TRPC) have been reported to play a
major role in GPCR-induced Ca2+ entry in VSMC and other cell types (180;181). DAG
has been shown to triggers Na+ entry via TRPC6 activation (178;182) which in turn
induces membrane depolarization resulting in activation of Ca2+ entry through L-type
voltage-activated Ca2+ channels (178).The TRPC6 channels also appear to be activated
by mechanical stretch, resulting again in depolarization and L-type Ca2+ channel
activation (183).
An important effector of Ca2+ is calmodulin (CaM) and many diverse actions of Ca 2+ and
CaM signaling are known to be mediated through Ca2+/CaM-dependent protein kinases
(CaMK). CaMKs are serine/threonine kinases that are regulated by Ca2+ liganded CaM.
Myosin light chain kinase (MLCK) and phosphorylase kinase are Ca2+/CaM-dependent
protein kinases which are dedicated to a particular substrate. Elongation factor-2 (EF-2)
kinase (originally termed CaMKIII) is also a kinase dedicated to the phosphorylation of a
single substrate (184). In contrast, CaMKs are multifunctional CaMKs (185) some
member of this family e.g. CaMKI, II and IV exhibit a board substrate specificity
whereas others members are more selective. In the context of cardiovascular system,
CaMKII has generated a lot of interest because of its potential involvement in myocardial
physiology and diseases (186)

30

Fig.4: Activation of MAPK pathway by ET-1 in VSMC. ET-1 receptor stimulation
leads to G-protein bJ activation which activates PLC E. Activated PLC E converts PIP2
to IP3 and diacylglycerol (DAG). IP3 elevates the concentration of intracellular calcium
and participates in muscle contraction. DAG activates PKC. PKC and/or
Ca2+/Calmodulin (CaM)-dependant protein kinase (CaMK) activate receptor and nonreceptor tyrosine kinases. Activation of these components signals the stimulation of
Ras/Raf/ MEK /ERK1/2, p38 mapk and JNK. The MAPK family members are
translocated to nucleus and regulate nuclear events by activating transcription factors
through phosphorylation.
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1-8-2-1 CaMKII
There are four known isoforms of CaMKII (D, , J, G) which are encoded by separate
genes.

and -CaMKII are the predominant neuronal isoforms and theG and J isoforms

are expressed in diverse tissues including the heart (187). In heart, the predominant
isoform isG (188) whereas both D and Gisoforms have been shown to be express in
VSMC (189;190).

1-8-2-1-1 Structure of CaMKII
Monomeric structure
The CaMKII monomer consists of an NH2-terminal catalytic domain, a centrally located
regulatory domain, and a COOH-terminal association domain (Fig.5). The catalytic
domain is needed to catalyze the transfer of the phosphate from ATP to serine or
threonines embedded within a CaMKII consensus motif (191). The regulatory domain
contains a pseudosubstrate sequence that, under basal conditions, binds and constrains the
catalytic domain. A CaM binding domain is located in the regulatory domain. The
pseudosubstrate sequence is found around an activating "autophosphorylation" site at
Thr286 for Disoform (Thr287 for G) (192) and a recently identified activating oxidation
site (Met281/Met282) (193). Phosphorylation of Thr286 or oxidation of Met281 and Met282
prevents the re-association of the catalytic and regulatory domains even after dissociation
of Ca2+/CaM complex, thereby enhancing the CaMKII signal. An inhibitory
autophosphorylation site, Thr 306/307, reacts with the Ca2+-CaM binding sequence. Basal
phosphorylation occurs preferentially at Thr306, preventing Ca2+/CaM binding, resulting
in decreased CaMKII activity (194). The association domain is responsible for the
assembly of CaMKII monomers into the holoenzyme.
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Holoenzyme structure
The partial structure of the CaMKII holoenzyme has been determined by
crystallographical studies. These studies have revealed that the ~600 kDa holoenzyme
consists of two central rings stacked on top of each other, with a diameter of ~145 Å,
formed by interaction of multiple association domains. This central ring serves as the
scaffold from which an outer ring, consisting of the regulatory and catalytic domains,

Fig.5 Linear diagram of a prototypical CaMKII subunit. The catalytic domain is
autoinhibeted by pseudosubstrate autoregultory sequence that is disinhibited following
Ca2+/CaM binding. The association domain produces the native form of the enzyme, a
multimeric holoenzyme composed of 12 subunits. Isoform differences present in
theDEJand G isoforms of CaMKII are contributed primarily by a region of multiple
alternatively spliced sequences, termed variable insert, which reside in the association
domain. Conserved site of autophosphorylation are indicated in autoregulatory domain.
From (Hudmon and Schulman Biochem. J. 364: 593-611, 2002)

arises (195). The holoenzyme is either a dodecameric (196;197) or a tetradecameric (195)
structure. This arrangement allows for a high concentration of catalytic domains that can
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interact with target proteins, including adjacent CaMKII monomers within the
holoenzyme. CaMKII autophosphorylation (at Thr286 for D or Thr287 for G) critically
depends on the arrangement of monomers within the holoenzyme. In vitro studies
revealed that the holoenzyme structure is critical for autophosphorylation graded activity
responses related to the frequency and duration of intracellular Ca2+ transients (198).

1-8-2-1-2 Activation of CaMKII
CaMKII requires Ca2+/CaM for activation (Fig.6). CaM is a bi-lobed intracellular protein
that contains four Ca2+-binding EF hands (2 EF hands in each lobe). Under basal
conditions, CaMKII is inactive because of intramolecular binding of the catalytic domain
to the regulatory domain. However, a fraction of CaMKII is active even under this
condition, because autophosphorylated Thr286/287 is detectable even in quiescent cells
(199). This inhibitory interaction between the catalytic and regulatory domains prevents
substrate and ATP binding (200-202). Calcified CaM (CaM and Ca2+ complex) binds to
the regulatory domain, inducing a conformational change that frees the catalytic domain
from its pseudosubtrate (203). The allosteric rearrangement of CaMKII upon binding
with Ca2+/CaM allows access to the ATP binding pocket, which in turn allows CaMKII to
catalyze the transfer of a phosphate donor group to downstream targets, including its
autophosphorylation. Autophosphorylation, which occurs by an intra-holoenzyme
reaction (204), has several important implications for CaMKII activity. First, Thr286/287
autophosphorylation results in a 1,000-fold increase in the affinity for binding with CaM,
a property known as "CaM
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Fig.6 CaMKII undergoes multiple autoregulatory states that may have an impact on its

function following
Ca2+/CaM activation
J. 364, 593-611, 2002)

From (Houdmon and Schulman Biochem.
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trapping" (205). Second, autophosphorylation results in the ability of the kinase to
maintain catalytic activity even in the absence of CaM binding (192). Under resting
conditions, phosphorylation occurs preferentially at Thr306, preventing Ca2+/CaM binding,
which in turn results in decreased CaMKII activity.

1-8-2-1-3 Role of CaMKII in heart diseases
There is a growing evidence for a pathophysiological role of CaMKII in cardiac
hypertrophy and heart failure for review, see reference (206). ET-1 has been shown to
increase the activity of CaMKII and induces hypertrophy in cardiomyocyte. Pretreatment
with KN-62, a CaMK inhibitor, was able to suppress ET-1-induced cardiomyocyte
hypertrophy measured by -myosin heavy chain promoter activation and [3H]
phenylalanine uptake (207). Hypertrophic responses induces by Leukemia inhibitory
factor (LIF), a glycoprotein cytokine, was also attenuated by CaMKII inhibitor in
cardiomyocytes (208). Furthermore, an increase in CaMKII expression (209) and activity
(210) has been reported in hypertrophied myocardium from spontaneously hypertensive
rat (SHR). More recently, by using hearts extracted from CaMKIIGnull mice, a critical
role of CaMKII in pathological cardiac hypertrophy and remodeling has been reported
(211). CaMKII upregulation and activation has been found to play a role in development
and maintenance of heart failure (208). Further evidence linking CaMKII and heart
failure comes from studies suggesting that mice with genetic CaMKII inhibition reverse
heart failure-associated changes (212). The mechanism by which CaMKII induces its
cardiac alteration seems to be modulation of ryanodine receptor thereby regulating the
Ca2+ leak from sarcoplasmic reticulum (213). CaMKII activation plays a role not only in

36
heart failure and cardiac hypertrophy but also in cardiac arrtythmias. It has been reported
that CaMKII is a proarrhythmic signaling molecule in cardiac hypertrophy in vivo. (214)
and calmodulin kinase inhibition prevents development of the arrhythmogenic transient
inward current. (215).

1-8-2-1-4 Role of CaMKII in vascular diseases
Similar to the cardiac system, an involvement of CaMKII in regulating vascular function
has also been suggested. It has been shown that CaMKII regulates proliferation of VSMC
in thoracic aorta, (216) and in rat carotid arteries (217). Others studies indicated
involvement of CaMKII in cell migration. siRNA-mediated suppression of CaMKIIG2
resulted in the inhibition of wound-induced Golgi reorganization and ERK1/2 activation
leading to cell migration (218) and insulin-stimulated cGMP inhibits VSMC migration by
inhibiting CaMKII (219). In addition, by using an antisense knockdown of CaMKII
gamma, it has been reported that CaMKII is essential for ERK-mediated signaling in
differentiated smooth muscle cells (220). This notion is further supported by studies
showing that pharmacological blockade of CaMKII by KN-93 improved vascular
hyperplasia and hypertension in AngII-induced hypertensive rats (221), and normalized
aberrant vascular reactivity in diabetes-induced vascular dysfunction (222;223).
Furthermore, norepinephrine and Ang II-induced arachidonic acid release, which is
considered as the first step of inflammation, have been shown to be mediated by
CaMKIIDactivation in rabbit aortic smooth muscle cells (189;224). More recently,
CaMKII has been also found to be induced in smooth muscle cells during the response of
an artery to injury and is a positive regulator of proliferation and migration in the vessel
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wall contributing to neointima formation and vascular remodeling (217). Since a
hightened proliferation and migration of VSMC are hallmarks of vascular disease,
CaMKII has been suggested to play an important role in the pathogenesis of vascular
diseases (221;222).

1-8-3 ET-1-induced activation of MAPK cascade in VSMC
ET-1 receptor activation also leads to the stimulation of MAP Kinase cascade (Fig.4).
The first component of this cascade is Ras, a member of the small GTP-binding protein
family. Ras cycles between an active GTP-bound conformation and an inactive GDP
bound form (225). Once activated, Ras, bound to membrane, recruits Raf, also known
as mitogen activated protein kinase kinase kinase MAPKKK (226). Raf phosphorylates
MEK or MAPKK at specific serine/threonine residues, which in turn, phosphorylates
MAPKs, such as extracellular signal regulated kinases 1 and 2 (ERK1/2) on threonine
and tyrosine residues (227). MAPKs are serine/threonine protein kinases, which are
activated in response to a variety of external stimuli such as growth factors, hormones
and stress (228-233). Several reports have demonstrated that ET-1 activates ERK1/2
signaling pathway in many cell types including cardiomyocytes (6), fibroblasts (234),
glomerular mesangial cells (235) and VSMCs (10). ERK1/2, p38mapk and c-Jun Nterminal kinases (JNK) are the principal MAPKs (236;237). MEK1/2 phosphorylate
ERK1/2, which promote growth signaling, whereas, MEK 4/7 and MEK 3/6
phosphorylate JNK and p38mapk respectively, which control survival, differentiation and
inflammation (41;230;237;238). Several studies have suggested that the activation of
MAPKs in response to ET-1 was responsible to promote proliferation in VSMC
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(10;239). It has been demonstrated that ERK5, a new member of the MAPK family,
which is involved in cell differentiation and cell cycle, is activated by ET-1 and
angiotensin II , another vasoactive peptide with similar effects as ET-1, in VSMCs
(240). A role of MAPKs activation in regulating the contraction of VSMCs in response
to ET-1 and angiotensin II has also been reported (241-243).
Activation of ERK1/2 leads to the phosphorylation of downstream cytosolic regulatory
proteins, such as p90rsk which phosphorylates ribosomal proteins and participates in
protein synthesis (244). Also, ERK1/2 and other MAPK family members are
translocated from the cytosol to the nucleus (237;245) and phosphorylate many
transcription factors which lead to activation of genes involved in growth and
differentiation (237;246)(Fig.4). ET-1 also activates (but to a lesser degree than ERKs)
JNK and p38mapk cascades in cardiomyocytes (6;247), in VSMC (248) as well as in
mesangial cells (8). In addition to Ras, several other small G-protein families such as
Rho, Rab and Ran have been shown to be stimulated by ET-1 (225). ET-1 activates
members of the Rho family in cardiomyocytes (249) and fibroblasts (250), which are
positive regulators of p38mapk pathway (251). The precise events that mediate ET-1
induced activation of Ras/Raf/MEK and ERK1/2 remain poorly characterized,
however, there is some evidence supporting the involvement of PKC in Ras activation
in many cell types including cardiomyocytes (161) and rat myometrial cells (162). A
possible role of a calcium-regulated cytoplasmic proline-rich tyrosine kinase 2, Pyk2
(also known as related adhesion focal tyrosine kinase (RAFTK), focal adhesion kinase2 (FAK-2) and cell adhesion kinase E (CAK E), calcium-dependent tyrosine kinase
(CADTK)), in the activation of MAPK has been suggested in primary astrocytes
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(252;253) and rat kidney mesangial cells (254). Pyk2 is also activated by ET-1 in
VSMCs and may serve as an upstream regulator of MAPK cascade in VSMCs (10). In
several other cell types, Ca2+- and PKC-dependent Pyk2 activation (255) has been
shown to link GPCRs to upstream regulators of MAPK-signaling, such as Src, Shc,
Grb2, son of the sevenless (SOS) and the Ras guanosine nucleotide exchange factor
(254;256;257).. Previous data has shown that ET-1-induced association of Pyk2
through the binding of its autophosphorylated Tyr-402 to the SH2 (Src-homology 2)
domain of c-Src leads to c-Src activation in many cell types including mesangial cells
(254;256) and cardiomyocytes (258). Activated c-Src bound to Pyk2 might directly
phosphorylate adjacent cellular proteins, such as p130Cas, which then act as docking
protein to recruit its effectors able to activate JNK (259;260) in cardiomyocytes (247).
Other studies have suggested that CaMKII may serve as an upstream regulator of
MAPK pathway in VSMCs through the activation of Pyk2 (261), however a role of
CaMKII in ET-1 evoked ERK1/2 activation is not Known.

1-8-4 ET-1-induced PI3-K activation in VSMC.
Phosphatidylinositol-3 kinases (PI3-Ks), which are a family of both protein and lipid
kinases have also emerged as an important effector of ET-1 action. PI3-K catalyzes the
transfer of phosphate from ATP to the 3’position of the inositol ring of the membranelocalized phosphoinositides such as phosphatidylinositol (PtdIns), phosphatidylinositol-4phosphate (PtdIns-4-P) and phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5-P2) and
generates PtdIns-3-P, PtdIns-3,4-P2 and PtdIns-3,4,5-P3 respectively (Fig.7). These
phospholipids act as second messengers to activate several proteins kinase such as
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Fig. 7 Major pathways of phosphoinositol metabolism. (A) Structure of
phosphoinositol (PtdIns) which is phosphorylated on the myoinositol head group to
produce different phosphoinositides (B) Metabolic pathways involved in PtdIns
metabolism and the key role of lipid kinases and phosphatases. IP3, inositol 1,4,5triphosphate; DAG, diacylglycerol. Solid lines refer to well-established pathways.
From (Oudit GY et al PJ Mol Cell Cardiol. 37:449-71, 2004).
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PtdIns-3,4,5-P3 dependent protein kinase (PDK), protein kinase B ( PKB)/Akt and 70
KDa ribosomal protein S6 kinase (p70S6K )(262).
PI3-Ks are divided into three classes based on their structure and mechanism of
regulation (262). Class I PI3-Ks generate PtdIns-3-P, PtdIns-3,4-P2, PtdIns-3,4,5-P3 and
are activated by receptor tyrosine kinases and G-protein-coupled receptors (263). Class II
PI3-Ks generate PtdIns-3-P and PtdIns-3,4-P2 and possess a lipid binding domain,
whereas, Class III PI3-Ks generate PtdIns-3-P only (263). Class I PI3-Ks are ubiquitously
expressed and represent the dominant form in cardiovascular tissues (264)(Fig.7). Class I
PI3-Ks are subdivided further into class IA and IB, and are heterodimeric proteins
consisting of a catalytic and a regulatory (accessory) subunit. The catalytic subunits of
class IA- PI3-K exist in three isoforms: p110D p110E and p110G, among these, p110D
has more ubiquitous distribution than p110E and p110G. Similarly, the regulatory adaptor
subunit for classIA-PI3-K also has several isoforms: p85D ,p85E and p55J which are
products of three genes and their splice variants (237). The class IA PI3-Ks are believed
to be typically activated in response to tyrosine kinase coupled stimuli. In contrast to
class IA PI3-K, the class IB enzyme (PI3-KJ) consist of a catalytic subunit PI3-K (p110J)
and a regulatory subunit (p101) and are usually activated by G EJ subunits of G proteins
liberated by GPCR activation (264).
Except for rat glomerular mesangial cells where ET-1 was shown to directly increase the
catalytic activity of PI3-K (161), a direct activation of PI3-K in VSMC has not been
documented. However, an involvement of PI3-K as an upstream mediator of several ET-1
induced responses has been reported. For example, a role of PI3-K in ET-1-induced Ca 2+
influx in carotid artery and in basilar artery contraction was recently shown by using
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wortmannin and LY 294002 specific inhibitor of PI3-K (265;266). In mesangial cells,
ET-1 receptor activation has been shown to stimulate PI3-K phosphorylation through Ras
(257). Also, in rabbit internal carotid artery VSMCs, PI3-K appeared to be involved in
ET-1-induced Pyk2 tyrosine phosphorylation (265). Conversely, studies using
angiotensin (Ang II), a vasoactive peptide with similar effects to ET-1, have suggested
that Pyk2 regulates PI3-K cascade specifically via interaction of Pyk2 with p130Cas
which lead to their association with PI3-K in VSMC (49). Moreover, the recent work
demonstrating that mice lacking PI3-KJ are protected from angiotensin-evoked smooth
muscle contraction and hypertension provides further support for an important role of
PI3-K signalling in vascular pathobiology (267).

1-8-5 ET-1-induced PKB activation in VSMC.
Several downstream targets of PI3-K have been identified. However, the most widely
studied target is PKB, also known as Akt (a product of akt proto-oncogene). PKB is a
serine/threonine kinase with three identified isoforms in mammalian system:
PKBD/Akt1, PKBE/Akt2 and PKBJ/Akt3 (268-270). They are activated by dual
phosphorylation on threonine and serine residues (Thr308 and Ser473 for PKBD, Thr309
and Ser474 for PKBEand finely Thr302 and Ser472) for PKB J(271) and contain a central
catalytic kinase domain with specificity for serine or threonine residues in substrate
proteins (271). N-terminal of PKB possesses a pleckstrin homology (PH) domain that
binds phospholipids generated by PI3-K activation. A short glycine-rich region that
bridges the PH domain to the catalytic domain follows the PH domain. The C-terminus
of PKB is hydrophobic and possesses a proline-rich domain (272).
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The lipid products of PI3-K bind with high affinity and specificity to the PH-domain of
PKB with a preference of PtdIns-3,4-P2 over PtdIns-3,4,5-P3 (273). This binding
induces translocation of PKB to the plasma membrane where its phosphorylation on
Thr308 by PDK-1 and Ser473 by a hypothetical kinase termed as PDK-2 is required
for its complete activation (273) (Fig. 8).
ET-1 has been shown to increase PKB activation in cardiomyocytes (274), in
myofibroblast (275), in human umbilical vein endothelial cells (276) and in human
osteoarthritis chondrocytes as well as in A-10 VSMCs (10). An involvement of PKB in
vascular disease was suggested from studies in which an enhanced PKB activity was
associated with angiotensin-induced hypertension in New Zealand White rats (277).
Furthermore, a role of PKB in regulating the ploidy levels and hypertrophy of VSMCs
has also been suggested in a model of hypertension (278). Several different substrates
of PKB have been identified which include members of the cell survival/apoptosis
cascade such as Bcl2 associated death promoter (BAD) (272;279), caspase (280) and
glycogen synthase kinase 3 (GSK-3) (281), as well as key regulators of protein
synthesis and cell growth such as mammalian target of rapamycin mTOR (282) (Fig.8).
Thus, the stimulation of PI3-K/PKB signalling in response to ET-1 receptor activation
has implications in regulating not only survival and death but also hypertrophic
responses in VSMCs.

1-8-6 ET-1-induced growth factor receptor transactivation
There is an increasing body of evidence to suggest that vasoactive peptides such as ET-1
whose receptor belong to GPCR family stimulate intracellular signalling pathway through
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Fig.8: Activatin of PI-3K/Akt pathway by ET-1 in VSMC. ET-1 receptor stimulation
leads to G-protein bJ activation which activates PLCE. Activated PLCE converts PIP2 to
IP3 and diacylglycerol (DAG). IP3 elevates the concentration of intracellular calcium and
participates in muscle contraction. DAG activates PKC. PKC and/or Ca2+/Calmodulin
(CaM)-dependant protein kinase (CaMK) activate receptor and non-receptor tyrosine
kinases such as Src and Pyk2. Activation of these components can eventually contribute
to the activation of PI3-K. PI3K activation leads to the production of PI(3,4,5)P3 from PI
(4,5) which results in recruitment and activation of PKB. PKB has several effectors.

45
transactivation of receptor protein tyrosine kinases (R-PTK) (283). Among the various RPTK, the role of EGF-R, IGF-R and PDGF-R in this process has been investigated in
some detail(284;285).

1-8-6-1 Role of EGF-R
The EGF-R is a R-PTK that is ubiquitously expressed in a variety of cell types, with the
most abundant expression in epithelial cells and many cancer cells (286-288). It contains
an extracellular ligand binding domain, a single transmembrane domain and a
cytoplasmic tyrosine kinase autophosphorylation and regulatory domain (reviewed in
(289)). EGF-R undergoes dimerization to induce autophosphorylation of tyrosine
residues in its tyrosine kinase domain in response to ligand binding (287;290).
Dimerization activates the intrinsic PTK activity of the intracellular domain leading to the
phosphorylation of several key tyrosine residues. Phosphorylated tyrosines serve as
docking sites for binding with Src homology 2 (SH-2) domain containing signaling
proteins which trigger downstream events. The phosphorylation of EGF-R on Tyr1068
recruits of the adaptor protein Grb2, leading to the activation of Ras/ERK1/2 pathway.
ET-1 has been shown to transactivate EGF-R by tyrosine phosphorylation in many cell
types (96;258;291), and a critical role of this transactivation in mediating ET-1-induced
ERK1/2 activation has been suggested (96). An increase in EGF-R phosphorylation and
ERK1/2 activation was also reported in freshly isolated rat aorta in response to ET-1
stimulation, and PD153035, an EGF-R PTK inhibitor, blocked ERK1/2 phosphorylation
in these studies (258). An involvement of ET-1-induced EGF-R transactivation has been
implicated in protein and DNA synthesis and c-Fox gene transcription in VSMCs
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(96;292). In contrast to the results of Iwasaki et al showing that ET-1-induced protein
synthesis could be blocked by AG1478, an other blocker of EGF-R , in vivo studies have
failed to show any inhibitory effect of this inhibitor on total protein synthesis is small
mesenteric arteries (293). However, these investigators did not examine the effect of
AG1478 on EGF-R phosphorylation. A requirement of EGF-R transactivation in ET-1induced vascular contraction has also been shown in rabbit basilary artery rings (294) and
in mouse aortic ring segments (95). Chansel et al reported that the ET-1-induced
vasoconstriction in carotid artery segments in mice dependent also on EGF-R
transactivation (291). This contractile response was dependent on ERK1/2 activation
because pharmacological blockade of this pathway inhibited ET-1-induced contraction in
basilary artery rings (294). Although, several studies in VSMCs have suggested an
involvement of ETA receptor in ET-1-induced EGF-R transactivation, recently , by using
either the full-length ETB receptor or a N-terminally truncated, a role of ETB receptor in
this process has also been suggested (295). It thus appears that EGF-R transactivation
plays a role not only in growth promoting /hypertrophic responses of ET-1, but also in
mediating the contractile events induced by these two vasoactive peptides.

1-8-6-2 Role of IGF-1R
The IGF-1R is also a R-PTK that shares structural and functional homology with the
insulin receptor. The mature receptor is a tetramer consisting of 2 extracellular D-chains
and 2 intracellular -chains (296). The -chains include an intracellular tyrosine kinase
domain that is believed to be essential for most of the receptor’s biologic effects (297).
Binding of IGF-1 or Insulin (at very high concentrations) induces the activation of PTK
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domain of IGF-1R subunit which in turn activates the autophosphorylation of the
receptor (reviewed in (298)). One of the earliest steps in signal transduction initiated by
the IGF-1R is the phosphorylation of adaptor/docking proteins such as insulin receptor
substrate (IRS-1 or IRS-2) and Shc (299;300). IRS-1, an important substrate for both the
insulin and the IGF-1 receptor, contains multiple tyrosine phosphorylation sites that
recognize and bind to SH2-domain containing signaling molecules, such as Grb2, Nck,
the p85 subunit of PI3-K and the SH2 domain-containing tyrosine phosphatase-2 (SHP-2)
(299). Of these, the binding of Grb2/Sos to tyrosine-phosphorylated IRS-1 activates Ras,
which then stimulates the Raf-1/MAPK cascade (301). Shc can also interact directly with
IGF-1R (302). After tyrosine phosphorylation of Shc, it recruits the Grb2/Sos complex
and activates the Ras/Raf-1/MEK/ERK pathway (301). The activated IGF-1R also
triggers the activation of PI3-K and its downstream targets PKB and p70s6k (303;304).
It has been shown that ET-1 transactivates IGF-1R via Src kinase, and that activation of
IGF-1R results in PI3-K mediated Akt phosphorylation therby ET-1 triggers the
development and progression of prostate cancer cell (305). In VSMC, we have shown
recently a requirement of IGF-1R in ET-1-induced PKB phosphorylation. These studies
have shown that ET-1 was able to phosphorylate IGF-1R and inhibition of IGF-1R using
AG1024, a selective pharmacological inhibitor of IGF-1R-PTK activity, attenuated both
PKB phosphorylation and cell growth evoked by ET-1 (306).
There is also some evidence indicating that transactivation of EGFR mediates the
responses of IGF-1R in some cell types suggesting the existence of a cross-talk between
IGF-R and EGF-R transactivation (307). Moreover, the studies showing that dominant
negative or antisense oligonucleotide of IGF-1R are able to attenuate neointima
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formation in an injured carotid artery rat model (308) and reduce AT1 receptors
expression and function in spontaneously hypertensive rats (309) supports a potential
pathogenic role of upregulated IGF-1R signalling in vascular disease.
Although several studies have shown that PDGFR undergoes tyrosine phosphorylation in
response to Ang II in vitro and in vivo (310;311) an effect of ET-1 on PDGFR
transactivation has not been established in VSMC (292)

1-8-6-3 Mechanism of growth factor receptors transactivation
The mechanism by which vasoactive peptides transactivate growth factor
receptors is not fully understood, yet several possible mechanisms have been suggested.
The first mechanism involves metalloproteinase-induced cleavage of pro-heparin binding
EGF (proHB-EGF) to HB-EGF which binds to the ectodomain of EGFR, and activates
downstream signalling events (312). Both ET-1- and AngII-induced EGFR
transactivation have been found to be sensitive to inhibition by a series of
metalloproteinase inhibitors such as GM6001, doxycyclin and batimastat (291;312).
These inhibitors were also shown to block downstream signaling induced by ET-1 and
AngII in VSMC (291;313). Several matrix metalloproteinases have been identified and
some of these have been implicated in cardiovascular pathophysiology. For example, an
involvement of MMP2/9, a member of MMP family, in the development of pressureinduced enhanced myogenic tone in mouse resistance artery has been reported (314). A
role of ADAM 17, also known as tumor necrosis factor (TNF) alpha-converting enzyme
(TACE), in mediating AngII-induced VSMC hypertrophy and EGFR transactivation was
recently demonstrated (315). Interestingly, another ADAM family member, ADAM10,
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was shown to have no role in AngII-induced EGFR transactivation in this system (315),
whereas a requirement of ADAM 12 in AngII-induced cardiac hypertrophy and HB-EGF
release was demonstrated (316). It seems that requirement of specific MMPs/ADAMs to
release HB-EGF from pro-HB-EGF is dependent on cell type and physiological context.
Although, MMPs are crucial for EGFR transactivation, a similar role of MMPs in
PDGFR or IGF-1R transactivation remains to be established.
In VSMCs, ET-1 and other vasoactive peptides mediate their responses through the
generation of reactive oxygen species (ROS) (10;240). ROS have been suggested to serve
as critical signaling molecules (317), and it may be possible that ROS generation could
be among the mechanisms by which vasoactive peptides transactivate EGFR. In fact, by
using different antioxidants, a requirement of ROS generation in ET-1 and Ang IIinduced phosphorylation of EGFR has been demonstrated (318). There is also some
suggestion for a role of ROS generation in MMP activation (319)
The precise mechanism by which ROS contributes to the transactivation of growth factor
receptors-PTKs is still unclear. However, in view of the ability of ROS to inhibit
PTPases, such as PTP-1B(320)and SH-2 domain-containing tyrosine phosphatase -2
(SHP-2) (321;322), it is possible that ROS can shift the equilibrium of the
phosphorylation-dephosphorylation cycle, culminating in a net increase of tyrosine
phosphorylation of R-PTK and /or other PTKs (284;323;324). The activated PTKs can
thus promote the assembly of signaling components essential to trigger the ERK1/2 and
PKB signaling pathways. It should be noted that a potential role of several non-receptors
PTKs, such a Src and Pyk-2, in inducing AngII-induced EGFR transactivation has also
been demonstrated (318;325).
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2 Reactive oxygen species
During the last few years, evidence has accumulated to suggest that the generation of
reactive oxygen species (ROS) play a crucial role in the development and the progression
of vascular dysfunction (326;327). More recent reports have confirmed this concept
(328). Under oxidative stress conditions, excessive endogenous formation of ROS
overcomes cellular antioxidant defense mechanisms, which results in ROS-initiated
modification of lipids, proteins, carbohydrates and DNA (327). ROS are very small,
rapidly diffusible, highly reactive molecules and include hydroxyl radicals (OH.),
superoxide anion (O2.-) and non-radical derivative such as hydrogen peroxide (H2O2)
(Fig.9). Mitochondria is among the sources of endogenous ROS, which convert 1-2 % of
consumed molecular oxygen into superoxide anion (329). In VSMCs and endothelial
cells, NADH/NADPH oxidases represent the most important source of O2.- (330).
NADPH oxidase catalyzes the NADPH-dependent reduction of oxygen to O2.-, which is
converted to H2O2 either by a protonation reaction or by the action of superoxide
dismutase (SOD). H2O2 is reduced to H2O by catalase or glutathion peroxidase. Under
certain conditions and in presence of metals, H2O2 can generate the extremely active OH.
via Fenton or Haber-Weiss reaction (233) (Fig.9).

2-1 ROS mediates ET-1 signaling
ET-1 has been shown to activate NADPH oxidase, thereby increasing O2.- levels in
endothelial cells (331) and cardiomyocytes (332) and stimulates O2.- production in
pulmonary smooth muscle cells (333). Studies, from Fei lab, have shown that ET-1 can
activate NADPH oxidase in VSMC (334) and that, in vivo, free radicals generated in this

51

Fig 9. Key steps in the production of reactive oxygen species
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manner could play important roles in mineralocorticoid-induced hypertension,
(98;335;336). Findings also suggest that ET-1 can increase O2.- levels via activation of
NADPH oxidase in DOCA-salt rats (98). More recently, it has been documented that ET1 induces Ca2+ sensitization through activation of RhoA/ROK signaling induced by ROS
in pulmonary VSM (337) and induces the activation of L-type Ca2+ channels via
stimulation of NAD(P)H-derived superoxide production in cardiac myocytes (332).
Increased ROS generation has been associated with a variety of cardiovascular
pathologies (326) including hypertension (338) and atherosclerosis (339). Pathogenesis of
cardiovascular diseases by activating ROS are thought to participate in the cellular
signaling pathways responsible for promoting cell growth (340) and proliferation (234). It
has been demonstrated that ET-1 induces JNK and p38mapk activation through ROS
generation but not ERK1/2 (341). These findings are consistent with those of Fei et al.
(334), who demonstrated that JNK activation but not ERK1/2 activation by ET-1 was
significantly inhibited by antioxidants in rat smooth muscle cells. Conversely, a study
demonstrated the involvement of ROS in ET-1-induced activation of ERK1/2 pathway as
well as JNK and p38mapk in cardiac fibroblasts (234). Moreover, our laboratory has
demonstrated a role of ROS in ET-1-induced activation of ERK1/2, PKB, and Pyk2
signaling in VSMCs (10;284;324).
ROS, such as H2O2 has been shown to induce increases in cytoplamic Ca2+ in a number of
cell types including cells from vascular system (342). This finding was first reported by
Hyslop et al. (343). The mechanism by which H2O2 induces intracellular Ca2+ is not fully
clarified, however several hypotheses have been proposed. A potential role of
extracellular Ca2+ entry into cells through voltage dependent Ca2+ channels and
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intracellular Ca2+ from caffeine- and noradrenaline-sensitive stores in mediating H2O2induced contractile responses of aortic ring has been suggested (344). It has also been
reported that the activation of the tyrosine kinase c-Src contributes to the activation of
store-mediated Ca2+ entry in platelets by H2O2 (345). In addition the increase in
cytoplasmic Ca2+evoked by H2O2 in endothelial cells, appears to be derived totally from
intracellular stores since BABTA-AM could attenuate this increase (346). Recently,
Hecquet et al. have demonstrated a novel mechanism of H2O2-mediated disruption of
endothelial barrier function that is attributable to a rise in intracellular Ca2+ mediated by
Ca2+ entry through oxidant-sensitive channels named transient receptor potential
melastatin (TRPM2) (347).

2-2 ROS in cardiovascular pathophysiology
Oxidative stress plays an important role in the pathophysiology of cardiovascular
diseases such as hypertension, atherosclerosis, diabetes, cardiac hypertrophy and heart
failure. Although several sources of ROS may be involved, a family of NADPH oxidases
appears to be important for redox signaling. It has been reported that both NADPH
oxidase subunit expression and activity are increased in Ang II-induced hypertension in
rats (338;348) and the fact that ROS concentration is increased in hypertensive mice
(349) indicate strongly the critical role of oxidative stress in hypertension. Treatment
with an NADPH oxidase inhibitor decreases vascular O2- production and attenuates Ang
II-induced elevation in blood pressure (350). Some subunits of NADPH oxidase have
been reported to be implicated in hypertension. Nox1-deficient mice and p47phoxdeficient mice have reduced vascular O2- production and blunted pressor responses to
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Ang II (351;352) whilst transgenic mice overexpressing Nox1 in smooth muscle show
enhanced O2- levels and blood pressure in response to Ang II (353). In SHR, the
mechanism by which oxidative stress induced hypertension seems to be the enhanced
expression of GiD proteins and adenylyl cyclase singaling in VSMCs (143). Furthermore,
many other studies reported that antioxidants such as N-acetyl-cysteine, tempol and
vitamins E and C prevent the development of hypertension in several animal models
(354-356).
Evidence supports important pathophysiological roles for redox-sensitive signaling
pathways in the processes underlying left ventricular hypertrophy, adverse left ventricular
remodelling and congestive heart failure. Experimental (357) and clinical (358) studies
have suggested that oxidative stress is increased in heart failure, and also have indicated
that the degree of free radical production is linked to the severity of the disease.
Hypertrophy of isolated cardiomyocytes induced by ET-1 or Ang II has been shown to
involve increased ROS production (359). Similarly, the inhibition of cellular SOD
activity, which leads to increased intracellular ROS levels, induces hypertrophy of
isolated cardiomyocytes (360). Increased ROS production also promotes the development
of interstitial and perivascular fibrosis as well as promoting increased extracellular matrix
turnover, at least in part through the activation of MMP(361). Recently, evidence
suggested that ROS may also induce specific changes in the function of proteins involved
in myocardial excitation–contraction coupling, which include the sarcoplasmic reticulum
Ca2+ ATPase pump, ryanodine receptor and contractile proteins (362). Thus it appears
that ROS, via its effects on signaling pathways linked to hypertrophy, proliferation, and
growth may contribute to various cardiovascular pathologies.
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3 Nitric oxide
NO is a free radical that was previously described as a non-prostaglandin, endotheliumderived relaxing factor (EDRF) (40;363) and is involved in the regulation of a large
number of biological processes (40;363). Efforts to understand the role of NO in the
cardiovascular nervous and immune systems have revealed that it can modulate a variety
of cellular and pathologies events including cell proliferation, growth, apoptosis,
inflammation, kidney function, diabetes, oxidative stress and aging (364;365). Most
notably, NO has emerged as an important cardiovascular protective agent by its ability to
exert anti-hypertrophic, anti-proliferative and anti apoptotic effect in cardiovascular
system (366;367).

3-1 Relationship between ET-1 and Nitric oxide
Both ET-1 and NO are two endothelium- derived mediators that act as mutual antagonists
in maintaining vascular tone as well as other physiological and pathological processes
(368;369). In endothelial cells, the binding of ET-1 to ETB receptors, stimulates the
release of NO which diffuses in to the smooth muscle cells and induces physiological
effects. It has been suggested that long term exposure of endothelial cells to ET-1
decreased NO levels by both degradation and attenuation of NO production resulting in
endothelial dysfunction (370). It was also shown that endothelium-restricted
overexpression of ET-1 caused endothelial dysfunction and a decrease in the level of NO
(371). And the results from pre-clinical and clinical data further support this notion that
the blockade of ET receptor function improves NO bioavailability and endothelial
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function in pathological situations (370). However the precise molecular details by which
NO antagonize the physiological effects of ET-1 in VSMCs remains to clarify.

3-2 Formation of nitric oxide
NO is formed from the aminoacid, L-arginine, in an oxidative reaction that consumes
molecular oxygen and reducing equivalents in the form of NADPH (364;365;372) (Fig.
10). Reaction products are NO, NADP+ and citrulline. NO is produced by the enzyme
nitric oxide synthase (NOS), by the deamination of L-arginine. NOS is an enzyme
requiring FAD, FMN, heme, Ca2+, calmodulin and 6(R)-tetra-hydro-L-biopterin (BH4) as
cofactors (372). Since NO is a signaling hydrophobic molecule small enough to pass
across the target-cell plasma membrane, NO cannot be stored and released as needed
(363). NO acts locally because it has a short half-life (5-10 seconds) in the extracellular
space before it is converted to nitrates and nitrites by oxygen and water (364).
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Fig.10. The NOS-catalysed reaction
From (Andrew, P. J et al. Cardiovasc Res 43:521-531;1999)
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3-3 NOS isoforms
Three distinct NOS enzymes, each a product of a unique gene, have been identified and
characterized (363;364;373). The neuronal form (nNOS or NOS-1) is a Ca2+-dependent
enzyme found in neuronal tissue and skeletal muscle. Four splice variants of full lengh
nNOS (nNOS) have been identified recently (nNOS, nNOS, nNOS and nNOS-2).
The second isoform of NOS (iNOS or NOS-2) is inducible in a variety of cells and
tissues in response to cytokine or endotoxin activation. Although, it is largely believed
that in normal condition VSMCs do not express iNOS, regulation of iNOS gene
expression in VSMCs has been reviewed (374). The third form, first found in vascular
endothelial cells (eNOS or NOS-3), is also Ca2+-dependent, but differs from the neuronal
form by its smaller size. eNOS is myristoylated and palmitoylated at the N-terminus.
Those modifications are required to localize it to the plasmalemmal caveolae of
endothelial cells. Human enzymes exhibit approximately 51-57 % homology at the
aminoacid level (363;373). Structurally, all NOS isozymes consist of a carboxy-terminal
reductase domain which binds the flavin cofactors. A Ca2+/calmodulin binding domain
lies in the center followed by an oxygenase domain where binding of heme, O2, BH4 and
arginine substrate take place (373).

3-4 Nitric oxide function
NO cellular signaling involves the regulated synthesis of NO by eNOS in the vascular
endothelium, diffusion of NO into adjacent smooth muscle cell and activation of the
soluble isoform of guanylate cyclase (sGC) (375). When NO binds to the pentacoordinate
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ferrous heme of the sGC that appears to be uniquely tuned to interact with NO, a
conformational change occur in the enzyme, stimulating its catalytic activity (376). NO
causes relaxation of the smooth muscle by mediating the formation of cGMP that acts as
a second messenger and activates the cGMP-dependent protein kinases (protein kinase G)
(375;377), which in turn, facilitates the phosphorylation of various proteins as well as the
reduction of intracellular calcium concentrations by different mechanisms

(378).

Moreover, NO also targets many proteins either by nitrosylation of thiol residues,
nitration of tyrosine or oxidizing DNA and proteins (378). Increasing evidence indicates
also that NO may inactivate NADPH oxidase by inhibiting its assembling process, thus
reducing the ROS levels (379). In higher concentrations, NO can react rapidly with
superoxide (O2-) to form peroxynitrite (ONOO-), a potent oxidant with the potential to
disrupt protein structures by nitrating the protein tyrosine residues (380). Although NO
signaling is complex as a result of its interactions with ROS, heme groups on proteins,
sulfhydryl groups, and other cellular targets, the activation of guanylate cyclase remains
among the important pathway in mediating NO action (375).

3-5 Guanylate cyclase
Guanylate cyclase is an enzyme that catalyses the conversion of the guanosine
triphosphate (GTP) to 3’-5’-guanosine monophosphate (cGMP). The guanylate cyclase is
found in many cellular compartments (378). Two major forms of guanylate cyclases are
known, the particulate guanylate cyclase and the soluble guanylate cyclase. It is generally
believed that activation of soluble guanylate cyclase (sGC) is the principal intracellular
event that initiates relaxation (381;382). The activity of the sGC is regulated by
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nitrovasodilators, oxidation products of fatty acid and free radicals (383). sGC is a
heterodimer of two subunits  and . Each subunit is divided in three different domains:
the heme-binding domain, the catalytic domain and the dimerization domain
(383)(Fig.12). N-terminal of each subunit contains heme as a prosthetic group which
serves as a site for NO binding (383). sGC lacking the heme moiety, is not able to be
activated by NO (383). Heme is attached to the protein portion of the enzyme by an
imidazole axial ligand and binding of the heme is specific to the  subunit of the Nterminal region (384;385). C-terminal of each subunit possesses a catalytic domain with a
high homology sequence between the monomers (384;385). Coexpression of the catalytic
domain of both subunits is necessary for GC activity. There is the dimerization domain
between both domains described above that mediates the association of the heterodimer
which is essential for the catalytic subunit (384;385). NO binding to the heme of the sGC
results in the formation of a complex penta-coordinate heme-nitrosyl that breaks the axial
histidine link (385). This conformational change exposes the catalytic site to GTP,
leading to the activation of the enzyme and conversion of GTP to cGMP by sGC in the
presence of Mg2+ or Mn2+ ions (375) (Fig. 11). Recently, the vital importance of sGC for
mammalian physiology was directly confirmed by generation of sGC knockout mice. The
absence of sGC protein resulted in a significant increase in blood pressure (386)
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Fig.11. Schematic representation of a soluble guanylate cyclase / heterodimer. The
N-terminal region constitutes a haem-binding domain with His105 providing the axial
ligand to the fifth coordinate of the haem-iron. The central portion of each subunit
contains sequences which mediate dimerization of the monomers, a prerequisite for
catalytic activity. The C-terminal region forms the catalytic domain, responsible for
substrate binding (GTP) and conversion to cGMP.
Adapted from (Hobbs et al.Trends Pharmacol Sci. 18:484-491, 1997)
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3-6 Regulation of cGMP production
In most tissues, the intracellular concentration of cGMP is determined by the rate of
formation which is regulated by agonist-induced stimulation of a cyclase and hydrolysis
of cGMP by a related group of phosphodiesterase E (PDE) (387)(Fig.12). There are at
least seven known distinct mammalian PDE families. Each one differs from the other in
biochemical and physical properties, responses to specific effectors, inhibitors and
regulatory control mechanisms (387). Type V PDE has been isolated from a number of
tissues including human platelets (388), trachea (389) and VSMC (390) and is commonly
referred to as cGMP-specific PDE. PDE V is characterized by selectively hydrolyzing
only cGMP, independently of Ca2+/calmodulin. Inhibitors of PDE V such as A02131-1
have vasodilating and anti-aggregating properties, which may protect the vascular wall
against arteriosclerotic changes (388).

3-7 NO in signal transduction
The endothelium serves as the principal physiological source of NO in blood vessels
(391). As evidenced, NO contributes to the regulation of several hormone-mediated
responses (392;393). In addition to its vasodilating effect, NO can also inhibit
atherogenesis (363), thrombocyte aggregation (394) and VSMC proliferation (387;391)
and migration (395). There is also increasing body of evidence suggesting that NO is able
to antagonize the physiological and pathophysiological effects (162;375) of growth
factors and vasoactive peptides such as EGF (387), PDGF (396) and bFGF (395). This is
probably achieved by inhibiting one or several of the signaling events induced by these
factors (363;391;395;397). According to several studies, mitogens such as ET-1 stimulate
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Fig.12. The nitric oxide/cGMP signal transduction
From (Lloyd-Jones and Bloch . Annu Rev Med 47: 365-375, 1996)
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the synthesis of DNA and cell proliferation by activating the phosphorylation cascade of
MAPK (234;239;398). The potential mechanism that could modulate VSMC proliferation
is the release of NO by the endothelium either via a cGMP-dependent (375;387) or a
cGMP-independent mechanisms (399;400). In cardiomyocytes, ET-1-induced protein
synthesis (401;402) has also been shown to be inhibited by NO (403). Furthermore, NO
was found to suppress the Ang II-induced activation of three major MAPKs, ERK1/2,
p38mapk and JNK (404) as well as Pyk2 (393) in cardiac fibroblasts. However, it is not
known whether NO, similar to its effect on growth factor and Ang II-induced responses,
can also modulate signaling events triggered by ET-1 receptor activation in VSMC. In
smooth muscle-derived A7r5 cells, NO has been shown to regulate PDGF-induced
activation of PKB (392). These data implicate PKB signaling cascade as an important
mitogenic pathway that is subjected to modulation by NO in VSMC (392). However, the
role of NO/cGMP in modulating PKB signaling pathway in response to ET-1 has not yet
been investigated in any cell type.
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4 Hypothesis and objectives
As discussed above, ET-1 and NO are very potent active molecules, by virtue of their
ability to regulate various cardiovascular function they play an important role in health
and diseases. ET-1 activates multiple signaling pathways including MAPK and PI3K/PKB which mediate the hypertrophic and proliferative responses in VSMC. An
important role of ROS generation in mediating the effect of ET-1 has been demonstrated
and both ROS and ET-1 have been reported to activate similar signaling pathways.
Moreover, Ca2+ has emerged as a key second messenger to transduce the effect of ET-1
as well as ROS. Furthermore, NO has been shown to serve as an anti-hypertrophic and
serve as and anti-proliferative agent in many cell types. However, the precise mechanism
by which Ca2+ contribute to ET-1 and ROS-induced signaling and physiological
responses, and how NO can modulate these effects in VSMCs remain unexplored
therefore the following studies have been undertaken to better understand this process.
Thus, the purposes of the present studies were to elucidate:
1. The implication of CaMKII which is downstream effector Ca2+ action in ET-1
induced ERK1/2 and PKB signaling in VSMCs. Therefore, the first objective of
the present studies was to examine the role of CaMKII in ET-induced signaling as
well as growth and proliferation in VSMCs.
2. Since ET-1 mediates its effects through the generation of ROS, we investigated
the role of CaMKII in H2O2 induced ERK and PKB phosphorylation as well as
IGF-1R phosphorylation.
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3. To better understand the molecular mechanism by which NO antagonizes the anti
proliferative and hypertrophic effect of ET-1, we have also investigated the effect
of NO system on ET-1-sensitive signaling. In these studies, we first elucidated the
role of NO on key components of ET-1 signaling system, ERK1/2, PKB and Pyk2 as well as protein synthesis in VSMCs. We then used 8-Bromo-cGMP, a cyclic
GMP analogue and ODQ, an inhibitor of sGC, to examine whether NO acting
through a cGMP-dependent mechanism.
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Abstract
We have shown earlier that in vascular smooth muscle cells (VSMC), H2O2induced activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) and protein
kinase B (PKB), two key mediators of growth-promoting and proliferative responses, are
mediated through Ca2+ and Calmodulin (CaM)-dependent downstream signals. Moreover,
endothelin-1 (ET-1), a powerful vasoactive peptide with a pathogenic role in vascular
disease, requires H2O2 generation to elicit its responses. Therefore, in the present studies,
we have investigated a possible role of CaM and its effector, Ca2+/CaM-dependent
protein kinaseII (CaMKII) in mediating the ET-1-induced ERK1/2 and PKB
phosphorylation by using pharmacological inhibitors, CaMKII inhibitor peptide and
small interfering RNA (siRNA) technique. W-7 and calmidazolium, antagonists of CaM,
as well as KN-93, a specific inhibitor of CaMKII, attenuated ET-1-induced ERK1/2 and
PKB phosphorylation in a dose-dependent fashion.

However, KN-92, an inactive

analogue of KN-93 was without effect. Transfection of VSMC with CaMKII inhibitory
peptide (AA 281-309) corresponding to auto-inhibitory domain (AID) of CaMKII,
attenuated ET-1-induced phosphorylation of ERK1/2 and PKB. Furthermore, significant
knock-down of CaMKII expression by using CaMKIID siRNA and reduced ET-1induced ERK1/2 and PKB phosphorylation, whereas, control siRNA was without any
effect on these events. Blockaded of CaM and CaMK-II by W-7 and KN-93, respectively,
significantly reduced ET-1-induced increase in protein and DNA synthesis. In addition,
ET-1 also induced Thr286 phosphorylation of CaMKII which is associated with its
enhanced catalytic activity. Taken together, these data demonstrate that CaM/CaMKII
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plays an important role in mediating the stimulatory action of ET-1 on ERK1/2 and PKB
phosphorylation as well as on hypertrophic and proliferative responses in VSMC.

Key words: Cell signaling, endothelin-1, calmodulin, CaMKII, VSMC. Hypertrophy,
proliferation: ERK-1/2, PKB/Akt
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Introduction
Endothelin-1 (ET-1) is a potent vasoconstrictor peptide (1) which also exhibits
mitogenic activity in vascular smooth muscle cells (VSMC) (2-4). A possible role for
ET-1 in the pathogenesis of many diseases, such as atherosclerosis (5), hypertension (6)
and restenosis after angioplasty has been suggested (7). ET-1 exerts its biological
actions through the activation of two receptor subtypes, ETA and ETB (8, 9). Both
receptors belong to a large family of transmembrane guanine nucleotide-binding
protein-coupled receptors (GPCRs). ETA receptors are highly expressed in VSMC but
are also found in cardiomyocytes, fibroblasts, hepatocytes, adipocytes, osteoblasts and
brain neurons (8, 10) and exhibit higher affinities for ET-1 and ET-2 than for ET-3 (8).
ETB receptors exist predominantly in endothelial cells and smooth muscle cells, but are
also found in cardiomyocytes, hepatocytes, fibroblasts, osteoblasts, different epithelial
cells and neurons and have equal subnanomolar affinities for all ET iso-peptides (9).
ET-1 binding to ETA receptors on smooth muscle produces vasoconstriction, cell
growth and cell adhesion (11) whereas the binding of ET-1 to endothelial ETB receptors
stimulates the release of nitric oxide and prostacyclin (12, 13).
ET-1 exerts its effects through multiple signaling pathways which include Ca2+ (14),
mitogen-activated protein kinases (MAPKs) including extracellular signal-regulated
kinases 1/2 (ERK1/2), c-Jun-NH2-terminal kinase (JNK) and p38mapk (15-19) and
Akt/phosphatidylinositol 3-kinase (PI-3K)/protein kinase B (PKB) (19, 20). Activation
of receptor and non-receptor protein tyrosine kinases (PTKs) in transducing ET-1induced signaling responses have also been suggested (18, 21-24). PTKs activated by
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ET-1 include epidermal growth factor (EGF) (24), c-Src (21, 23, 25) and a Ca2+dependent PTK, Pyk2 (26).
Several studies have demonstrated that reactive oxygen species (ROS) play an
important role in mediating the signals of several growth factors, peptides hormones,
and cytokines, such as platelet-derived growth factor, EGF, angiotensin II, insulin and
interleukin-1. ET-1 has also been shown to augment ROS production in VSMC (27,
28). H2O2, an important ROS molecule, has been reported to activate both MAPKs and
PKB signaling in many cell types including VSMC (29-31). We have shown earlier that
Ca2+ and CaM are essential to trigger H2O2- induced ERK1/2, p38 and PKB
phosphorylation in A-10 VSMC (32). CaM exerts its effects through Ca2+/ CaM
dependent protein (CaMKII) which is a multifunctional serine/threonine protein kinase
and is believed to transduce the downstream effects of Ca2+/CaM (32). CaMKII is
maintained in an inactive state by an autoinhibitory domain (AID), the binding of
Ca2+/CaM complex to the CaM binding domain reverses this auto inhibition by
changing the confirmation of CaMKII inducing its autophosphorylation at Thr286 (33).

Angiotensin II (Ang II) has been shown to increase CaMKII phosphorylation and
activity, and a role of CaMKII in AngII-induced activation of ERK1/2 has been
demonstrated in VSMC (34). However, a role of CaMKII in mediating ET-1-induced
ERK1/2 and PKB phosphorylation and its effect on hypertrophic and proliferative
responses in VSMC remains unexplored. Therefore, in the present studies, by using a
series of pharmacological inhibitors and genetic approaches, we investigated the
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involvement of CaM and CaMKIID in ET-1-induced ERK1/2 and PKB
phosphorylation, as well as protein and DNA synthesis, in A-10 VSMC.

Materials and Methods

Materials
ET-1 was purchased from American Peptide Inc (USA). BQ-123, BQ-788,
calmidazolium, W-7, KN-93, KN-92 and CaMKII autoinhibitory domain (AID) specific
peptide inhibitor (AA 281-309, autoinhibitory peptide (AIP)) were obtained from
Calbiochem and Lipofectamine was form Invitrogen, Canada. Monoclonal phosphospecific- Thr202 -Tyr204-ERK1/2 antibody, polyclonal ERK1/2 antibody, CaMKII siRNA
(catalogue number sc-29901), control siRNA (catalogue number sc-37007), transfection
reagent for siRNA (catalogue number sc-29528), phospho-specific-Thr286-CaMKII, antiCaMKII, and -actin antibodies were from Santa Cruz Biotech (Santa Cruz, CA).
CaMKIID siRNA is a pool of 3 target-specific, 20-25 nucleotide siRNAs designed to
knock down gene expression of CaMKIID. The non-specific siRNA (scrambled) consist
of non-targeting 21 nucleotides with no homology to rat genes. The phospho-specificSer473-PKB and total PKB antibodies as well as horseradish peroxidase-conjugated antirabbit antibodies were procured from New England Biolabs (Beverly, MA). The
enhanced chemiluminescence (ECL) detection system kit, (3H) Thymidine and L-(4,53

H) leucine were from was from Amersham Pharmacia Biotech (Baie d’Urfé, QC,

Canada).
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Methods
Cell culture
VSMC derived from embryonic rat thoracic aorta A-10 cells were maintained in
culture with Dulbecco’s modified eagle medium (DMEM) containing 10% fetal bovine
serum at 370C in a humidified atmosphere of 5% CO2 as described earlier (26). The cells
were grown to 80-90% confluence in 60-mm plates and incubated in serum-free DMEM
5h prior to the treatments.

Transfection with CaMKII inhibitory peptide
A-10 VSMCs at 80-90 % confluence were transfected with a CaMKII-specific AID
domain inhibitory peptide (2ng/ml) by using lipofectamine (4μg/ml) (35). Transfections
were performed in serum and antibiotics-free media DMEM for 2h then 10% of serum
was added. Protein phosphorylation by ET-1 in peptide-transfected cells was examined
48h later.

siRNA transfection protocol
A-10 VSMCs at 80-90 % confluence were transfected with CaMKIID siRNA or control
scrambled siRNA (final concentration of CaMKIID or scrambled, non-specific siRNA
was 70 nM) according to the manufacturer’s protocol. Transfections were performed in
serum and antibiotics-free DMEM. A mixture of CaMKIID siRNA or control scrambled
siRNA and transfection reagent was added to cells and incubated for 6h at 37oC then
serum was added to reach 10% of FBS. Cells were incubated for an additional 48h before
stimulation with ET-1.
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Cell lysis and Immunoblotting
Cells incubated in the absence or presence of various agents were washed twice with icecold PBS and lysed in 200 Pl of buffer (25 mM Tris-HCl, pH 7.5, 25 mM NaCl, 1 mM
Na orthovanadate, 10 mM Na fluoride, 10 mM Na pyrophosphate, 2 mM benzamidine, 2
mM ethylenebis(oxyethylenenitrolo)-tetraacetic acid, 2 mM ethylenediamine tetraacetic
acid, 1 mM phenylmethylsulfonyl fluoride, 10 Pg/ml aprotinin, 1% Triton X-100, 0.1%
sodium dodecyl sulfate (SDS), and 0.5 Pg/ml leupeptin) on ice. The cell lysates were
centrifuged at 12,000g for 10 min at 40C. Protein concentrations were measured by
Bradford assay. Equal amounts of protein were subjected to 7.5% SDS-polyacrylamide
gel (SDS-PAGE), transferred to PVDF membranes (Millipore, MA, USA) and incubated
with respective primary antibodies, (monoclonal phospho-specific- Thr202 -Tyr204ERK1/2 antibody (1:4,000), polyclonal phospho-specific-Ser473-PKB antibody (1:1,000).
phospho-specific-Thr286-CaMKII antibody (1:2,000)). The antigen-antibody complex was
detected by a horseradish peroxidase-conjugated second antibody (1:2000), and protein
bands were visualized by ECL. The intensity of specific bands was quantified by NIH
Image software as described previously (36).
Measurement of [Methyl 3H-4] thymidine incorporation: DNA Synthesis in the cells
was evaluated by incorporation of [Methyl 3H-4] thymidine into cells. A10 VSMCs at
80-90% confluence were serum-starved for 16hrs to induce cell quiescence. The cells
were then incubated with ET-1 (100nM) alone or after pretreatment with calmidazolium
(10M) or KN-93, (10M) or KN-92 (10M) for 30 min, left to incubate for another
24hrs, in [3H] thymidine (1ci/dish). Cells were washed twice with cold PBS, and 1 ml
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of cold 5% trichloroacetic acid was added for 30 min to precipitate protein.

The

precipitates were subsequently washed twice with ice cold water and resuspended in
500ml of 0.4 M NaOH and radioactivity incorporated into DNA was determined by a
liquid scintillation counter (28).
[3H] Leucine incorporation: Protein Synthesis was assessed by incorporation of [3H]
leucine into protein. A10 VSMCs at 80-90% confluence were serum-starved for 16hrs to
induce cell quiescence.

The cells were treated with ET-1 (100nM) alone or after

pretreatment with calmidazolium, or KN-93 or KN-92 for 30 min, and left to incubate for
another 24 hrs. [3H] leucine, 1ci/dish, was added at the same time as ET-1. Cells were
washed twice with cold PBS, and 1 ml of cold 5% trichloroacetic acid was added for 30
min to precipitate protein. The precipitates were subsequently washed twice with ice cold
water and resuspended in 500 Pl of 0.4 M NaOH and radioactivity incorported into
protein was determined by liquid a scintillation counter (28).
Statistics
The data are means ± SE of at least three individual experiments. Statistical significance
was determined with paired or unpaired Student’s t test and p<0.05 was considered
significant.

76

Results
ET-1 induces ERK1/2, PKB and CaMKII phosphorylation via ETA and not ETB
receptors in A-10 VSMCs
Several studies have reported the involvement of ETA receptors in ET-1-induced
signalling in VSMC. However, specific involvement of ETA receptors in ET-1-induced
PKB activation has not been investigated. Therefore, by using BQ-123 and BQ-788,
blockers of ETA and ETB receptors, respectively, we assessed the specific contributions
of these receptors in mediating the effect of ET-1 on PKB phosphorylation. As shown in
Fig.1, pretreatment of A-10 VSMC with BQ-123 for 30 min caused a significant
reduction in ET-1-induced ERK1/2 (Fig.1A) and PKB (Fig. 1B) phosphorylation
whereas; BQ-788 was without effect. These data established the implication of ETA and
not ETB receptor subtype in ET-1-induced PKB and ERK1/2 phosphorylation. The two
inhibitors alone did not affect the basal phosphorylation of ERK1/2 and PKB.
Dose-dependent attenuation of ET-1-induced ERK1/2 and PKB phosphorylation by
CaM and CaMKII inhibitor in A-10 VSMCs.
We have shown earlier that CaM is required for H2O2-induced PKB phosphorylation in
A-10 VSMC (32). Since ET-1 induced ROS production we examined the involvement of
both calmodulin and its downstream effecter, CaMKII, in ET-1-induced ERK1/2 and
PKB phosphorylation. As shown in Fig.2, pretreatment of A-10 VSMCs with W-7 and
calmidazolium, specific inhibitors of CaM, for 30 min, dose-dependently attenuated ET1-induced phosphorylation of these two signaling component. However, PKB appeared to
be more sensitive to the inhibitory effect of both W-7 and calmidazolium than ERK1/2.
Almost complete attenuation of ET-1-stimulated phosphorylation of PKB was observed
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at 10 μM of W-7 or calmidazolium (Fig.2 A and C). In contrast, a higher concentration of
these inhibitors was required to inhibit ET-1-enhanced phosphorylation of ERK1/2 (Fig.2
B and D). We next investigated the effect of the blockade of CaMKII on ET-1-induced
responses using KN-93. KN-93 inhibits CaMKII activity by competitively binding to
CaM binding domain of CaMKII. As shown in Fig.3, KN-93 treatment dose-dependently
inhibited ET-1-induced ERK-1/2 (panel B) and PKB (panel A) phosphorylation.
However, KN-93 inhibited the PKB phosphorylation more potently than the
phosphorylation of ERK1/2. (Fig.3 A and B).
CaMKII inhibitory peptide (AIP) and CaMKII siRNA attenuates ET-1 -induced
ERK1/2 and PKB phosphorylation.
To provide additional proof for the involvement of CaMKII in ET-1-induced responses,
we have used a peptide corresponding to the autoinhibitory domain (AID) of CaMKII
(AA 281-309) (AIP) and siRNA approaches to confirm the results obtained using
chemical inhibitors.

Transfection of A-10 VSMC for 48h with this AIP markedly

reduced ET-1-induced phosphorylation of ERK1/2 and PKB (Fig.4). In addition, we also
used siRNA of CaMKIID to knock-down CaMKIID expression in A-10 VSMC, to
evaluate its role in ET-1-induced responses. As shown in Fig.5, transfection of A-10
VSMC with siRNA of CaMKIID resulted in about 70% reduction in the expression of
CaMKIID protein, whereas control siRNA to CaMKIID was without effect. siRNA of
CaMKIID also had no effect on the expression of E-actin (Fig.5). The cells with siRNAinduced knock-down of CaMKIID showed a significant inhibition in the phosphorylation
of ERK1/2 (Fig.6B) and PKB (Fig.6A) in response to ET-1.
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ET-1-induced CaMKII phosphorylation in A-10 VSMC
Ang II has been shown to activate CaMKII (37) in VSMC, therefore, we wished to
investigate if ET-1 would exert a similar effect on CaMKII.

This was tested by

determining the Thr286 phosphorylation of CaMKII, which has been shown to enhance its
catalytic activity. As shown in Fig.7 treatment of A-10 VSMC with ET-1 resulted in a
rapid and sustained phosphorylation of CaMKII, which was detectable within 2 min and
remained elevated for up to 30 min.

CaM

and

CaMKII

inhibitors

attenuated

ET-1-stimulated

[3H]leucine

and

[3H]thymidine incorporation.
Since activation of ERK1/2 and PKB signaling has been implicated in mediating the
hypertrophic and proliferative responses of ET-1 (38), we next examined whether there
was a correlation between CaMKII-induced inhibition and ET-1-induced PKB and
ERK1/2 phosphorylation and protein and DNA synthesis. As shown in Fig.8, ET-1
increased both [3H]leucine (Fig.8A) and [3H]thymidine (Fig.8B)

incorporation into

cellular protein and DNA, respectively, by about 50% over control. However, the
inhibition of CaM by using W-7, or the inhibition of CaMKII by KN-93 reduced ET-1induced [3H]leucine and [3H]tymidine incorporation to almost basal level. KN-92 was
without any effect on protein and DNA synthesis induced by ET-1in A-10 VSMC.
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Discussion
Since ET-1 rises intracellular Ca

2+

concentration via PLC/DAG/IP3 pathway, in VSMC

(19) and Ca2+ exerts many of its effect through CaM and CaMKII, we investigated the
role of CaMKII in mediating the responses of ET-1 in VSMC. By using three different
approaches, i.e. use of pharmacological inhibitors, a CaMKII AIP and siRNA techniques
here, we have demonstrated that CaMKIID mediates the effect of ET-1 on ERK1/2 and
PKB phosphorylation in A-10 VSMC. By using pharmacological inhibitor alone such as,
KN-93, earlier studies have reported that AngII and Ca2+ elevation agents, such as
ionomycin, exert their effects on ERK1/2 phosphorylation via CaM-dependent pathways
in VSMC (34, 37). However, our studies, by using multiple approaches, have provided
the first evidence to suggest an involvement of CaMKIID in mediating the effect of ET-1
on ERK1/2 and PKB phosphorylation in A-10 VSMC.
We have also shown that ET-1 induced the phosphorylation of CaMKII in Thr286.
The phosphorylation of this site in AID of CaMKII has been shown to activate the
catalytic activity of CaMKII (39). Since Ca2+ ionophore ionomycin has also been shown
to increase the phosphorylation of CaMKIIG in VSMC (40), it is possible to ET-1induced Ca2+ release (through Ca2+/CaM binding to AID) contributes to this
autophosphorylation reaction in A10 VSMC. However, the precise mechanism by which
activated CaMKIID participates in the activation of ERK1/2 and PKB remains to be
elucidated. ET-1 has been shown to activate a Ca2+-dependent PTK, which has been
linked with the activation of ERK1/2 and PKB pathways (41, 42). Since ET-1 activates
Pyk-2 in A10 VSMC, it is possible that CaMKIID, through some yet unidentified
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intermediary protein, contributes to the activation of Pyk-2 and/or other PTKs, which
eventually activate ERK1/2 and PKB signalling pathways.
It is well known that ERK1/2 and PKB play a crucial role in mediating VSMC
hypertrophy and proliferation (43). Interestingly, the present study shows an inhibitory
effect of W-7 and KN-93 on ET-1-induced DNA and protein synthesis. It may therefore
be suggested that the ability of CaMKII to stimulate ERK1/2 and PKB pathways may
serve as a potential mechanism by which ET-1 induces growth and proliferative
responses in VSMC.
A role of CaMKII in several pathophysiological events in different cell type, such
as VSMC (44) and cardiomyocytes (45) has been suggested and in heart, ET-1-induced
cardiomyocyte hypertrophy has been linked to CaMKII activation (45). Moreover,
studies showing that inhibition of CaMKII by using KN-93 improved vascular
dysfunction (46) in animal models of diabetes or in AngII-induced hypertension (47),
suggesting that abberant activation of CaMKII may be involved in these vascular
pathologies.

In conclusion, we have shown that CaMKIID plays an important intermediary role
in activating ET-1-induced signalling of ERK1/2 and PKB pathways, which are also
intimately linked to its hypertrophic and proliferative responses. It may be suggested that
by regulating the growth promoting and hypertrophic events, CaMKII plays an important
role in vascular pathophysiology.
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Figures legends
Figure 1. Effect of BQ-123 and BQ-788 inhibitors of ETA and ETB receptors,
respectively on ET-1-induced ERK1/2 and PKB phosphorylation in A-10 VSMCs.
Serum-starved quiescent A-10 cells were pretreated with or without BQ-123 or BQ-788
10PM for 30 min followed by 100nM of ET-1 for 5 min. Cell lysates were
immunoblotted by phospho-specific-Thr202 -Tyr204-ERK1/2 antibodies (A), and phosphospecific-Ser473-PKB antibodies (B), as shown in the middle panels of each section. Blots
were also analyzed for total ERK1/2 and PKB (bottom panels of each section). Top
panels, (bar diagrams) in each section represent average data quantified by densitometric
scanning of immunoblots. Values are the means r SE of at least 3 independent
experiments and are expressed as percentage phosphorylation where phosphorylation
observed with ET-1 alone is defined as 100%. *P< 0.05 considered as statistically
significance versus ET-1 stimulation alone.
Figure 2. Dose-dependent effect of W-7 and calmidazolium, two calmodulin inhibitors,
on ET-1-induced ERK1/2 and PKB phosphorylation in A-10 VSMCs. Serum-starved
quiescent A-10 cells were pretreated with or without the indicated W-7 (section A and B)
or calmidazolium (section C and D) concentrations for 30 min followed by 100nM of
ET-1 for 5 min. Cell lysates were immunoblotted by phospho-specific-Ser473-PKB
antibodies (A and C) and phospho-specific- Thr202 -Tyr204-ERK1/2 antibodies (B and D),
as shown in the middle panels of each section. Blots were also analyzed for total ERK1/2
and PKB (bottom panels of each section). Top panels (bar diagrams) in each section
represent average data quantified by densitometric scanning of immunoblots. Values are
the means r SE of at least 3 independent experiments and are expressed as percentage
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phosphorylation where phosphorylation observed with ET-1 alone is defined as 100%.
*P< 0.05 considered as statistically significance versus ET-1 stimulation alone.
Figure 3. Dose-dependent effect of KN-93, CaMKII inhibitor, on ET-1-induced ERK1/2
and PKB phosphorylation in A-10 VSMCs. Serum-starved quiescent A-10 cells were
pretreated with or without the indicated KN-93 concentrations for 30 min followed by
100nM of ET-1 for 5 min. Cell lysates were immunoblotted by phospho-specific-Ser473PKB antibodies (A) and phospho-specific- Thr202 -Tyr204-ERK1/2 antibodies (B), as
shown in the middle panels of each section. Blots were also analyzed for total ERK1/2
and PKB (bottom panels of each section). Top panels (bar diagrams) in each section
represent average data quantified by densitometric scanning of immunoblots. Values are
the means r SE of at least 3 independent experiments and are expressed as percentage
phosphorylation where phosphorylation observed with ET-1 alone is defined as 100%.
*P< 0.05 considered as statistically significance versus ET-1 stimulation alone.
Figure 4. Effect of an inhibitory peptide of CaMKII (AA 281-309) on ET-1-induced
ERK1/2 and PKB phosphorylation in A-10 VSMCs. A-10 VSMC were transfected, using
lipofectamin, with an inhibitory peptide for 48h prior stimulation of ET-1 (100nM,
5min). The effect of lipofectamin on ET-1-induced ERK1/2 and PKB phosphorylation
was used as a control. Cell lysates were immunoblotted by phospho-specific-Ser473-PKB
antibodies (A) and phospho-specific- Thr202 -Tyr204-ERK1/2 antibodies (B), as shown in
the middle panels of each section. Blots were also analyzed for total ERK1/2 and PKB
(Bottom panels of each section). Top panels (bar diagrams) in each section represent
average data quantified by densitometric scanning of immunoblots. Values are the means
r SE of at least 3 independent experiments and are expressed as percentage
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phosphorylation where phosphorylation observed with ET-1 alone is defined as 100%.
*P< 0.05 considered as statistically significance versus ET-1 stimulation alone.
Figure 5. CaMKII siRNA knocks down the expression of CaMKII in A-10 cells.
A-10 VSMC were transfected, using Santa Cruz transfection reagent (sc-37007), with
CaMKII siRNA (sc-29901) or control siRNA (sc-37007)for 24hrs, and cell lysates were
immunoblotted with CaMKIID or E-actin antibodies. Values are the means r SE of 3
independent experiments and are expressed as % expression over basal. *P< 0.05 versus
control siRNA.
Figure 6. Effect of CaMKII siRNA on ET-1-induced ERK1/2 and PKB phosphorylation
in A-10 VSMCs. A-10 VSMC were transfected with CaMKIID siRNA (cat #sc-37007)
(70nM) or control siRNA for 24h prior to stimulation with ET-1 (100nM, 5min). Cell
lysates were immunoblotted by phospho-specific-Ser473-PKB antibodies (A) and
phospho-specific-Tyr204-ERK1/2 antibodies (B), as shown in the middle panels of each
section. Blots were also analyzed for total ERK1/2 and PKB (Bottom panels of each
section). Top panels (bar diagrams) in each section represent average data quantified by
densitometric scanning of pERK1/2 or pPKB immunoblots. Values are the means r SE of
at least 3 independent experiments and are expressed as percentage phosphorylation
where phosphorylation observed with ET-1 alone is defined as 100%. *P< 0.05 versus
ET-1 alone.
Figure.7. Time course of ET-1-induced CaMKII phosphorylation in A-10 VSMC.
Serum-starved quiescent A-10 cells were treated with ET-1 100nM for indicated times.
Cell lysates were immunoblotted with phospho-specific-Thr286-CaMKII antibodies
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(middle panel) and total CaMKII (Bottom panel). Top panels (bar diagrams) represent
average data quantified by densitometric scanning of p-CaMKII immunoblots. Values are
the means r SE of at least 3 independent experiments and are expressed as fold increase.
*P< 0.05 versus time 0 min.
Figure 8. Effects of W-7 and KN-93 on ET-1-induced [3H]leucine and [3H]thymidine
incorporation. Serum-starved quiescent A-10 cells were stimulated with ET-1 (100 nM).
Cells were pretreated or not with 10 M of W-7 or KN-93 for 30 min before ET-1
stimulation, then the cells were labeled to equilibrium with [3H]leucine or [3H]thymidine
as described in Materials and Methods. Values are the means r SE of 3 independent
experiments and are expressed as percentage of change in [3H]leucine (A) or
[3H]thymidine (B) incorporated into total cellular proteins or DNA over the basal values.
*P< 0.05 versus control and † p <0.05 versus ET-1 alone.
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Abstract
We have shown earlier a requirement of Ca2+ and calmodulin (CaM) in H2O2-induced
activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) and protein kinase
B (PKB), key mediators of growth promoting, proliferative and hypertrophic responses in
vascular smooth muscle cells (VSMC). Since the effect of CaM is mediated through
CaM-dependent protein kinaseII (CaMKII), we have investigated here the potential role
of

CaMKII

in

H2O2-induced

ERK1/2

and

PKB

phosphorylation

by

using

pharmacological inhibitors of CaM and CaMKII, a CaMKII inhibitor peptide and siRNA
knockdown strategies for CaMKIID. Calmidazolium and W-7, antagonists of CaM as
well as KN-93, a specific inhibitor of CaMKII, attenuated H2O2-induced responses on
ERK1/2 and PKB phosphorylation in a dose-dependent fashion. Similar to H2O2,
calmidazolium and KN-93 also exhibited an inhibitory effect on glucose/glucose oxidase
(G/GO)-induced phosphorylation of ERK1/2 and PKB in these cells. Transfection of
VSMC with CaMKII auto-inhibitory peptide (AIP) corresponding to auto-inhibitory
domain (AA 281-309) of CaMKII and with siRNA of CaMKIID, attenuated H2O2induced phosphorylation of ERK1/2 and PKB. In addition, calmidazolium and KN-93
blocked H2O2-induced Pyk2 and insulin-like growth factor-1 receptor (IGF-1R)
phosphorylation. Moreover, treatment of VSMC with CaMKIIDsiRNA abolished the
H2O2-induced

IGF-1-R

phosphorylation.

H2O2

treatment

also

induced

Thr286

phosphorylation of CaMKII which was inhibited by both calmidazolium and KN-93.
These results demonstrate that CaMKII plays a critical upstream role in mediating the
effect of H2O2 on ERK1/2, PKB and IGF-1R phosphorylation. Key words: Oxidative
stress signaling, H2O2, VSMC, CaMKII, ERK1/2, PKB, Pyk-2, IGF-1R.
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Introduction
Oxidative stress is believed to play a critical role in the pathogenesis of several
diseases such as cancer [1], diabetes [2,3] and cardiovascular pathophysiology, including
hypertension and atherosclerosis[4-6]. Excessive endogenous formation of reactive
oxygen species (ROS) overcomes cellular antioxidant defense mechanisms, leading to
oxidative stress. Superoxide anion (O2•) and hydrogen peroxide (H2O2) are among the
most important ROS molecules. In VSMC, NAD(P)H oxidase is one of the primary
enzymes responsible for the generation of O2• [7]. NAD(P)H oxidase catalyzes O2•
production by the one electron reduction of O2 where NAD(P)H is the electron donor.
Under physiological conditions, O2• undergoes dismutation either spontaneously or by a
reaction catalyzed by superoxide dismutase (SOD) to produce H2O2 which is more stable
than O2•and is a freely diffusible ROS molecule [8]. Normally H2O2 is scavenged by
catalase and glutathione peroxidase to produce H2O [9,10]. However, an aberration either
in generation or scavenging of H2O2 or other ROS molecules has been suggested to
contribute the pathophysiology of various diseases including cardiovascular diseases[46]. A direct role of H2O2 in angiotensin (AngII)-induced vasculature hypertrophy has also
been suggested recently in a model of hypertensive vascular disease [11]. Exogenous
H2O2 activates several signaling protein kinases such as mitogen activated protein kinases
(MAPK) and protein kinase B (PKB) [12-15] which have been proposed to play key roles
in mediating the hypertrophic response in VSMC [16]. Although the precise mechanism
and intermediary steps by which H2O2 activates these signaling pathways remain poorly
characterized, our earlier studies have reported that tyrosine phosphorylation of E-subunit
IGF-1R is an important step in tranducing the effect of H2O2 on the phosphorylation of
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ERK1/2, PKB and Pyk-2 in VSMC [17,18]. In addition, we have also demonstrated that
Ca2+ and Calmodulin (CaM) play an important role in mediating H2O2-induced ERK1/2
and PKB phosphorylation in VSMC [13]. CaMKII is a multifunctional serine/threonine
protein kinase which is believed to transduce the downstream effects of Ca2+/CaM [19].
CaMKII holoenzyme is a multimeric protein which contains 12 subunits arranged in two
sets of six subunits that form a stacked hexagonally shaped rings [19]. Each subunit of
CaMKII

contains three main regions: a N-terminal catalytic region responsible for

catalyzing the phosphotransferase reaction, a regulatory region that contains Ca2+/CaM
binding sites and autoinhibitory domain (AID) and the C-terminal subunit association
region responsible for assembling the multimeric holoenzyme [19]. In the absence of
bound Ca2+/CaM, the CaMKII is maintained in an inactive state because of an interaction
of the AID with the catalytic domain of its own subunit [20]. The Ca2+/CaM complex
binds to a sequence that overlaps the AID and causes a conformational change, thereby
relieving the inhibitory effect of AID on the catalytic activity and inducing the
phosphorylation of the CaMKII in thr286 and enhancing its kinase activity [19]
AngII, which transduces its effect through ROS generation [21], has been shown to
phosphorylate and activate CaMKII in VSMC, and AngII-induced activation of ERK1/2
has been shown to be blocked by pharmacological inhibitor of CaMKII [22]. However, a
role of CaMKII in mediating H2O2-induced phosphorylation of ERK1/2, PKB, Pyk2 and
IGF-1R in VSMC remains unexplored. Therefore, in the present studies, by using a series
of pharmacological inhibitors and molecular approaches, we have investigated the
involvement of CaMKII and associated pathways in H2O2-induced phosphorylation of
these signaling components in A-10 VSMC.
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Materials and Methods

Materials
H2O2 , glucose and glucose oxidase were procured from Sigma (St. Louis, MO, USA).
Calmidazolium, W-7, KN-93, KN-92 and CaMKII autoinhibitory domain (AID) specific
peptide inhibitor (AA 281-309, autoinhibitory peptide (AIP)) were obtained from
Calbiochem and Lipofectamine was form Invitrogen, Canada. Monoclonal phosphospecific- Thr202 -Tyr204-ERK1/2 antibody, polyclonal ERK1/2 antibody, CaMKII 
siRNA (catalogue number sc-29901), control siRNA (catalogue number sc-37007),
transfection reagent for siRNA (catalogue number sc-29528), phospho-specific-Thr286CaMKII, anti-CaMKII, anti-IGF-1R and -actin antibodies were from Santa Cruz
Biotech (Santa Cruz, CA). CaMKIID siRNA is a pool of 3 target-specific, 20-25
nucleotide siRNAs designed to knock down gene expression of CaMKIID. The nonspecific siRNA (scrambled) consist of non-targeting 21 nucleotides with no homology to
rat genes. The phospho-specific-Ser473-PKB, total PKB, phospho-specific-Tyr402-Pyk2,
total Pyk2 antibodies as well as horseradish peroxidase-conjugated anti-rabbit antibodies
were procured from New England Biolabs (Beverly, MA). Anti-pIGF-1R was obtained
from Biosource. The enhanced chemiluminescence (ECL) detection system kit was from
Amersham Pharmacia Biotech (Baie d’Urfé, QC, Canada).
Cell culture
VSMC derived from embryonic rat thoracic aorta A-10 cells were maintained in culture
with Dulbecco’s modified eagle medium (DMEM)containing 10% fetal bovine serum at
370C in a humidified atmosphere of 5% CO2 as described earlier [23]. The cells were
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grown to 80-90% confluence in 60-mm plates and incubated in serum-free DMEM 5h
prior to the treatments.
Transfection with CaMKII auto- inhibitory peptide
A-10 VSMCs at 80-90 % confluence were transfected with a CaMKII-specific (281-309)
auto-inhibitory peptide (AIP) (2ng/ml) by using lipofectamine (4μg/ml) [24].
Transfections were performed in serum and antibiotics-free DMEM for 2h then serum
was added to reach a final concentration of 10%. H2O2-induced signaling responses in
peptide-transfected or control cells were examined 48h later.
Transfection with siRNA
A-10 VSMCs at 80-90 % confluence were transfected with CaMKIID siRNA or control
scrambled siRNA (final concentration of CaMKIID or scrambled, non-specific siRNA
was 70 nM) according to the manufacturer’s protocol. Transfections were performed in
serum and antibiotics-free DMEM. A mixture of CaMKIID siRNA or control scrambled
siRNA and transfection reagent was added to cells and incubated for 6h at 37oC then
serum was added to reach 10% of FBS. Cells were incubated for an additional 48h before
stimulation with H2O2
Cell treatment, lysis and Immunoblotting
A-10 VSMCs, made quiescent by serum deprivation for 5 h, were treated in the absence
or presence of various agents (e.g. H2O2, W-7, calmidazolium, KN-93, AIP or siRNA) at
37oC as indicated in the legends to each figure. None of these treatments altered the
viability of cells. Following these treatments the cells were washed twice with ice-cold
PBS and lysed in 200 μl of buffer (25 mM Tris-HCl, pH 7.5, 25 mM NaCl, 1 mM Na
orthovanadate, 10 mM Na fluoride, 10 mM Na pyrophosphate, 2 mM benzamidine, 2
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mM ethylenebis(oxyethylenenitrolo)-tetraacetic acid, 2 mM ethylenediamine tetraacetic
acid, 1 mM phenylmethylsulfonyl fluoride, 10 μg/ml aprotinin, 1% Triton X-100, 0.1%
sodium dodecyl sulfate (SDS), and 0.5 μg/ml leupeptin) on ice. The cell lysates were
centrifuged at 12,000 g for 10 min at 40C. Protein concentrations were measured by
Bradford assay. Equal amounts of protein were subjected to 7.5% SDS-polyacrylamide
gel (SDS-PAGE), transferred to PVDF membranes (Millipore, MA, USA) and incubated
with respective primary antibodies, (monoclonal phospho-specific- Thr202 -Tyr204ERK1/2 antibody (1:4,000), polyclonal phospho-specific-Ser473-PKB antibody, phosphospecific-Tyr402-Pyk2 and phospho-specific-IGF-1R antibody (1:1,000). phospho-specificThr286-CaMKII antibody (1:2,000). The antigen-antibody complex was detected by a
horseradish peroxidase-conjugated second antibody (1:2000), and protein bands were
visualized by ECL. The intensity of specific bands was quantified by NIH Image
software as described previously [25].
Statistics
The data are means ± SE of at least three individual experiments. Statistical significance
was determined with paired or unpaired Student’s t test, and p<0.05 was considered
significant.
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Results
Pharmacological inhibitors of CaM abolish H2O2-induced ERK1/2 and PKB
phosphorylation in A-10 VSMCs. We have reported earlier that Ca2+-dependent events
are essential to tranduce the signals of H2O2 to enhance the phosphorylation of ERK1/2
and PKB in A-10 VSMC [13]. Since CaM mediates various actions of Ca2+, we examined
the involvement of CaM in H2O2-induced ERK1/2 and PKB phosphorylation. As shown
in Fig.1, pretreatment of A-10 VSMCs with W-7 and calmidazolium, specific inhibitors
of CaM, dose-dependently attenuated H2O2-induced phosphorylation of both ERK1/2 and
PKB. However, as compared to ERK1/2, PKB appeared to be more sensitive to the
inhibitory effect of both W-7 and calmidazolium, and exhibited almost complete
attenuation of H2O2-stimulated phosphorylation of PKB at 5 μM of W-7 and 10 μM of
calmidazolium (Fig.1 A and C). In contrast, a higher concentration of these inhibitors was
required to attain the same level of inhibition of H2O2-enhanced phosphorylation of
ERK1/2 (Fig.1, B and D).
CaMKII inhibitor attenuates H2O2 -induced ERK1/2 and PKB phosphorylation in A-10
VSMC. CaMKII is a downstream signaling molecule that participates in mediating the
effects of CaM [19]. Therefore, we examined whether CaMKII mediates the effect of
H2O2 in enhancing the phosphorylation of ERK1/2 and PKB in A-10 VSMC. As shown
in Fig.2, pretreatment of VSMC with KN-93, a specific CaMKII inhibitor which inhibits
CaMKII by competitively binding to the CaM binding domain of the enzyme, dosedependently blocked the stimulatory effect of H2O2 on both ERK1/2 and PKB
phosphorylation.
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Calmodulin and CaMKII inhibitors attenuate glucose/glucose oxidase -induced
ERK1/2 and PKB phosphorylation in A-10 VSMC. In order to investigate if
endogenously generated H2O2 would exert a similar effect on ERK1/2 and PKB
phosphorylation in A-10 VSMC as was observed with the exogenously added H2O2, we
examined the effect of glucose (G) and glucose oxidase (GO), known to generate H2O2
extracellulary [26], on ERK1/2 and PKB phosphorylation in these cells. As shown in
Fig.3 A and B, G/GO treatment dose-dependently enhanced the phosphorylation of both
ERK1/2 and PKB. However, as compared to PKB, G/GO caused a more potent
phosphorylation of ERK1/2. Time course of G/GO response using 0.64 U/ml GO
revealed that phosphorylation of both ERK1/2 and PKB by G/GO treatment was rapid
(Fig.3 C and D) and was detectable at 5min. However, as compared to the
phosphorylation of ERK1/2 which remained elevated during the 30 min of treatment
(Fig.3D), PKB phosphorylation was transient and was decreased to the basal levels
within 15 min of treatment (Fig.3C).
Next, we determined whether similar to exogenously H2O2, pharmacological blockade of
CaM or CaMKII will exert an inhibitory effect on G/GO-induced phosphorylation of
ERK1/2 and PKB. As shown in Fig.4, pretreatment of cells with either calmidazolium or
KN-93 prior to the addition of G/GO significantly inhibited G/GO-evoked
phosphorylation of both PKB (Fig.4A) and ERK1/2 (Fig.4B).

CaMKII inhibitory peptide (AIP) and CaMKII siRNA attenuates H2O2 -induced
ERK1/2 and PKB phosphorylation. In addition to the use of classical pharmacological
inhibitors of CaM and CaMKII, we also confirmed the involvement of CaMKII in
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mediating H2O2 responses by two additional approaches. In approach one, we utilized a
peptide (AIP) corresponding to the AID of CaMKII (AA 281-309). As shown in Fig.5
transfection of A-10 VSMC for 48-h with AIP, markedly reduced H2O2-induced
phosphorylation of both ERK1/2 and PKB (Fig.5). Lipofectamin, the transfection
reagent, had no effect on H2O2-induced ERK1/2 and PKB phosphorylation (Fig.5). In the
second approach, CaMKII expression was suppressed by siRNA-induced knock down
of CaMKII . As shown in Fig. 6A, siRNA-induced knock-down of CaMKII decreased
the expression of CaMKII by about 90% but had no effect on the expression of -actin.
The cells treated with siRNA to CaMKII exhibited a significantly attenuated effect of
H2O2 on the phosphorylation of both PKB and ERK1/2 (Fig. 6B and C respectively).
However, control siRNA was without any effect on CaMKIID expression (Fig.6 A) or on
H2O2-induced ERK1/2 and PKB phosphorylation (Fig.6 B,C)
H2O2 induces CaMKII phosphorylation in A-10 VSMC. Since Thr286 phosphorylation is
critical for the activation of CaMKII activity, therefore, we wished to determine the effect
of H2O2 on CaMKII phosphorylation in A-10 VSMC. To determine the effect of H2O2 on
Thr286 autophosphorylation, A-10 VSMC were treated for different time periods with
H2O2 and the lysates were immunoblotted with a specific antibody that recognizes
CaMKII phosphorylation on Thr286. As shown in Fig.7A, H2O2 -induced the
phosphorylation of CaMKII in a time-dependent fashion which peaked within 2 min of
exposure with H2O2 and then declined to basal values at 10 min. Furthermore, both
calmidazolium and KN-93 inhibited the phosphorylation of CaMKII induced by H2O2,
whereas KN-92, an inactive analog of KN-93 was without any effect (Fig.7B) .
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Calmidazolium and KN-93 blocked H2O2-induced phosphorylation of Pyk-2. We have
demonstrated that Pyk-2, a non-receptor Ca2+-dependent proline rich tyrosine kinase is
phosphorylated in response to H2O2 in A-10 VSMC [17]. A potential role of Pyk-2 in
AngII-induced PKB signaling has been suggested [27]. Therefore, we investigated the
effect of pharmacological blockade of CaM or CaMKII on H2O2- induced
phosphorylation of Pyk-2. As shown in Fig.8 both calmidazolium and KN-93 prevented
the phosphorylation of Pyk-2 induced by H2O2. In contrast, KN-92 was without effect on
H2O2-induced response.
Calmidazolium, KN-93 and CaMKIID siRNA blocked H2O2-induced phosphorylation
of IGF-1R. We have previously demonstrated that H2O2-induced the tyrosine
phosphorylation of the Esubunit of IGF-1R and pharmacological blockade of the
tyrosine kinase activity of IGF-1R inhibited H2O2-stimulted phosphorylation of ERK1/2,
PKB and Pyk-2 in A10 VSMC [17,18]. Therefore, we examined the effect of CaM or
CaMKII blockade on H2O2–induced tyrosine phosphorylation of IGF-1R. As shown in
Fig.9,A,C,D both calmidazolium and KN-93 significantly reduced H2O2-stimulated
phosphorylation of IGF-1R. Similarly, siRNA-induced suppression of CaMKIID also
exerted an inhibitory effect on the H2O2-evoked IGF-1R phosphorylation (Fig.9, B).
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Discussion
H2O2 has been shown to increase the intracellular Ca2+ concentration [28] and we have
reported in earlier studies that both Ca2+ and CaM play a critical role in transducing
H2O2-induced signaling events in VSMC [13]. In the studies presented here, we
demonstrated that activation of CaMKII, a downstream effector of Ca2+/CaM responses,
is required to enhance H2O2-induced phosphorylation of ERK1/2 and PKB. This
conclusion is based on the use of highly selective pharmacological inhibitors of CaM and
CaMKII. We have also confirmed the participation of CaMKII in mediating the H2O2induced phosphorylation of ERK1/2 and PKB by using siRNA to specifically knock
down CaMKII
Although, the involvement of CaMKII in H2O2-induced responses on NF-kappaB
activation in T-lymphocytes [29], on ERK1/2 and p38MAPK activation and in eNOS
expression in endothelial cells [24,30], and on JNK and p38MAPK activation in VSMC
[31], have been demonstrated , to our knowledge, the data presented here are the first to
show a role of CaMKII in mediating the effect of H2O2 on ERK1/2 and PKB
phosphorylation in A10 VSMC.
In addition to H2O2

other agonists such as AngII, norepinephrine, epidermal growth

factor, ionomycin and ATP have also been shown to activate MAPK signaling via
CaMKII [22,32]. Our findings showing that H2O2 enhanced the phosphorylation of
CaMKII in Thr286, further supports a role of activated CaMKII in H2O2-induced
responses in VSMC. These data are also consistent with H2O2–induced increase in the
phosphorylation of CaMKII reported in astrocytes [33] and T-Jurkat-lymphocytes [34].
In contrast, our results do not support the observation of Robison et al, who showed a

113
decrease in CaMKII activity in response to H2O2 in neurons [35]. It should be noted that
in addition to CaMKII, other receptor and non-receptor tyrosine kinase such as IGF-1R
and Pyk-2 have been implicated in H2O2-induced signaling events in VSMC [17,36,37].
Our earlier studies have demonstrated that H2O2 enhanced the tyrosine phosphorylation of
IGF-1R Esubunit and this event contributed to the initiation of H2O2-evoked PKB
phosphorylation with an intermediary role of Pyk-2 [17]. It has been shown that
phosphorylated form of Pyk-2 interacts with several signaling molecules such as Shc and
Grb2 implicated in ERK1/2 activation, and with p85 subunit of phosphatidyl inositol 3kinase which is involved in PKB activation [38]. Pyk-2 also mediates the effect of AngII
in inducing ERK1/2 and PKB activation in VSMC [27]. Since ROS generation is critical
in transducing AngII response, it is possible that Pyk-2 plays a similar role in H2O2induced effects on ERK1/2 and PKB phosphorylation. Our findings that inhibition of
either CaM or CaMKII significantly attenuated H2O2-induced phosphorylation of Pyk-2
indicates a requirement of CaMKII in enhancing Pyk-2 phosphorylation and suggest the
participation of Pyk-2 in the signaling cascade leading to the activation of ERK1/2 and
PKB in response to H2O2 in VSMC. The results showing that blockade of CaMKII
either by pharmacological approach or by siRNA-induced silencing of CaMKII
inhibited H2O2–induced tyrosine phosphorylation of IGF-1R, suggests an upstream role
of CaMKII in this process. Although ionomycin-induced increase in EGF-R
phosphorylation had earlier been shown to be mediated through CaMKII-dependent
pathway [32], our current studies are the first to report that CaMKII plays a key role in
mediating H2O2-induced phosphorylation of IGF-1R, Pyk-2, ERK1/2 and PKB.
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An involvement of CaMKII in regulating the proliferation, migration and differentiation
of VSMC has been shown in several studies [39-43]. Since a hightened proliferation and
migration of VSMC are hallmarks of vascular disease, and excessive generation of ROS
has been suggested to play an important role in the pathogenesis of vascular diseases [57,11] it may be suggested that ROS-induced upregulation of CaMKII, through IGF-1R,
ERK1/2 and PKB signaling pathways may contribute to aberrant VSMC functions
associated with these disorders. This notion is further supported by studies showing that
pharmacological blockade of CaMKII by KN-93 improved vascular hyperplasia and
hypertension in AngII-induced hypertensive rats [44], and normalized aberrant vascular
reactivity in diabetes-induced vascular dysfunction [45].
In conclusion, we have shown that CaMKIID serves as a critical upstream component in
triggering the H2O2-induced signaling cascade resulting in the phosphorylation of IGF1R, ERK1/2 and PKB in VSMC. It may be suggested that through the activation of these
signaling events CaMKII contributes to the regulation of various cellular processes
including cell growth, proliferation, hypertrophy and survival in VSMC, and a
dysregulation of CaMKII activity may play an important role in the pathogenesis of
vascular disease.
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Figures legends
Figure 1. Pharmacological inhibition of CaM abolishes H2O2-induced ERK1/2 and PKB
phosphorylation in A-10 VSMCs. Serum-starved quiescent A-10 cells were pretreated in
the absence (0) or presence of the indicated concentration of W-7 (section A and B) or
calmidazolium (section C and D) for 30 min followed by stimulation with 250 μM of
H2O2 for 5 min. Cell lysates were immunoblotted with phospho-specific-Ser473-PKB
antibodies (A and C) and phospho-specific-Thr

202

-Tyr204-ERK1/2 antibodies (B and D),

as shown in the middle panels of each section. Blots were also analyzed for total ERK1/2
and PKB (bottom panels of each section). Top panels (bar diagrams) in each section
represent average data quantified by densitometric scanning of immunoblots showing in
the middle panel. Values are the means r SE of at least 3 independent experiments and
are expressed as percentage of control, taken as 100%. P< 0.05 considered as statistically
significance versus H2O2 stimulation alone.
* indicates that P < 0.05, ** indicates that P <0.005, and # indicates that P <0.0005.
Figure 2. CaMKII inhibitor attenuates H2O2-induced ERK1/2 and PKB phosphorylation
in A-10 VSMCs. Serum-starved quiescent A-10 cells were pretreated in the absence (0)
or presence of the indicated KN-93 concentrations for 30 min followed by stimulation
with 250 μM of H2O2 for 5 min. Cell lysates were immunoblotted with phospho-specificSer473-PKB antibodies (A) and phospho-specific- Thr202 -Tyr204-ERK1/2 antibodies (B),
as shown in the middle panels of each section. Blots were also analyzed for total ERK1/2
and PKB (bottom panels of each section). Top panels (bar diagrams) in each section
represent average data quantified by densitometric scanning of immunoblots showing in
the middle panel. Values are the means r SE of at least 3 independent experiments and
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are expressed as percentage of control, taken as 100%. P< 0.05 considered as statistically
significance versus H2O2 stimulation alone. * indicates that P < 0.05, ** indicates that P
<0.005 and # indicates that P <0.0005.
Figure 3: Dose response and time course of glucose/glucose oxidase-induced ERK1/2
and PKB phosphorylation in A-10 VSMCs. Serum-starved quiescent A-10 cells were
treated without (0) or with 6mM glucose (G) and the indicated concentrations of glucose
oxidase (GO) for 10 min (A and B) and without (0) or with G/GO (6mM/0.64 U/ml) for
the indicated time periods (C and D). Cell lysates were immunoblotted with phosphospecific-Ser473-PKB antibodies (A and C) and phospho-specific-Thr

202

-Tyr204-ERK1/2

antibodies (B and D), as shown in the middle panels of each section. Blots were also
analyzed for total ERK1/2 and PKB (bottom panels of each section). Top panels (bar
diagrams) in each section represent average data quantified by densitometric scanning of
immunoblots shown in the middle panel. Values are the means r SE of at least 3
independent experiments and are expressed as percentage of control, taken as 100%. P<
0.05 considered as statistically significance versus control.
* indicates that P < 0.05, ** indicates that P <0.005, and # indicates that P <0.0005.
Figure. 4. Calmodulin and CaMKII inhibition blocks ERK1/2 and PKB phosphorylation
induced by G/GO.
Serum-starved quiescent A-10 cells were pretreated in the absence (0) or presence of
CMZ, KN-92 or KN-93 (10 M) for 30 min followed by stimulation

with G/GO

(6mM/0.64U/ml) for 10 min. Cell lysates were immunoblotted with phospho-specificSer473-PKB antibodies (A) and phospho-specific-Thr

202

-Tyr204-ERK1/2 antibodies (B),

as shown in the middle panels of each section. Blots were also analyzed for total ERK1/2
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and PKB (bottom panels of each section). Top panels (bar diagrams) in each section
represent average data quantified by densitometric scanning of immunoblots shown in the
middle panel. Values are the means r SE of at least 3 independent experiments and are
expressed as percentage of control, taken as 100%. P< 0.05 considered as statistically
significance versus G/GO stimulation.
* indicates that P < 0.05, ** indicates that P <0.005, and # indicates that P <0.0005.
Figure 5. CaMKII AIP peptide (AA 281-309) attenuates H2O2-induced ERK1/2 and PKB
phosphorylation in A-10 VSMCs. Cells were transfected, using lipofectamin, with
CaMKII autoinhibitory peptide (AIP) for 48-h prior to stimulation with H2O2 (250 μM,
5min). The cells treated with lipofectamin alone were used as control. Cell lysates were
immunoblotted with phospho-specific-Ser473-PKB antibodies (A) and phospho-specificThr

202

-Tyr204ERK1/2 antibodies (B), as shown in the middle panels of each section.

Blots were also analyzed for total ERK1/2 and PKB (Bottom panels of each section). Top
panels (bar diagrams) in each section represent average data quantified by densitometric
scanning of immunoblots showing in the middle panel. Values are the means r SE of at
least 3 independent experiments and are expressed as percentage of control, taken as
100%. P< 0.05 considered as statistically significance versus H2O2 stimulation alone. #
indicates that P < 0.0005.
Figure 6. CaMKIID siRNA attenuates H2O2-induced ERK1/2 and PKB phosphorylation
in A-10 VSMCs. A-10 VSMC were transfected with CaMKII siRNA or control siRNA
for 48h prior to stimulation with H2O2 (250 μM, 5min). Cell lysates were immunoblotted
with CaMKIID antibodies (A), phospho-specific-Ser473-PKB antibodies (B) and phosphospecific-Thr202-Tyr204-ERK1/2 antibodies (C). Blots were also analyzed for total PKB
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and ERK1/2 (Bottom panels of B and C). Top panels (bar diagrams) in B and C represent
average data quantified by densitometric scanning of immunoblots of p-Proteins showing
in the middle panel. Blots in panel A was also blotted with  actin. Values are the means
r SE of at least 3 independent experiments and are expressed as percentage of control,
taken as 100%. P< 0.05 considered as statistically significance versus H2O2 stimulation
alone. ** indicates that P < 0.005 and # indicates that P < 0.0005.
Figure.7. H2O2 induces the phosphorylation of CaMKII which is blocked by CaM and
CaMKII inhibitors in A-10 VSMC.
(A): Serum-starved quiescent A-10 cells were treated with H2O2 (250 μM) for indicated
time periods. (B): Quiescent A-10 cells were pretreated in the absence (0) or presence of
calmidazolium(CMZ), KN-92 or KN-93 (10PM) for 30 min followed by stimulation with
250 μM of H2O2 for 5 min. Cell lysates were immunoblotted with phospho-specificThr286-CaMKII antibodies (middle panel in each section) and total CaMKIID antibodies
(Bottom panel in each section). Top panels in each section (bar diagrams) represent
average data quantified by densitometric scanning of immunoblots of p-CaMKII. Values
are the means r SE of at least 3 independent experiments are expressed as percentage of
control, taken as 100%. P< 0.05 considered as statistically significance versus control for
(A) and versus H2O2 stimulation alone for (B). * indicates that P < 0.05, ** indicates that
P <0.005 and # indicates that P <0.0005.
Figure.8. CaMKII inhibition blockes Pyk-2 phosphorylation induced by H2O2
Serum-starved quiescent A-10 cells were pretreated in the absence (0) or presence of
CMZ, KN-92 or KN-93 (10PM) for 30 min followed by stimulation with 250 μM of
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H2O2 for 5 min. Cell lysates were immunoblotted with phospho-Pyk-2 antibodies (middle
panel ) and total Pyk-2 antibodies (Bottom panel). Top panels in each section (bar
diagrams) represent average data quantified by densitometric scanning of immunoblots of
p-Pyk-2. Values are the means r SE of at least 3 independent experiments are expressed
as percentage of control, taken as 100%. P< 0.05 considered as statistically significance
versus H2O2 stimulation alone. * indicates that P < 0.05, ** indicates that P <0.005.
Figure. 9. CaMKIID inhibition attenuates IGF-1R phosphorylation induced by H2O2
Serum-starved quiescent A-10 cells were pretreated in the absence (0) or presence of
CMZ, KN-92 or KN-93 (10PM) for 30 min followed by stimulation with 250 PM of
H2O2 for 5 min (A). In (B), A-10 VSMCs were transfected with either control siRNA or
CaMKII

siRNA, as described in the legend to Fig 4, 48-h prior to stimulation with 250

μM of H2O2 for 5 min. In (C) and (D): Quiescent A-10 VSMC were pretreated with the
indicated concentrations of CMZ (C) and KN-93 (D) for 30 min followed by stimulation
with 250 μM of H2O2 for 5 min. Cell lysates were immunoblotted with p-IGF-1R
antibodies that recognize the phosphorylated form of IGF-1R (phospho-Tyr1131/1135/1136)
(middle panel in each section) and total IGF-R antibodies (Bottom panel in each section).
Top panels in each section (bar diagrams) represent average data quantified by
densitometric scanning of immunoblots of p-IGF-1R. Values are the means r SE of at
least 3 independent experiments are expressed as percentage of control, taken as 100%.
P< 0.05 considered as statistically significance versus H2O2 stimulation alone. * indicates
that P < 0.05, ** indicates that P <0.005.
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Abstract
Nitric oxide (NO), in addition to its vasodilator action, has also been shown to
antagonize the mitogenic and hypertrophic responses of growth factors and
vasoactive peptides such as endothelin-1 (ET-1) in vascular smooth muscle cells
(VSMCs). However, the mechanism by which NO exerts its anti-mitogenic and
anti-hypertrophic effect remains unknown. Therefore, the aim of this study was
to determine if NO generation would modify ET-1-induced signaling pathways
involved in cellular growth, proliferation and hypertrophy in A-10 VSMC.
Treatment of A-10 VSMCs with S-nitroso-N-acetylpenicillamine (SNAP) or
sodium nitroprusside (SNP), two NO donors, attenuated the ET-1-enhanced
phosphorylation of several key components of growth promoting and
hypertrophic signaling pathways such as ERK1/2, PKB and Pyk2. On the other
hand, the inhibition of the endogenous NO generation by using N-nitro-Larginine methyl ester (L-NAME), a NO synthase inhibitor, increased the ET-1induced phophosphorylation of these signaling components. Since, NO
mediates its effect principally through a cyclic GMP/soluble guanylyl cyclase
(sGC) pathway, we investigated the role of these molecules in NO action. 8-BrcGMP, a non-metabolizable and cell permeable analogue of cGMP, exhibited a
similar effect to that of SNAP and SNP. Furthermore, oxadiazole quinoxalin
(ODQ), an inhibitor of sGC, reversed the inhibitory effect of NO on ET-1induced responses. SNAP treatment also decreased the protein synthesis
induced by ET-1. Taken together, these data demonstrate that NO, in a cGMP-
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dependent manner, attenuated ET-1-induced phosphorylation of ERK1/2, PKB
and Pyk2 and also antagonized the hypertrophic effects of ET-1. It may be
suggested that NO-induced generation of cGMP contributes to the inhibition of
ET-1-induced mitogenic and hypertrophic responses in VSMCs. (260words)
Key words: Cell signaling, protein synthesis, endothelin-1, NO.
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Introduction
Endothelin-1 (ET-1) is a 21-amino acid peptide and is considered as a
potent vasoconstrictor (47). It also exhibits mitogenic activity in vascular
smooth muscle cells (VSMC) (5; 23; 24), suggesting a possible role for ET-1 in
the pathogenesis of many diseases, such as atherosclerosis (29), hypertension
(18) and restenosis after angioplasty (11).
ET-1 exerts its effects through heteromeric G-protein-coupled receptor
(GPCR) that is linked to multiple signaling pathways which include
phospholipases C and D (13), Ca2+ (32), mitogen-activated protein kinases
(MAPKs) including extracellular signal-regulated kinases 1/2 (ERK1/2), c-JunNH2-terminal kinase (JNK) and p38mapk (7; 8; 39; 50; 51) and
phosphatidylinositol 3-kinase (PI-3K) (8; 17). Activation of receptor and nonreceptor protein tyrosine kinases (PTKs) in transducing ET-1-induced signaling
responses have also been suggested (16; 26; 27; 39; 49). PTKs activated by ET1 include epidermal growth factor (EGF) (27), c-Src (16; 26; 38) and a Ca2+dependent PTK, Pyk2 (26; 39). Of particular interest, ET-1 mediates Pyk2
activation which contributes to ERK1/2 (26) and JNK (27) signaling in
cardiomyocytes and p38mapk (39) in mesangial cells.

Nitric oxide (NO) is a free radical that has been suggested to play an
important role in cardiovascular function (38). NO mediates relaxation principally
through the stimulation of soluble guanylyl cyclase (sGC), leading to enhanced
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production of intracellular cGMP, which in turn, activates cGMP-dependent
protein kinases (PKG) (30). NO can also influence cellular events by a PKGindependent mechanism (14; 22), and is also able to react with superoxide anion
to form the reactive peroxynitrite radical (25), a potent oxidant with the potential
to disrupt protein structures by nitrating the tyrosine residues in protein (48). In
addition to its vasodilating effect, NO has been suggested to antagonize the
physiological and pathophysiological effects of several growth factors such as
EGF (52), angiotensin II (AII) (46) as well as ET-1 (1). This is probably achieved
by inhibiting one or more serine/ threonine/ tyrosine kinases implicated in the
signaling events induced by these factors. Several studies using AII, have shown
that NO suppressed the activation of ERK1/2, p38mapk and JNK (45) as well as
Pyk2 (46) in cardiac fibroblasts. It has also been recently reported that in rat
neonatal pulmonary vascular smooth muscle cells a NO donor inhibited ET-1induced ERK1/2 phosphorylation (3). However, to our knowledge, a possible
contribution of NO on ET-1-induced activation of other signaling events has not
been investigated in VSMC. Therefore, in the present studies, we have examined
the effect of NO on ET-1-stimulated phosphorylation of ERK1/2, PKB and Pyk2,
the key mediators of growth-promoting, proliferative, hyperthrophic survival
responses. In addition, we have also examined whether NO acts via a cGMPdependent mechanism in eliciting these responses.
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Materials and Methods

Materials
ET-1 was purchased from Peninsula Laboratories (Belmont, CA, USA),
and S-nitroso-N-acetylpenicillamine (SNAP), sodium nitroprusside (SNP), 8Bromo-guanosine 3’, 5’-cyclic monophosphate (8-Br-cGMP) and 1H>1,2,4@Oxadiazolo>4,3-a@quinoxalin-1-one

(ODQ),

were

obtained

from

Calbiochem (San Diego, CA). L-NAME was purchased form Sigma Aldrich (StLouis, MO). Monoclonal phospho-specific-Tyr204-ERK1/2 antibody, polyclonal
ERK1/2 antibody, eNOS antibody, iNOS antibody and horseradish peroxidaseconjugated goat anti-mouse immunoglobulin were from Santa Cruz Biotech
(Santa Cruz, CA). The phospho-specific-Ser473-PKB and total PKB as well as
phospho-specific-Tyr402-Pyk2 and total Pyk2 antibodies were procured from
New England Biolabs (Beverly, MA). The enhanced chemiluminescence (ECL)
detection system kit and L-(4,5-3H) leucine were from Amersham Pharmacia
Biotech (Baie d’Urfé, QC, Canada). Human umbilical vein endothelial cells
(HUVEC) was a gift from Dr Eric Thorin, Montreal Cardiology Institute.

Methods
Cell culture
A-10 VSMC derived from embryonic rat thoracic aorta cells were
maintained in culture with DMEM containing 10% fetal bovine serum at 370C in
a humidified atmosphere of 5% CO2 as described earlier (40). The cells were
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grown to 80-90% confluence in 60-mm plates and incubated in serum-free
DMEM 20 h prior to the treatments.
Cell lysis and Immunoblotting
Cells incubated in the absence or presence of various agents were washed
twice with ice-cold PBS and lysed in 200 Pl of buffer (25 mM Tris-HCl, pH 7.5,
25 mM NaCl, 1 mM Na orthovanadate, 10 mM Na fluoride, 10 mM Na
pyrophosphate, 2 mM benzamidine, 2 mM ethylenebis(oxyethylenenitrolo)tetraacetic

acid,

2

mM

ethylenediamine

tetraacetic

acid,

1

mM

phenylmethylsulfonyl fluoride, 10 Pg/ml aprotinin, 1% Triton X-100, 0.1%
sodium dodecyl sulfate (SDS), and 0.5 Pg/ml leupeptin) on ice. The cell lysates
were centrifuged at 12,000g for 10 min at 40C. Protein concentrations were
measured by Bradford assay. Equal amounts of protein were subjected to either
7.5% or 10% SDS-polyacrylamide gel (SDS-PAGE), transferred to PVDF
membranes (Millipore, MA, USA) and incubated with respective primary
antibodies, (monoclonal phospho-specific-Tyr204-ERK1/2 antibody (1:2,000),
polyclonal phospho-specific-Ser473-PKB antibody (1:4,000), phospho-specificTyr402-Pyk2 antibody (1:1,000), eNOS or iNOS antibodies (1:2,000)). The
antigen-antibody complex was detected by a horseradish peroxidase-conjugated
second antibody (1:4000), and protein bands were visualized by ECL. The
intensity of specific bands was quantified by NIH Image software as described
previously (31).
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Measurement of [3H]leucine Incorporation
A-10 cells were treated for 20 h with endothelin-1 (10 nM; Belmont, CA,
USA). Protein synthesis was assessed by the addition of 2 PCi/mL of
>3H]leucine (ICN Biomedicals, Inc., Costa Mesa, CA, USA) for a period of 20 h.
To assess the role of NO, cells were pretreated for 30 min with 10 or 100 μM of
S-nitroso-N-acetylpenicillamine (SNAP) (Calbiochem, San Diego, CA) which
spontaneously generates NO. Following the completion of the experimental
protocol, A-10 cells were washed twice with cold PBS, and 1 ml of cold 5%
trichloroacetic acid was added for 30 min to precipitate protein. The precipitates
were subsequently washed twice with cold water and resuspended in 500 Pl of
0.4 M NaOH. Aliquots were counted in a scintillation counter.

Statistics
Statistical analysis was performed by one-way, repeated-measures analysis
of variance (ANOVA) followed by a Fisher post hoc test. All data are reported
as means + SE. The differences between means were considered significant at
P 0.05.
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Results

Both SNAP and SNP inhibited ET-1-induced phosphorylation of ERK1/2,
PKB and Pyk2 in A-10 VSMCs
In order to determine if the anti-mitogenic and anti-proliferative effects of
NO are mediated by its ability to attenuate growth-promoting signaling pathway
in VSMC, we examined the effect of S-nitroso-N-acetylpenicillamine (SNAP),
which spontaneously generates NO, on ET-1-induced phosphorylation of
ERK1/2, PKB and Pyk2. As shown in Fig. 1, pretreatment of A-10 VSMC with
SNAP for 15 min dose-dependently attenuated ET-1-induced phosphorylation of
all of these protein kinases. Among the kinases, PKB appeared to be more
sensitive to the inhibitory effect of SNAP and exhibited almost complete
attenuation of ET-1-stimulated phosphorylation at 10 PM (Fig. 1B). In contrast,
ET-1-enhanced phosphorylation of ERK1/2 and Pyk2 was inhibited significantly
only at 300 PM SNAP.
In addition, sodium nitroprusside (SNP), another NO donor also exhibited
a similar effect and attenuated ET-1-induced ERK1/2, PKB and Pyk2
phosphorylation to varying degrees (Fig. 2).
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L-NAME potentiated ET-1-induced phosphorylation of ERK1/2, PKB and
Pyk2 in A-10 VSMCs.
To examine if decreasing the endogenous NO production by inhibition of
nitric oxide synthase (NOS) activity would modify the effect of ET-1 on various
signaling components, we investigated the effect of pretreatment of A-10 VSMC
with L-NAME, a specific inhibitor of NOS on ET-1-induced phosphorylation of
ERK1/2, PKB and Pyk2. As shown in Fig.3, L-NAME treatment, at both the
doses used, potentiated the response of ET-1 on all three signaling component
examined.

100

PM

L-NAME

potentiated

ET-1-induced

ERK1/2

phosphorylation by 4 fold (Fig. 3A), whereas only 2 fold potentiation in PKB
and Pyk2 phosphorylation was observed under these conditions (Fig. 3B,C).
Although, it is generally believed that VSMC are devoid of NOS, however, the
ability of L-NAME to potentiate ET-1-induced signaling suggested the presence
of NOS in A10-VSMC. This possibility was evaluated by subjecting the total
cellular lysates of A10-VSMC or HUVEC to western blotting using specific
antibodies against eNOS and iNOS. As shown in Fig.4A, A10 cells exhibited a
significant expression of eNOS in the basal state. However, as compared to
HUVEC the expression level of eNOS in A10-VSMC was much less. Under
these conditions iNOS could not be detected in A10-VSMC (data not shown).
Furthermore, treatment of A10-VSMC with ET-1 or L-NAME did not alter the
eNOS expression in these cells (Fig.4B)
8-Br-cGMP inhibited ET-1-induced phosphorylation of ERK1/2, PKB and
Pyk2 in A-10 VSMCs
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Since SNAP-induced production of NO would cause an elevation in
cGMP, we evaluated the possibility that the effect of SNAP on ET-1-induced
responses was mediated by a mechanism involving cGMP. We tested this by
pretreating the cells with 8-Br-cGMP, a non-metabolizable and cell permeable
analogue of cGMP. As shown in Fig.5, treatment of cells with 8-Br-cGMP
decreased ET-1-induced ERK1/2, PKB and Pyk2 phosphorylation. 100 PM 8Br-cGMP inhibited ET-1-induced ERK1/2 and Pyk2 phosphorylation almost
completely , whereas, 50% inhibition in PKB phosphorylation was observed.
ODQ reversed the inhibitory effect of SNAP on ET-1-induced ERK1/2, PKB
and Pyk2 in A-10 VSMCs
Since NO stimulates cGMP production by activating a soluble form of
guanylate cyclase, we wished to determine the contribution of this enzyme in
SNAP-induced attenuation of ET-1 response. To validate this possibility, we
used ODQ, a selective inhibitor of the soluble guanylate cyclase (sGC), which
prevents the generation of cGMP from GTP. For these experiments, cells were
preincubated with ODQ for 15 min, then with 300 M SNAP for 15 min and
finally stimulated with 10 nM ET-1 for 5 min. As shown in Fig. 6, A-C,
pretreatment with 10 M ODQ resulted in a significant reversal in the inhibitory
effect of SNAP on ET-1-stimulated ERK1/2, PKB and Pyk2 phosphorylation.
Under these conditions however, pretreatment of cells with ODQ alone did not
modify ET-1-induced ERK1/2, PKB and Pyk2 phosphorylation. (Fig.6D)
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SNAP inhibited ET-1-stimulated [3H]leucine incorporation into proteins
Activation of ERK1/2, PKB and Pyk2 signaling has been implicated in
mediating the hypertrophic response of ET-1 (42). Therefore, we next examined
whether there was a correlation between the response of SNAP and ET-1induced protein synthesis. As shown in Fig.7, ET-1 increased [3H]leucine
incorporation in total cellular proteins by about 50% over control. However,
pretreatment of cells with SNAP dose-dependently decreased ET-1-induced
[3H]leucine incorporation with almost complete attenuation observed at 100 M
of SNAP. SNAP alone did not significantly affect basal [3H]leucine uptake.
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Discussion
Here we have provided evidence showing that NO generation induced by SNAP
and SNP significantly attenuated ET-1-enhanced phosphorylation of ERK1/2,
PKB and Pyk2 in VSMC. We have also demonstrated that SNAP treatment was
able to antagonize ET-1-induced total protein synthesis, an index of
hypertrophy, in VSMC. Since both ERK1/2 and PKB pathways play critical
role in mediating hypertrophic and cell survival responses (8), it is reasonable
to suggest that the ability of NO donors to inhibit ET-1-induced activation of
these pathways is responsible for the antihypertrophic and vascular protective
effect of NO. Although NO donors have been found to attenuate EGF (52),
Platelet-Derived Growth Factor (PDGF) (35) and AII (44) stimulated
proliferation of VSMC and cardiac fibroblasts, studies reported here are the first
to demonstrate an effect of NO on ET-1-induced phosphorylation of ERK1/2,
PKB and Pyk2 in A-10 VSMC. These results are similar to the studies in
neonatal pulmonary VSMC, in which SNP treatment was found to inhibit ET-1induced ERK1/2 phosphorylation (3) and in rat cardiac fibroblasts, where AIIinduced phosphorylation of ERK1/2 and Pyk2 was blocked by SNAP (45; 46).
However, our work represents the first study demonstrating that NO
antagonizes ET-1-induced PKB and Pyk2 activation as well as ET-1-induced
protein synthesis in VSMC.
The demonstration that pharmacological inhibition of basal NO production
by using L-NAME augmented ET-1 responses on ERK1/2, PKB and Pyk2
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phosphorylation support an inhibitory role of NO on ET-1-induced signaling
events in A10-VSMC. A similar increase in ET-1-induced phosphorylation of
ERK1/2 in L-NAME treated pulmonary artery VSMC has also been
demonstrated (3). It is generally believed that VSMC are devoid of NOS
activity however, recently, both iNOS and eNOS immunoreactivity as well as
NOS activities have been detected in isolated VSMC (9; 10; 34). Our results
showing that A10-VSMC express eNOS in the basal state, further supports the
presence of eNOS in VSMC. Thus it is possible that L-NAME-induced
inhibition of eNOS by decreasing NO bioavailability potentiates ET-1-induced
signaling events in these cells.
NO is believed to exert its physiological effect through activation of sGC, a
heme containing protein (20). Binding of NO to the heme iron leads to allosteric
modification of sGC, resulting in its enhanced catalytic activity to produce
cGMP (21). cGMP, thus generated, elicits its downstream responses by
interacting with its target proteins such as PKG (37). Additional nonsGC/cGMP-dependent mechanism of NO action has also been suggested, which
include ONOO- catalyzed post-translational modification of protein via
nitration of tyrosine residues (6). However, our results showing that 8-Br-cGMP
mimicked the effect of SNAP and SNP in decreasing ET-1-induced ERK1/2,
PKB and Pyk2 phosphorylation suggest that an intermediary role of cGMP in
exerting this inhibitory response. Further proof for the involvement of sGC in
this processes has been provided by using ODQ, a specific inhibitor of sGC
which can block SNAP-induced elevations in cGMP levels in rat aortic VSMC
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(28), A-10 VSMC (4), endothelial cells (19) and cardiomyocytes (36). We
found that ODQ treatment of A-10 VSMC was able to significantly reverse the
inhibitory effect of SNAP on ET-1-induced ERK1/2, PKB and Pyk2
phosphorylation. A similar involvement of cGMP/PKG pathway in NO-induced
inhibition of ERK1/2 phosphorylation by ET-1 in cardiomyocytes and in
pulmonary artery VSMC has also been reported (3; 12). The fact that 8-BrcGMP caused only partial inhibition of ET-1-induced PKB phosphorylation and
ODQ was not able to completely reverse the SNAP-induced responses in our
studies suggest a partial contribution of non-cGMP-dependent events in
mediating the effect of NO donors in ET-1-induced responses. These cGMPindependent mechanisms include nitration of some upstream signaling
components resulting in attenuation of their catalytic activity. Existence of
cGMP-independent mechanism in mediating the antiproliferative effects of NO
has also been suggested from other studies in which ODQ, despite lowering
NO-induced cGMP levels, failed to reverse the antiproliferative effect of NO
donors in pulmonary microvascular smooth muscle cells (41) or in human
endothelial cells (19). In these studies , however the effect of ODQ on signaling
pathways linked to proliferative responses was not investigated.
The precise mechanism by which cGMP inhibits ERK1/2 signaling
remains elusive however, the ability of PKG, the downstream effector of cGMP
action, to phosphorylate c-Raf kinase on Ser
between Ras-Raf
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and the resulting uncoupling

might contribute to this effect (43). Since the upstream

elements leading the PKB phosphorylation are different from that of ERK1/2
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(8), the precise mechanism by which cGMP/PKG system attenuates PKB
phosphorylation remain undefined.
Pyk2 is a Ca2+ -dependent proline rich-non receptor protein tyrosine kinase
which plays an essential role in Ang II-induced ERK1/2 signaling and
hypertrophy in VSMC (33)

Pyk2 is activated by autophosphorylation in

Tyr402 located in its catalytic domain (2). It thus may also be possible that
SNAP/cGMP-induced decrease in Pyk2 phosphorylation observed in our studies
contributed to the attenuating effect of SNAP on ET-1-induced signaling in A10 VSMC. NO generation has been shown to attenuate IGF-1 and insulininduced elevation in H2O2 levels through a cGMP dependent event in VSMC
(53). ET-1–induced ERK1/2 and PKB signaling is known to require activation
of NADPH-oxidase system and resultant H2O2 generation (15). Thus, it is
possible that a NO/cGMP induced reduction in H2O2 generation contributes to
the decrease in ET-1 response observed in our studies.

Taken together, we have demonstrated that SNAP and SNP, a NO
donors, inhibit ET-1-stimulated increase of ERK1/2, PKB and Pyk2
phosphorylation through a cGMP/sGC-dependent mechanism in A-10 VSMC.
We have also provided evidence showing that ET-1-stimulated protein
synthesis, a hallmark of hypertrophic response, is also attenuated by NO donor
SNAP in A-10 VSMC. Since ERK1/2, PKB and Pyk2 plays a crucial role in
mediating VSMC growth and hypertrophy, it may be suggested that the ability
of NO to attenuate these pathways may serve as a potential mechanism by
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which NO counteracts the growth promoting and hypertrophic responses of ET1 in VSMC.
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Figure legends
Figure 1. Dose-dependent effect of the NO donor, SNAP on ET-1-induced
ERK1/2, PKB and Pyk2 phosphorylation in A-10 VSMCs. Serum-starved
quiescent A-10 cells were pretreated without or with the indicated SNAP
concentrations for 15 min followed by 10 nM of ET-1 for 5 min. Cell lysates
were immunoblotted by phospho-specific-Tyr204-ERK1/2 antibodies (A),
phospho-specific-Ser473-PKB antibodies (B) and phospho-specific-Tyr402-Pyk2
antibodies (C), as shown in the top panels of each section. Blots were also
analyzed for total ERK1/2, PKB and Pyk2 (middle panels of each section).
bottom panels, (bar diagrams) in each section represent average data quantified
by densitometric scanning of immunoblots. Values are the means r SE of at
least

3

independent

experiments

and

are

expressed

as

percentage

phosphorylation where phosphorylation observed with ET-1 alone is defined as
100%. (A) *P< 0.0001 vs control, †P< 0.0001 vs ET-1. (B) *P< 0.0001 vs
control, †P< 0.0001 vs ET-1. (C) *P< 0.002 vs control, †P< 0.0003 vs ET-1.
Figure 2. Dose-dependent effect of the NO donor, SNP on ET-1-induced
ERK1/2, PKB and Pyk2 phosphorylation in A-10 VSMCs. Serum-starved
quiescent A-10 cells were pretreated without or with the indicated SNP
concentrations for 15 min followed by 10 nM of ET-1 for 5 min. Cell lysates
were immunoblotted by phospho-specific-Tyr204-ERK1/2 antibodies (A),
phospho-specific-Ser473-PKB antibodies (B) and phospho-specific-Tyr402-Pyk2
antibodies (C), as shown in the top panels of each section. Blots were also
analyzed for total ERK1/2, PKB and Pyk2 (middle panels of each section).
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Bottom panels (bar diagrams) in each section represent average data quantified
by densitometric scanning of immunoblots. Values are the means r SE of at
least

3

independent

experiments

and

are

expressed

as

percentage

phosphorylation where phosphorylation observed with ET-1 alone is defined as
100%. (A) *P< 0.0003 vs control, †P< 0.0001 vs ET-1. (B) *P< 0.001 vs
control, †P< 0.0006 vs ET-1. (C) *P< 0.0003 vs control, †P< 0.0002 vs ET-1.
Figure 3. Effect of L-NAME, a NO synthase inhibitor,

on ET-1-induced

ERK1/2, PKB and Pyk2 phosphorylation in A-10 VSMCs. Serum-starved
quiescent A-10 cells were pretreated without or with the indicated L-NAME
concentrations for 30 min followed by 10 nM of ET-1 for 5 min. Cell lysates
were immunoblotted by phospho-specific-Tyr204-ERK1/2 antibodies (A) and
phospho-specific-Ser473-PKB antibodies (B), and phospho-specific-Tyr402-Pyk2
antibodies (C), as shown in the top panels of each section. Blots were also
analyzed for total ERK1/2, PKB and Pyk2 (middle panels of each section).
Bottom panels (bar diagrams) in each section represent average data quantified
by densitometric scanning of immunoblots. Values are the means r SE of at
least

3

independent

experiments

and

are

expressed

as

percentage

phosphorylation where phosphorylation observed with ET-1 alone is defined as
100%. (A)

*P< 0.003 vs control, †P< 0.005 vs ET-1. (B) *P< 0.0001 vs

control, †P< 0.0003 vs ET-1. (C) *P< 0.0001 vs control, †P< 0.0005 vs ET-1.
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Figure 4. Expression of eNOS in A10-VSMC. Total cellular lysates from
HUVEC (15Pg) or A10-VSMC (60Pg) were subjectd to SDS-PAGE followed
by immunoblotting using eNOS antibody as described in the materials and
methods (A); Serum-starved quiescent A-10 cells were pretreated without or
with the indicated L-NAME concentrations for 30 min followed by 10 nM of
ET-1 for 5 min. Cell lysates were immunoblotted by using eNOS specific
antibody (B).
Figure 5. Effect of a stable analogue of cGMP, 8-Br-cGMP on ET-1-induced
ERK1/2, PKB and Pyk2 phosphorylation in A-10 VSMCs. Serum-starved
quiescent A-10 cells were pretreated without or with the indicated 8-Br-cGMP
concentrations for 15 min followed by 10 nM of ET-1 for 5 min. Cell lysates
were immunoblotted by phospho-specific-Tyr204-ERK1/2 antibodies (A) and
phospho-specific-Ser473-PKB antibodies (B), and phospho-specific-Tyr402-Pyk2
antibodies (C), as shown in the top panels of each section. Blots were also
analyzed for total ERK1/2, PKB and Pyk2 (middle panels of each section).
Bottom panels (bar diagrams) in each section represent average data quantified
by densitometric scanning of immunoblots. Values are the means r SE of at
least

3

independent

experiments

and

are

expressed

as

percentage

phosphorylation where phosphorylation observed with ET-1 alone is defined as
100%. (A)

*P< 0.003 vs control, †P< 0.005 vs ET-1. (B) *P< 0.0001 vs

control, †P< 0.0003 vs ET-1. (C) *P< 0.001 vs control, †P< 0.005 vs ET-1.
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Figure 6. Effect of the inhibitor of the soluble guanylate cyclase, ODQ on ET-1induced ERK1/2, PKB and Pyk2 phosphorylation in A-10 VSMCs. Serumstarved quiescent A-10 cells were pretreated without or with the indicated ODQ
concentrations for 15 min before addition of 300 PM SNAP for 15 min followed
by 10 nM of ET-1 for 5 min. Cell lysates were immunoblotted by phosphospecific-Tyr204-ERK1/2 antibodies (A), phospho-specific-Ser473-PKB antibodies
(B) and phospho-specific-Tyr402-Pyk2 antibodies (C), as shown in the top panels
of each section. Blots were also analyzed for total ERK1/2, PKB and Pyk2
(middle panels of each section). Bottom panels (bar diagrams) in each section
represent average data quantified by densitometric scanning of immunoblots.
Values are the means r SE of at least 3 independent experiments and are
expressed as percentage phosphorylation where phosphorylation observed with
ET-1 alone is defined as 100%. (A) *P< 0.0002 vs control, †P< 0.007 vs ET-1,
‡ P< 0.002 vs SNAP + ET-1. (B) *P< 0.0002 vs control, †P< 0.0006 vs ET-1, ‡
P< 0.003 vs SNAP + ET-1. (C) *P< 0.0005 vs control, †P< 0.002 vs ET-1, ‡ P<
0.02 vs SNAP + ET-1. Section (D) shows the effect of ODQ on basal or on ET1-induced ERK1/2, PKB and Pyk2 phosphorylation.
Figure 7 Effect of different concentrations of SNAP on ET-1-induced
[3H]leucine incorporation into proteins. Serum-starved quiescent A-10 cells
were pretreated with 10 and 100 M of SNAP for 30 min before ET-1 (10 nM)
stimulation , then the cells were labeled to equilibrium with [3H]leucine for 20 h
as described in Materials and Methods. Values are the means r SE of 3
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independent experiments and are expressed as percentage of change in
[3H]leucine incorporated into total cellular proteins over the basal values. *P<
0.002 vs control, †P< 0.004 vs ET-1.
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CHAPTER-5
GENERAL DISCUSSION

ET-1, the most potent vasoconstrictor peptide was discovered only 20 years ago.
Although studies done during the last 2 decades have clarified the physiological and
pathophysiological role of ET-1 in multiple systems, many questions in this field still
remain unresolved.
In the vascular system, ET-1 has a basal vasoconstriction role (tonic role) and an
upregulated ET-1 system has been suggested among the contributing factors in to the
development of vascular disease such as hypertension and atherosclerosis. ET-1
contributes also to myocardial contractility, chronotropy and arrhythogenesis, as well as
congestive heart failure, renal disorders and pulmonary diseases. Based on recent
experimental data, treatment with newly available ET-1 antagonists is likely to inhibit
ET-1-induced functional and structural alterations in the vasculature. However, a better
knowledge of ET-1 signaling transduction pathways would be important for devising
specific therapeutic agents directed against critical components of signaling systems
implicated in vascular remodeling.
ET-1 elicits its effects through the stimulation of its G-protein-coupled receptors (GPCR)
which leads to the recruitment of multiple signaling pathways which includes protein
kinases of the Raf family and lipid kinases of the phosphatidylinositol 3-kinase (PI-3K)
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family. Both pathways are shown to be involved in cellular growth and proliferation two
important phenomenons by which ET-1 triggers some of pathophysiological states. In
parallel, it is also known that ET-1 increases intracellular Ca2+ concentration in many cell
types including VSMCs and induces vascular contractility via the activity of Ca2+ and
calmodulin (CaM) system. CaMKII is a multifunctional serine/threonine protein kinase
which is believed to transduce the downstream effects of Ca2+/CaM. A role of CaMKII
in mediating various physiological functions in several systems and pathophysiological
events in different cell types, such as VSMCs (405) and cardiomyocytes (207) has been
suggested and in heart, ET-1-induced cardiomiocyte hypertophy has been linked to
CaMKII activation (207). Recently, Tiel et al have suggested a proarrhythmic effect of
CaMKII by showing that CaMKII activation is a part of arrhythmia mechanism of
Timothy syndrome(406). Moreover, studies showing that inhibition of CaMKII by KN93 prevents arrhythmic activity in rabbit pulmonary veins (407), decreases early
afterdepolarizations in rabbit heart (408) and improves vascular dysfunction in animal
models of diabetes (222) or in Ang II-induced hypertension (221), suggesting that
aberrant activation of CaMKII may be involved in these cardiovascular pathologies.
The involvement of CaMKII system in ET-1 induced signaling was not studied before,
therefore we investigated the role of CaMKII in ET-1-induced ERK1/2, PKB and Pyk2
signaling which are believed to be key players in mediating growth-promoting,
proliferative, migratory, survival and death responses in the cell. In these studies, we used
three different strategies: classical pharmacological inhibitors, transfection of cells with
CaMKII inhibitory peptide (AA 281-309) corresponding to auto-inhibitory domain of
CaMKII and finally use of small interfering RNA (siRNA) technique. These studies are
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the first to report an activation of CaMKII by ET-1 in VSMCs in Fig.2 article 1. This
finding supports the idea that CaMKII plays a role in ET-1-induced signaling in VSMC.
We further confirm this idea by showning that CaMKII phosphorylation was required for
ET-1-induced ERK1/2, PKB and Pyk2 phosphorylation in VSMC. We have also shown
in these studies that ET-1 was able to induce an increase in both protein and DNA
synthesis which is consistent with other studies done in VSMC. However, these studies
are the first to report an inhibitory effect of both CaM and CaMKII antagonists on ET-1induced both growth and proliferation in VSMC which suggests a probable role of
CaMKII in vascular diseases related to ET-1. Thus, CaMKII inhibition may be a good
strategy to prevent or treat these pathologies.
Several studies have indicated that ROS play an essential role in propagating the signals
of many growth factors, peptide hormones and cytokines such as EGF, Ang- II (409) and
tumor necrosis factor-D (TNF-D) (410). Increased ROS generation has been associated
with a variety of cardiovascular pathologies including hypertension and atherosclerosis.
In our laboratory, we have shown earlier that ROS is generated by ET-1 in VSMC and
these ROS are needed to mediate ET-1-induced activation of ERK1/2, PKB, and Pyk2
signaling as well as protein synthesis (10). We have also reported earlier a requirement of
Ca2+ and CaM in H2O2-induced activation ERK1/2 and PKB (411). On the other hand,
CaMKII have been shown to be upstream of H2O2-induced ERK1/2 phosphorylation in
endothelial cells (412). Thus, the contribution of CaMKII in H2O2-induced ERK1/2, PKB
and Pyk2 in VSMC remains obscure and needs to be clarified. Therefore, in the second
article of this thesis, we investigated the role of CaMKII in H2O2-induced ERK1/2, PKB
and Pyk2 phosphorylation in VSMC and since we have shown earlier the ability of H2O2
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to activate Pyk2 and IGF-1R (324), we extended these studies to examine the role of
CaMKII in Pyk2 and IGF-1R phosphorylation induced by H2O2. Our results provided
evidence that CaMKII is upstream of Pyk2 phosphorylation induced by H2O2 and also
CaMKII phosphorylation is needed for H2O2 evoked IGF-1R transactivation in VSMCs.
In this article we have shown a time course of H2O2 induced CaMKII phosphorylation
(Fig.5 Article 2). This data shows for the first time a phosphorylation of CaMKII induced
by H2O2 in VSMC. Overall, our data reveal that CaMKII serves as a critical upstream
component in triggering the H2O2-induced signaling cascade resulting in the
phosphorylation of IGF-1R, Pyk2, ERK1/2 and PKB in VSMC. It may be suggested that
through the activation of these signaling events CaMKII contributes to the regulation of
various cellular processes including cell growth, proliferation, hypertrophy and survival
in VSMC. Dysregulation of CaMKII activity may thus play an important role in the
pathogenesis of vascular disease. NO is another important free radical that has been
shown to contribute to the regulation of several hormone-mediated responses such as
attenuation of the proliferative stimulation of VSMCs and cardiac fibroblasts induced by
EGF (387) and Ang II (413). It has been suggested that NO might exert these effects by
modifying the growth-promoting signaling events. The support for this notion is provided
from studies in which NO was shown to attenuate ras/ERK1/2 signaling in response to
EGF (387) and Ang II (404) as well as PKB in response to PDGF (392). NO was also
shown to attenuate Ang II-stimulated Pyk2 phosphorylation in cardiac fibroblasts (393).
Recently, ET-1-induced cardiomyocyte hypertrophy also has been fund to be attenuated
by NO through cGMP production (366). Despite the fact that a potential cross-talk
between ET-1 and NO exists, and NO is believed to counteract the effects of ET-1, not
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much information on the ability of NO to modify ET-1-induced signaling in VSMCs is
available. The only study to investigate a role of NO in ET-1-induced responses in
VSMCs was from Sand’s laboratory in which they have been investigating the effect of
NO on ET-1-induced vascular contraction in human placental arteries. In these studies,
they have reported an inhibitory effect of NO in arteries contraction induced by ET1(414).Therefore, in the present studies, we have investigated if NO generation would
modify ET-1-induced signaling pathways involved in cell growth and proliferation. Our
data indicated that addition of the NO donors, SNAP or SNP decreased the
phosphorylation level of ERK1/2, PKB and Pyk2 induced by ET-1. On another hand
inhibition of NO generation by a pretreatment with NO inhibitor, L-NAME, increases
these responses. These results are similar to previous studies in which Ang II-induced
phosphorylation of ERK1/2 and Pyk2 was blocked by SNAP. This work represents the
first detailed investigation on the effect of NO system on multiple signaling systems
induced by ET-1 in VSMC. This study demonstrated that NO antagonizes ET-1-induced
signaling in VSMC. Pyk2 has also been implicated in Ang II and ET-1-induced MAPK
activation in cardiac fibroblasts and VSMC. Thus, it is possible that Pyk2 serves as an
upstream mediator of MAPK cascade induced by ET-1 in A-10 VSMC. In these studies,
we have also shown that A10 VSMC express eNOS as compared to endothelial cells
which support our finding by detecting the source of NO in these cells.
We have also demonstrated a role of cGMP in mediating the attenuating effect of NO on
ET-1 signaling pathway by using 8-Br-cGMP. The results showed that 8-Br-cGMP
decreased ERK1/2, PKB and Pyk2 phosphorylation induced by ET-1and it thus
mimicked the inhibitory effect of SNAP and SNP. We further evaluated an involvement
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of soluble guanylate cyclase by using a specific inhibitor, ODQ, and demonstrated that it
could reverse the inhibitory effect of SNAP on ET-1-induced ERK1/2, PKB and Pyk2
phosphorylation. It has been previously shown that ODQ can block SNAP-induced
elevation in cGMP levels in rat aortic VSMC (415), endothelial cells (367) and
cardiomyocytes (416). Finally, we also provide evidence showing that ET-1-stimulated
protein synthesis, a hallmark of hypertrophic response, is also attenuated by NO donor,
SNAP.

Taken together, we demonstrate that NO inhibits the ET-1-stimulated increase in the
phosphorylation state of ERK1/2, PKB and Pyk2 in A-10 VSMC. Since ERK1/2, PKB
and Pyk2 plays a crucial role by mediating VSMC growth and hypertrophy, it may be
suggested that the ability of NO to attenuate these pathways may serve as a potential
mechanism by which NO counteracts the biological responses of ET-1.
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CHAPTER-6
Conclusion and Perspectives
Overall, the studies presented in this thesis (Fig. 13) demonstrate that CaMKII activation
is needed for both ET-1 and H2O2 (which is known to play an essential role in
propagating the signals of ET-1) -induced phosphorylation of ERK1/2, PKB and Pyk2.
Also our work demonstrates a critical role of CaMKII in mediating H2O2-induced IGF1R transactivation in VSMCs. On the other hand, we have demonstrated that NO
antagonizes ET-1-induced activation of above signaling pathways. Finally, we have
demonstrated that CaMKII activation and NO generation have opposite effect on
hypertrophic and proliferative responses induced by ET-1 in VSMCs which are
associated to several cardiovascular diseases. The results presented in this thesis have
uncovered a key upstream role of CaMKII in triggering ET-1 and H2O2-induced signaling
events in VSMC. The results presented in this thesis highlight the protective role of NO
and the pro-pathogenic role of CaMKII in vasculature. Since both NO and CaMKII are
involved in ET-1-induced signaling pathways and since both of these components are
Ca/CaM dependent, it will be important to test the effect of NO on ET-1-induced
CaMKII activation as well as its effect on ET-1 and H2O2-induced growth factor
receptors transactivation because role of NO in growth factor receptors transactivation
has not been studied before. Clarifying these points will help us to better understand the
vasoactive peptide and redox-induced signaling in VSMCs.
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Fig.13. A model summarizing mechanism by which ET-1 and H2O2-induced signaling in
VSMC with implication of CaMKII and NO.

183

References

1. Yanagisawa, M, Kurihara, H, Kimura, S, Tomobe, Y, Kobayashi, M, Mitsui, Y,
Yazaki , Y, Goto, K, and Masaki, T. A novel potent vasoconstrictor peptide
produced by vascular endothelial cells. Nature 332, 411-415. 1988.
2. Bobik,A, Grooms,A, Millar,JA, Mitchell,A, Grinpukel,S: Growth factor activity
of endothelin on vascular smooth muscle. Am J Physiol 258:C408-C415, 1990

3. Rabelink,TJ, Kaasjager,KA, Boer,P, Stroes,EG, Braam,B, Koomans,HA: Effects
of endothelin-1 on renal function in humans: implications for physiology and
pathophysiology. Kidney Int 46:376-381, 1994

4. Schiffrin,EL: Endothelin: potential role in hypertension and vascular hypertrophy.
Hypertension 25:1135-1143, 1995

5. Iglarz,M, Schiffrin,EL: Role of endothelin-1 in hypertension. Curr Hypertens Rep
5:144-148, 2003

6. Yue,TL, Gu,JL, Wang,C, Reith,AD, Lee,JC, Mirabile,RC, Kreutz,R, Wang,Y,
Maleeff,B, Parsons,AA, Ohlstein,EH: Extracellular signal-regulated kinase plays
an essential role in hypertrophic agonists, endothelin-1 and phenylephrineinduced cardiomyocyte hypertrophy. J Biol Chem 275:37895-37901, 2000

184
7. Sugden, P. H. An overview of endothelin signaling in the cardiac myocyte. J Mol
Cell Cardiol. 35, 871-886. 2003.
8. Araki,S, Haneda,M, Togawa,M, Kikkawa,R: Endothelin-1 activates c-Jun NH2terminal kinase in mesangial cells. Kidney Int 51:631-639, 1997

9. Bouallegue,A, Daou,GB, Srivastava,AK: Nitric oxide attenuates endothelin-1induced activation of ERK1/2, PKB, and Pyk2 in vascular smooth muscle cells by
a cGMP-dependent pathway. Am J Physiol Heart Circ Physiol 293:H2072H2079, 2007
10. Daou,GB, Srivastava,AK: Reactive oxygen species mediate Endothelin-1-induced
activation of ERK1/2, PKB, and Pyk2 signaling, as well as protein synthesis, in
vascular smooth muscle cells. Free Radic Biol Med 37:208-215, 2004

11. Inoue,A, Yanagisawa,M, Kimura,S, Kasuya,Y, Miyauchi,T, Goto,K, Masaki,T:
The human endothelin family: three structurally and pharmacologically distinct
isopeptides predicted by three separate genes. Proc Natl Acad Sci U S A 86:28632867, 1989

12. Nakajima,K, Kumagaye,S, Nishio,H, Kuroda,H, Watanabe,TX, Kobayashi,Y,
Tamaoki,H, Kimura,T, Sakakibara,S: Synthesis of endothelin-1 analogues,
endothelin-3, and sarafotoxin S6b: structure-activity relationships. J Cardiovasc
Pharmacol 13 Suppl 5:S8-12, 1989

185
13. Gray GA: Generation of endothelin. In Molecular biology and pharmacology of
the endothelins. Gray GA WD, Ed. Austin: RG Landes., 1995, p. 13-32

14. Lee,ME, Bloch,KD, Clifford,JA, Quertermous,T: Functional analysis of the
endothelin-1 gene promoter. Evidence for an endothelial cell-specific cis-acting
sequence. J Biol Chem 265:10446-10450, 1990

15. Howard,PG,

Plumpton,C,

Davenport,AP:

Anatomical

localization

and

pharmacological activity of mature endothelins and their precursors in human
vascular tissue. J Hypertens 10:1379-1386, 1992

16. Plumpton,C, Champeney,R, Ashby,MJ, Kuc,RE, Davenport,AP: Characterization
of endothelin isoforms in human heart: endothelin-2 demonstrated. J Cardiovasc
Pharmacol 22 Suppl 8:S26-S28, 1993

17. Hirata,Y, Kanno,K, Watanabe,TX, Kumagaye,S, Nakajima,K, Kimura,T,
Sakakibara,S, Marumo,F: Receptor binding and vasoconstrictor activity of big
endothelin. Eur J Pharmacol 176:225-228, 1990

18. Xu,D, Emoto,N, Giaid,A, Slaughter,C, Kaw,S, deWit,D, Yanagisawa,M: ECE-1:
a membrane-bound metalloprotease that catalyzes the proteolytic activation of big
endothelin-1. Cell 78:473-485, 1994

186
19. Webb,DJ, Monge,JC, Rabelink,TJ, Yanagisawa,M: Endothelin: new discoveries
and rapid progress in the clinic. Trends Pharmacol Sci 19:5-8, 1998

20. Hasegawa,H,

Hiki,K,

Sawamura,T,

Aoyama,T,

Okamoto,Y,

Miwa,S,

Shimohama,S, Kimura,J, Masaki,T: Purification of a novel endothelin-converting
enzyme specific for big endothelin-3. FEBS Lett 428:304-308, 1998

21. Emoto,N, Yanagisawa,M: Endothelin-converting enzyme-2 is a membranebound, phosphoramidon-sensitive metalloprotease with acidic pH optimum. J Biol
Chem 270:15262-15268, 1995

22. Suzuki,N, Matsumoto,H, Kitada,C, Masaki,T, Fujino,M: A sensitive sandwichenzyme immunoassay for human endothelin. J Immunol Methods 118:245-250,
1989

23. Miyauchi,T, Suzuki,N, Kurihara,T, Yamaguchi,I, Sugishita,Y, Matsumoto,H,
Goto,K, Masaki,T: Endothelin-1 and endothelin-3 play different roles in acute and
chronic alterations of blood pressure in patients with chronic hemodialysis.
Biochem Biophys Res Commun 178:276-281, 1991

24. Yoshimoto,S, Ishizaki,Y, Sasaki,T, Murota,S: Effect of carbon dioxide and
oxygen on endothelin production by cultured porcine cerebral endothelial cells.
Stroke 22:378-383, 1991

187
25. Plumpton,C, Ferro,CJ, Haynes,WG, Webb,DJ, Davenport,AP: The increase in
human plasma immunoreactive endothelin but not big endothelin-1 or its Cterminal fragment induced by systemic administration of the endothelin
antagonist TAK-044. Br J Pharmacol 119:311-314, 1996

26. Sirvio,ML, Metsarinne,K, Saijonmaa,O, Fyhrquist,F: Tissue distribution and halflife of 125I-endothelin in the rat: importance of pulmonary clearance. Biochem
Biophys Res Commun 167:1191-1195, 1990

27. Goldie,RG: Endothelins in health and disease: an overview. Clin Exp Pharmacol
Physiol 26:145-148, 1999

28. Abassi,ZA, Golomb,E, Bridenbaugh,R, Keiser,HR: Metabolism of endothelin-1
and big endothelin-1 by recombinant neutral endopeptidase EC.3.4.24.11. Br J
Pharmacol 109:1024-1028, 1993

29. Michael,JR, Markewitz,BA: Endothelins and the lung. Am J Respir Crit Care
Med 154:555-581, 1996

30. Loffler,BM, Breu,V, Clozel,M: Effect of different endothelin receptor antagonists
and of the novel non-peptide antagonist Ro 46-2005 on endothelin levels in rat
plasma. FEBS Lett 333:108-110, 1993

188
31. Fukuroda,T, Fujikawa,T, Ozaki,S, Ishikawa,K, Yano,M, Nishikibe,M: Clearance
of circulating endothelin-1 by ETB receptors in rats. Biochem Biophys Res
Commun 199:1461-1465, 1994

32. Haynes,WG,

Ferro,CJ,

O'Kane,KP,

Somerville,D,

Lomax,CC,

Webb,DJ:

Systemic endothelin receptor blockade decreases peripheral vascular resistance
and blood pressure in humans. Circulation 93:1860-1870, 1996

33. Arai, H, Hori, S, Aramori, I, Ohkubo, H, and Nakanishi, S. Cloning and
expression of a cDNA encoding an endothelin receptor. Nature 348, 730-732.
1990.
34. Sakurai, T, Yanagisawa M, Takuwa Y, Miyazaki H, Kimura S, Goto K, and
Masaki T. Cloning of a cDNA encoding a non-isopeptide-selective subtype of the
endothelin receptor. Nature 348, 732-735. 1990.
35. Pierce,KL, Premont,RT, Lefkowitz,RJ: Seven-transmembrane receptors. Nat Rev
Mol Cell Biol 3:639-650, 2002

36. Evans,NJ, Walker,JW: Endothelin receptor dimers evaluated by FRET, ligand
binding, and calcium mobilization. Biophys J 95:483-492, 2008

37. Endoh,M, Fujita,S, Yang,HT, Talukder,MA, Maruya,J, Norota,I: Endothelin:
receptor subtypes, signal transduction, regulation of Ca2+ transients and
contractility in rabbit ventricular myocardium. Life Sci 62:1485-1489, 1998

189
38. Ihara,M, Noguchi,K, Saeki,T, Fukuroda,T, Tsuchida,S, Kimura,S, Fukami,T,
Ishikawa,K, Nishikibe,M, Yano,M: Biological profiles of highly potent novel
endothelin antagonists selective for the ETA receptor. Life Sci 50:247-255, 1992

39. Gellai,M, Fletcher,T, Pullen,M, Nambi,P: Evidence for the existence of
endothelin-B receptor subtypes and their physiological roles in the rat. Am J
Physiol 271:R254-R261, 1996

40. Alonso,D, Radomski,MW: The nitric oxide-endothelin-1 connection. Heart Fail
Rev 8:107-115, 2003

41. D'Orleans-Juste,P, Labonte,J, Bkaily,G, Choufani,S, Plante,M, Honore,JC:
Function of the endothelin(B) receptor in cardiovascular physiology and
pathophysiology. Pharmacol Ther 95:221-238, 2002

42. Williams,DL, Jr., Jones,KL, Pettibone,DJ, Lis,EV, Clineschmidt,BV: Sarafotoxin
S6c: an agonist which distinguishes between endothelin receptor subtypes.
Biochem Biophys Res Commun 175:556-561, 1991

43. Ishikawa,K, Ihara,M, Noguchi,K, Mase,T, Mino,N, Saeki,T, Fukuroda,T,
Fukami,T, Ozaki,S, Nagase,T, .: Biochemical and pharmacological profile of a
potent and selective endothelin B-receptor antagonist, BQ-788. Proc Natl Acad
Sci U S A 91:4892-4896, 1994

190
44. Liu,S, Premont,RT, Kontos,CD, Huang,J, Rockey,DC: Endothelin-1 activates
endothelial cell nitric-oxide synthase via heterotrimeric G-protein betagamma
subunit signaling to protein jinase B/Akt. J Biol Chem 278:49929-49935, 2003

45. Pollock,DM, Keith,TL, Highsmith,RF: Endothelin receptors and calcium
signaling. FASEB J 9:1196-1204, 1995

46. Wagner,OF, Vierhapper,H, Gasic,S, Nowotny,P, Waldhausl,W: Regional effects
and clearance of endothelin-1 across pulmonary and splanchnic circulation. Eur J
Clin Invest 22:277-282, 1992

47. Clozel,M, Clozel,JP: Effects of endothelin on regional blood flows in squirrel
monkeys. J Pharmacol Exp Ther 250:1125-1131, 1989

48. Han,SP, Trapani,AJ, Fok,KF, Westfall,TC, Knuepfer,MM: Effects of endothelin
on regional hemodynamics in conscious rats. Eur J Pharmacol 159:303-305, 1989

49. Rocic, P, Govindarajan, G, Sabri, A, and Lucchesi, P. A. A role for PYK2 in
regulation of ERK1/2 MAP kinases and PI 3-kinase by ANG II in vascular
smooth muscle. Am J Physiol Cell Physiol. 280, C90-C99. 2001.
50. Mortensen,LH, Fink,GD: Hemodynamic effect of human and rat endothelin
administration into conscious rats. Am J Physiol 258:H362-H368, 1990

191
51. Hirata,Y, Takagi,Y, Fukuda,Y, Marumo,F: Endothelin is a potent mitogen for rat
vascular smooth muscle cells. Atherosclerosis 78:225-228, 1989

52. Hafizi,S, Allen,SP, Goodwin,AT, Chester,AH, Yacoub,MH: Endothelin-1
stimulates proliferation of human coronary smooth muscle cells via the ET(A)
receptor and is co-mitogenic with growth factors. Atherosclerosis 146:351-359,
1999

53. Pieske,B,

Beyermann,B,

Breu,V,

Loffler,BM,

Schlotthauer,K,

Maier,LS,

Schmidt-Schweda,S, Just,H, Hasenfuss,G: Functional effects of endothelin and
regulation of endothelin receptors in isolated human nonfailing and failing
myocardium. Circulation 99:1802-1809, 1999

54. Zolk,O, Munzel,F, Eschenhagen,T: Effects of chronic endothelin-1 stimulation on
cardiac myocyte contractile function. Am J Physiol Heart Circ Physiol
286:H1248-H1257, 2004

55. Watanabe,T, Kusumoto,K, Kitayoshi,T, Shimamoto,N: Positive inotropic and
vasoconstrictive effects of endothelin-1 in in vivo and in vitro experiments:
characteristics and the role of L-type calcium channels. J Cardiovasc Pharmacol
13 Suppl 5:S108-S111, 1989

56. Merkely,B, Geller,L, Toth,M, Kiss,O, Kekesi,V, Solti,F, Vecsey,T, Horkay,F,
Tenczer,J,

Juhasz-Nagy,A:

Mechanism

of

endothelin-induced

malignant

192
ventricular arrhythmias in dogs. J Cardiovasc Pharmacol 31 Suppl 1:S437-S439,
1998

57. Qi,XL, Sia,YT, Stewart,DJ, Wei,G, Nguyen,QT, Cernacek,P, Picard,P, Sirois,M,
Rouleau,JL: Myocardial contractile responsiveness to endothelin-1 in the postinfarction rat model of heart failure: effects of chronic quinapril. J Mol Cell
Cardiol 33:2023-2035, 2001

58. Maeda,S, Miyauchi,T, Sakai,S, Kobayashi,T, Goto,K, Sugishita,Y, Matsuda,M:
Endothelin-1 in the heart during exercise. J Cardiovasc Pharmacol 31 Suppl
1:S392-S394, 1998

59. Kawano,Y, Yoshida,K, Yoshimi,H, Kuramochi,M, Omae,T: The cardiovascular
effect of intracerebroventricular endothelin in rats. J Hypertens Suppl 7:S22-S23,
1989

60. Nakamura,K, Sasaki,S, Moriguchi,J, Morimoto,S, Miki,S, Kawa,T, Itoh,H,
Nakata,T, Takeda,K, Nakagawa,M: Central effects of endothelin and its
antagonists on sympathetic and cardiovascular regulation in SHR-SP. J
Cardiovasc Pharmacol 33:876-882, 1999

61. Nishimura,M, Takahashi,H, Matsusawa,M, Ikegaki,I, Sakamoto,M, Nakanishi,T,
Hirabayashi,M, Yoshimura,M: Chronic intracerebroventricular infusions of
endothelin elevate arterial pressure in rats. J Hypertens 9:71-76, 1991

193
62. Yamamoto,T,

Kimura,T,

Ota,K,

Shoji,M,

Inoue,M,

Sato,K,

Ohta,M,

Yoshinaga,K: Central effects of endothelin-1 on vasopressin release, blood
pressure, and renal solute excretion. Am J Physiol 262:E856-E862, 1992

63. Makino,S, Hashimoto,K, Hirasawa,R, Hattori,T, Kageyama,J, Ota,Z: Central
interaction between endothelin and brain natriuretic peptide on pressor and
hormonal responses. Brain Res 534:117-121, 1990

64. Kohan,DE: Endothelin synthesis by rabbit renal tubule cells. Am J Physiol
261:F221-F226, 1991

65. Kitamura,K, Tanaka,T, Kato,J, Eto,T, Tanaka,K: Regional distribution of
immunoreactive endothelin in porcine tissue: abundance in inner medulla of
kidney. Biochem Biophys Res Commun 161:348-352, 1989

66. Zeidel,ML, Brady,HR, Kone,BC, Gullans,SR, Brenner,BM: Endothelin, a peptide
inhibitor of Na(+)-K(+)-ATPase in intact renaltubular epithelial cells. Am J
Physiol 257:C1101-C1107, 1989

67. Oishi,R, Nonoguchi,H, Tomita,K, Marumo,F: Endothelin-1 inhibits AVPstimulated osmotic water permeability in rat inner medullary collecting duct. Am J
Physiol 261:F951-F956, 1991

194
68. Pollock,DM, Pollock,JS: Evidence for endothelin involvement in the response to
high salt. Am J Physiol Renal Physiol 281:F144-F150, 2001

69. Pollock,DM: Renal endothelin in hypertension. Curr Opin Nephrol Hypertens
9:157-164, 2000

70. Kato,T, Kassab,S, Wilkins,FC, Jr., Kirchner,KA, Keiser,J, Granger,JP: Endothelin
antagonists improve renal function in spontaneously hypertensive rats.
Hypertension 25:883-887, 1995

71. Ahn,D, Ge,Y, Stricklett,PK, Gill,P, Taylor,D, Hughes,AK, Yanagisawa,M,
Miller,L,

Nelson,RD,

Kohan,DE:

Collecting

duct-specific

knockout

of

endothelin-1 causes hypertension and sodium retention. J Clin Invest 114:504511, 2004

72. Ge,Y,

Ahn,D,

Stricklett,PK,

Hughes,AK,

Yanagisawa,M,

Verbalis,JG,

Kohan,DE: Collecting duct-specific knockout of endothelin-1 alters vasopressin
regulation of urine osmolality. Am J Physiol Renal Physiol 288:F912-F920, 2005

73. Yukimura,T, Yamashita,Y, Miura,K, Kim,S, Iwao,H, Takai,M, Okada,T: Renal
vasodilating and diuretic actions of a selective endothelin ETB receptor agonist,
IRL1620. Eur J Pharmacol 264:399-405, 1994

195
74. Edwards,RM, Trizna,W, Ohlstein,EH: Renal microvascular effects of endothelin.
Am J Physiol 259:F217-F221, 1990

75. King,AJ, Brenner,BM, Anderson,S: Endothelin: a potent renal and systemic
vasoconstrictor peptide. Am J Physiol 256:F1051-F1058, 1989

76. Inscho,EW, Imig,JD, Cook,AK, Pollock,DM: ETA and ETB receptors
differentially modulate afferent and efferent arteriolar responses to endothelin. Br
J Pharmacol 146:1019-1026, 2005

77. Cozza,EN, Gomez-Sanchez,CE, Foecking,MF, Chiou,S: Endothelin binding to
cultured calf adrenal zona glomerulosa cells and stimulation of aldosterone
secretion. J Clin Invest 84:1032-1035, 1989

78. Boarder,MR, Marriott,DB: Characterization of endothelin-1 stimulation of
catecholamine release from adrenal chromaffin cells. J Cardiovasc Pharmacol 13
Suppl 5:S223-S224, 1989

79. Fukuda,Y, Hirata,Y, Yoshimi,H, Kojima,T, Kobayashi,Y, Yanagisawa,M,
Masaki,T: Endothelin is a potent secretagogue for atrial natriuretic peptide in
cultured rat atrial myocytes. Biochem Biophys Res Commun 155:167-172, 1988

80. Stasch,JP, Hirth-Dietrich,C, Kazda,S, Neuser,D: Endothelin stimulates release of
atrial natriuretic peptides in vitro and in vivo. Life Sci 45:869-875, 1989

196
81. Rakugi,H, Nakamaru,M, Saito,H, Higaki,J, Ogihara,T: Endothelin inhibits renin
release from isolated rat glomeruli. Biochem Biophys Res Commun 155:12441247, 1988

82. Takagi,M, Tsukada,H, Matsuoka,H, Yagi,S: Inhibitory effect of endothelin on
renin release in vitro. Am J Physiol 257:E833-E838, 1989

83. Kawaguchi,H, Sawa,H, Yasuda,H: Effect of endothelin on angiotensin converting
enzyme activity in cultured pulmonary artery endothelial cells. J Hypertens
9:171-174, 1991

84. Conte,D, Questino,P, Fillo,S, Nordio,M, Isidori,A, Romanelli,F: Endothelin
stimulates testosterone secretion by rat Leydig cells. J Endocrinol 136:R1-R4,
1993

85. Hotta,K,

Funahashi,T,

Bodkin,NL,

Ortmeyer,HK,

Arita,Y,

Hansen,BC,

Matsuzawa,Y: Circulating concentrations of the adipocyte protein adiponectin are
decreased in parallel with reduced insulin sensitivity during the progression to
type 2 diabetes in rhesus monkeys. Diabetes 50:1126-1133, 2001

86. Chai,SP, Chang,YN, Fong,JC: Endothelin-1 stimulates interleukin-6 secretion
from 3T3-L1 adipocytes. Biochim Biophys Acta 1790:213-218, 2009

197
87. Schiffrin,EL: Role of endothelin-1 in hypertension and vascular disease. Am J
Hypertens 14:83S-89S, 2001

88. Mulder,P,

Richard,V,

Derumeaux,G,

Hogie,M,

Henry,JP,

Lallemand,F,

Compagnon,P, Mace,B, Comoy,E, Letac,B, Thuillez,C: Role of endogenous
endothelin in chronic heart failure: effect of long-term treatment with an
endothelin antagonist on survival, hemodynamics, and cardiac remodeling.
Circulation 96:1976-1982, 1997

89. Kopetz,ES, Nelson,JB, Carducci,MA: Endothelin-1 as a target for therapeutic
intervention in prostate cancer. Invest New Drugs 20:173-182, 2002

90. Agapitov,AV, Haynes,WG: Role of endothelin in cardiovascular disease. J Renin
Angiotensin Aldosterone Syst 3:1-15, 2002

91. Schiffrin,EL, Lariviere,R, Li,JS, Sventek,P, Touyz,RM: Deoxycorticosterone
acetate plus salt induces overexpression of vascular endothelin-1 and severe
vascular hypertrophy in spontaneously hypertensive rats. Hypertension 25:769773, 1995

92. Kassab,S, Novak,J, Miller,T, Kirchner,K, Granger,J: Role of endothelin in
mediating the attenuated renal hemodynamics in Dahl salt-sensitive hypertension.
Hypertension 30:682-686, 1997

198
93. Intengan,HD, Schiffrin,EL: Structure and mechanical properties of resistance
arteries in hypertension: role of adhesion molecules and extracellular matrix
determinants. Hypertension 36:312-318, 2000

94. Li,JS, Lariviere,R, Schiffrin,EL: Effect of a nonselective endothelin antagonist on
vascular remodeling in deoxycorticosterone acetate-salt hypertensive rats.
Evidence for a role of endothelin in vascular hypertrophy. Hypertension 24:183188, 1994

95. Flamant, M, Tharaux P.L, Placier, S, Henrion, D, Coffman, T, Chatziantoniou, C,
and Dussaule, J. C. Epidermal growth factor receptor trans-activation mediates
the tonic and fibrogenic effects of endothelin in the aortic wall of transgenic mice.
FASEB J. 17, 327-329. 2003.
96. Iwasaki,H, Eguchi,S, Marumo,F, Hirata,Y: Endothelin-1 stimulates DNA
synthesis of vascular smooth-muscle cells through transactivation of epidermal
growth factor receptor. J Cardiovasc Pharmacol 31 Suppl 1:S182-S184, 1998
97. Bakker,EN, Buus,CL, VanBavel,E, Mulvany,MJ: Activation of resistance arteries
with endothelin-1: from vasoconstriction to functional adaptation and remodeling.
J Vasc Res 41:174-182, 2004

98. Li, L, Fink, G. D, Watts, S. W, Northcott, C. A, Galligan, J. J, Pagano, P. J, and
Chen, A. F. Endothelin-1 increases vascular superoxide via endothelin A-NADPH
oxidase pathway in low-renin hypertension. Circulation 107, 1053-1058. 2003.

199
99. Wedgwood,S, Dettman,RW, Black,SM: ET-1 stimulates pulmonary arterial
smooth muscle cell proliferation via induction of reactive oxygen species. Am J
Physiol Lung Cell Mol Physiol 281:L1058-L1067, 2001

100. Pu,Q, Neves,MF, Virdis,A, Touyz,RM, Schiffrin,EL: Endothelin antagonism on
aldosterone-induced oxidative stress and vascular remodeling. Hypertension
42:49-55, 2003

101. Tostes,RC, Touyz,RM, He,G, Ammarguellat,F, Schiffrin,EL: Endothelin A
receptor blockade decreases expression of growth factors and collagen and
improves matrix metalloproteinase-2 activity in kidneys from stroke-prone
spontaneously hypertensive rats. J Cardiovasc Pharmacol 39:892-900, 2002

102. Fakhouri,F, Placier,S, Ardaillou,R, Dussaule,JC, Chatziantoniou,C: Angiotensin
II activates collagen type I gene in the renal cortex and aorta of transgenic mice
through interaction with endothelin and TGF-beta. J Am Soc Nephrol 12:27012710, 2001

103. Muller,DN, Mervaala,EM, Schmidt,F, Park,JK, Dechend,R, Genersch,E, Breu,V,
Loffler,BM, Ganten,D, Schneider,W, Haller,H, Luft,FC: Effect of bosentan on
NF-kappaB, inflammation, and tissue factor in angiotensin II-induced end-organ
damage. Hypertension 36:282-290, 2000

200
104. Rothermund,L, Kossmehl,P, Neumayer,HH, Paul,M, Kreutz,R: Renal damage is
not improved by blockade of endothelin receptors in primary renin-dependent
hypertension. J Hypertens 21:2389-2397, 2003

105. Opocensky,M,

Kramer,HJ,

Backer,A,

Vernerova,Z,

Eis,V,

Cervenka,L,

Certikova,C, V, Tesar,V, Vaneckova,I: Late-onset endothelin-A receptor
blockade reduces podocyte injury in homozygous Ren-2 rats despite severe
hypertension. Hypertension 48:965-971, 2006

106. Ammarguellat,F, Larouche,I, Schiffrin,EL: Myocardial fibrosis in DOCA-salt
hypertensive rats: effect of endothelin ET(A) receptor antagonism. Circulation
103:319-324, 2001

107. Muller,DN, Mullally,A, Dechend,R, Park,JK, Fiebeler,A, Pilz,B, Loffler,BM,
Blum-Kaelin,D, Masur,S, Dehmlow,H, Aebi,JD, Haller,H, Luft,FC: Endothelinconverting enzyme inhibition ameliorates angiotensin II-induced cardiac damage.
Hypertension 40:840-846, 2002

108. Vanourkova,Z, Kramer,HJ, Erbanova,M, Backer,A, Cervenka,L, Huskova,Z,
Chabova,VC, Tesar,V, Dvorak,P, Maly,J, Vaneckova,I: Endothelin receptor
blockade does not affect blood pressure or angiotensin II levels in CYP1A1-Ren2 transgenic rats with acutely induced hypertension. Vascul Pharmacol 50:194199, 2009

201
109. Ergul,A, Tackett,RL, Puett,D: Distribution of endothelin receptors in saphenous
veins of African Americans: implications of racial differences. J Cardiovasc
Pharmacol 34:327-332, 1999

110. Hirai,Y, Adachi,H, Fujiura,Y, Hiratsuka,A, Enomoto,M, Imaizumi,T: Plasma
endothelin-1 level is related to renal function and smoking status but not to blood
pressure: an epidemiological study. J Hypertens 22:713-718, 2004

111. Cardillo,C, Kilcoyne,CM, Waclawiw,M, Cannon,RO, III, Panza,JA: Role of
endothelin in the increased vascular tone of patients with essential hypertension.
Hypertension 33:753-758, 1999

112. Verhaar,MC, Strachan,FE, Newby,DE, Cruden,NL, Koomans,HA, Rabelink,TJ,
Webb,DJ: Endothelin-A receptor antagonist-mediated vasodilatation is attenuated
by inhibition of nitric oxide synthesis and by endothelin-B receptor blockade.
Circulation 97:752-756, 1998

113. Cardillo,C,

Campia,U,

Kilcoyne,CM,

Bryant,MB,

Panza,JA:

Improved

endothelium-dependent vasodilation after blockade of endothelin receptors in
patients with essential hypertension. Circulation 105:452-456, 2002

114. Grubbs,AL, Anstadt,MP, Ergul,A: Saphenous vein endothelin system expression
and activity in African American patients. Arterioscler Thromb Vasc Biol
22:1122-1127, 2002

202
115. Krum,H, Viskoper,RJ, Lacourciere,Y, Budde,M, Charlon,V: The effect of an
endothelin-receptor antagonist, bosentan, on blood pressure in patients with
essential hypertension. Bosentan Hypertension Investigators. N Engl J Med
338:784-790, 1998

116. Donckier,JE, Massart,PE, Hodeige,D, Van Mechelen,H, Clozel,JP, Laloux,O,
Ketelslegers,JM, Charlier,AA, Heyndrickx,GR: Additional hypotensive effect of
endothelin-1 receptor antagonism in hypertensive dogs under angiotensinconverting enzyme inhibition. Circulation 96:1250-1256, 1997

117. Nakov,R, Pfarr,E, Eberle,S: Darusentan: an effective endothelinA receptor
antagonist for treatment of hypertension. Am J Hypertens 15:583-589, 2002

118. Epstein,BJ: Efficacy and safety of darusentan: a novel endothelin receptor
antagonist. Ann Pharmacother 42:1060-1069, 2008

119. McMahon,EG, Palomo,MA, Brown,MA, Bertenshaw,SR, Carter,JS: Effect of
phosphoramidon (endothelin converting enzyme inhibitor) and BQ-123
(endothelin receptor subtype A antagonist) on blood pressure in hypertensive rats.
Am J Hypertens 6:667-673, 1993

120. Van Guilder,GP, Westby,CM, Greiner,JJ, Stauffer,BL, DeSouza,CA: Endothelin1 vasoconstrictor tone increases with age in healthy men but can be reduced by
regular aerobic exercise. Hypertension 50:403-409, 2007

203
121. Stauffer,BL, Westby,CM, DeSouza,CA: Endothelin-1, aging and hypertension.
Curr Opin Cardiol 23:350-355, 2008

122. Bohm,F, Jensen,J, Svane,B, Settergren,M, Pernow,J: Intracoronary endothelin
receptor blockade improves endothelial function in patients with coronary artery
disease. Can J Physiol Pharmacol 86:745-751, 2008

123. Hasdai,D, Lerman,A: The atherogenic potential of endothelin. Coron Artery Dis
6:901-904, 1995

124. Griendling,KK, Alexander,RW: Endothelial control of the cardiovascular system:
recent advances. FASEB J 10:283-292, 1996

125. Lerman,A, Edwards,BS, Hallett,JW, Heublein,DM, Sandberg,SM, Burnett,JC, Jr.:
Circulating and tissue endothelin immunoreactivity in advanced atherosclerosis. N
Engl J Med 325:997-1001, 1991

126. de Nucci,G, Thomas,R, D'Orleans-Juste,P, Antunes,E, Walder,C, Warner,TD,
Vane,JR: Pressor effects of circulating endothelin are limited by its removal in the
pulmonary circulation and by the release of prostacyclin and endothelium-derived
relaxing factor. Proc Natl Acad Sci U S A 85:9797-9800, 1988

127. Fan,J, Unoki,H, Iwasa,S, Watanabe,T: Role of endothelin-1 in atherosclerosis.
Ann N Y Acad Sci 902:84-93, 2000

204
128. Martinez-Miguel,P, Raoch,V, Zaragoza,C, Valdivielso,JM, Rodriguez-Puyol,M,
Rodriguez-Puyol,D, Lopez-Ongil,S: Endothelin-converting enzyme-1 increases in
atherosclerotic mice: potential role of oxidized low density lipoproteins. J Lipid
Res 50:364-375, 2009

129. Winkles,JA, Alberts,GF, Brogi,E, Libby,P: Endothelin-1 and endothelin receptor
mRNA expression in normal and atherosclerotic human arteries. Biochem Biophys
Res Commun 191:1081-1088, 1993

130. Haug,C, Voisard,R, Lenich,A, Baur,R, Hoher,M, Osterhues,H, Hannekum,A,
Vogel,U, Mattfeldt,T, Hombach,V, Grunert,A: Increased endothelin release by
cultured human smooth muscle cells from atherosclerotic coronary arteries.
Cardiovasc Res 31:807-813, 1996

131. Kowala,MC, Rose,PM, Stein,PD, Goller,N, Recce,R, Beyer,S, Valentine,M,
Barton,D, Durham,SK: Selective blockade of the endothelin subtype A receptor
decreases early atherosclerosis in hamsters fed cholesterol. Am J Pathol 146:819826, 1995

132. Barton,M, Haudenschild,CC, d'Uscio,LV, Shaw,S, Munter,K, Luscher,TF:
Endothelin ETA receptor blockade restores NO-mediated endothelial function and
inhibits atherosclerosis in apolipoprotein E-deficient mice. Proc Natl Acad Sci U
S A 95:14367-14372, 1998

205
133. Ballinger,ML, Ivey,ME, Osman,N, Thomas,WG, Little,PJ: Endothelin-1 activates
ETA receptors on human vascular smooth muscle cells to yield proteoglycans
with increased binding to LDL. Atherosclerosis 205:451-457, 2009

134. Schwartz,SM, deBlois,D, O'Brien,ER: The intima. Soil for atherosclerosis and
restenosis. Circ Res 77:445-465, 1995

135. Dashwood,MR, Noertersheuser,P, Kirchengast,M, Munter,K: Altered endothelin1 binding following balloon angioplasty of pig coronary arteries: effect of the
ETA receptor antagonist, LU 135252. Cardiovasc Res 43:445-456, 1999

136. Trachtenberg,JD, Sun,S, Choi,ET, Callow,AD, Ryan,US: Effect of endothelin-1
infusion on the development of intimal hyperplasia after balloon catheter injury. J
Cardiovasc Pharmacol 22 Suppl 8:S355-S359, 1993

137. Douglas,SA, Louden,C, Vickery-Clark,LM, Storer,BL, Hart,T, Feuerstein,GZ,
Elliott,JD, Ohlstein,EH: A role for endogenous endothelin-1 in neointimal
formation after rat carotid artery balloon angioplasty. Protective effects of the
novel nonpeptide endothelin receptor antagonist SB 209670. Circ Res 75:190197, 1994

138. Minamino,T, Kurihara,H, Takahashi,M, Shimada,K, Maemura,K, Oda,H,
Ishikawa,T, Uchiyama,T, Tanzawa,K, Yazaki,Y: Endothelin-converting enzyme

206
expression in the rat vascular injury model and human coronary atherosclerosis.
Circulation 95:221-230, 1997

139. Anand-Srivastava,MB: Enhanced expression of inhibitory guanine nucleotide
regulatory protein in spontaneously hypertensive rats. Relationship to adenylate
cyclase inhibition. Biochem J 288 ( Pt 1):79-85, 1992

140. Anand-Srivastava,MB, de,CJ, Thibault,C: DOCA-salt hypertensive rat hearts
exhibit altered expression of G-proteins. Am J Hypertens 6:72-75, 1993

141. Ge,C, Garcia,R, Anand-Srivastava,MB: Enhanced expression of Gialpha protein
and adenylyl cyclase signaling in aortas from 1 kidney 1 clip hypertensive rats.
Can J Physiol Pharmacol 84:739-746, 2006

142. Thibault,C, Anand-Srivastava,MB: Altered expression of G-protein mRNA in
spontaneously hypertensive rats. FEBS Lett 313:160-164, 1992

143. Lappas,G, Daou,GB, Anand-Srivastava,MB: Oxidative stress contributes to the
enhanced expression of Gialpha proteins and adenylyl cyclase signaling in
vascular smooth muscle cells from spontaneously hypertensive rats. J Hypertens
23:2251-2261, 2005

207
144. Boumati,M, Li,Y, Anand-Srivastava,MB: Modulation of ANP-C receptor
signaling by endothelin-1 in A-10 smooth muscle cells. Arch Biochem Biophys
401:178-186, 2002

145. Bassil,M, Anand-Srivastava,MB: Cyclic GMP modulates the expression of Gi
protein and adenylyl cyclase signaling in vascular smooth muscle cells. Cell
Biochem Biophys 47:99-108, 2007

146. Bassil,M, Anand-Srivastava,MB: Nitric oxide modulates Gi-protein expression
and adenylyl cyclase signaling in vascular smooth muscle cells. Free Radic Biol
Med 41:1162-1173, 2006

147. Margulies,KB, Hildebrand,FL, Jr., Lerman,A, Perrella,MA, Burnett,JC, Jr.:
Increased endothelin in experimental heart failure. Circulation 82:2226-2230,
1990

148. Rodeheffer,RJ, Lerman,A, Heublein,DM, Burnett,JC, Jr.: Increased plasma
concentrations of endothelin in congestive heart failure in humans. Mayo Clin
Proc 67:719-724, 1992

149. Wei,CM, Lerman,A, Rodeheffer,RJ, McGregor,CG, Brandt,RR, Wright,S,
Heublein,DM, Kao,PC, Edwards,WD, Burnett,JC, Jr.: Endothelin in human
congestive heart failure. Circulation 89:1580-1586, 1994

208
150. Cavero,PG, Miller,WL, Heublein,DM, Margulies,KB, Burnett,JC, Jr.: Endothelin
in experimental congestive heart failure in the anesthetized dog. Am J Physiol
259:F312-F317, 1990

151. Sutsch,G, Kiowski,W, Yan,XW, Hunziker,P, Christen,S, Strobel,W, Kim,JH,
Rickenbacher,P, Bertel,O: Short-term oral endothelin-receptor antagonist therapy
in conventionally treated patients with symptomatic severe chronic heart failure.
Circulation 98:2262-2268, 1998

152. Luscher,TF, Enseleit,F, Pacher,R, Mitrovic,V, Schulze,MR, Willenbrock,R,
Dietz,R, Rousson,V, Hurlimann,D, Philipp,S, Notter,T, Noll,G, Ruschitzka,F:
Hemodynamic and neurohumoral effects of selective endothelin A (ET(A))
receptor blockade in chronic heart failure: the Heart Failure ET(A) Receptor
Blockade Trial (HEAT). Circulation 106:2666-2672, 2002

153. Ohnishi,M, Wada,A, Tsutamoto,T, Fukai,D, Kinoshita,M: Comparison of the
acute effects of a selective endothelin ETA and a mixed ETA/ETB receptor
antagonist in heart failure. Cardiovasc Res 39:617-624, 1998

154. Rufanova,VA, Pozdnev,VF, Kalenikova,EI, Postnikov,AB, Storozhilova,AN,
Masenko,VP, Gomazkov,OA, Medvedev,OS, Medvedeva,NA: Endothelinconverting enzyme inhibition in the rat model of acute heart failure: heart function
and neurohormonal activation. Exp Biol Med (Maywood ) 2009

209
155. Gutkind,JS: Cell growth control by G protein-coupled receptors: from signal
transduction to signal integration. Oncogene 17:1331-1342, 1998

156. Rhee,SG: Regulation of phosphoinositide-specific phospholipase C. Annu Rev
Biochem 70:281-312, 2001

157. Fukami,K: Structure, regulation, and function of phospholipase C isozymes. J
Biochem (Tokyo) 131:293-299, 2002

158. Newton,AC:

Protein

kinase

C:

structural

and

spatial

regulation

by

phosphorylation, cofactors, and macromolecular interactions. Chem Rev
101:2353-2364, 2001

159. Ono,Y, Fujii,T, Ogita,K, Kikkawa,U, Igarashi,K, Nishizuka,Y: The structure,
expression, and properties of additional members of the protein kinase C family. J
Biol Chem 263:6927-6932, 1988

160. Ono,Y, Fujii,T, Ogita,K, Kikkawa,U, Igarashi,K, Nishizuka,Y: Protein kinase C
zeta subspecies from rat brain: its structure, expression, and properties. Proc Natl
Acad Sci U S A 86:3099-3103, 1989

161. Chiloeches,A, Paterson,HF, Marais,R, Clerk,A, Marshall,CJ, Sugden,PH:
Regulation of Ras.GTP loading and Ras-Raf association in neonatal rat
ventricular myocytes by G protein-coupled receptor agonists and phorbol ester.

210
Activation of the extracellular signal-regulated kinase cascade by phorbol ester is
mediated by Ras. J Biol Chem 274:19762-19770, 1999

162. Robin, P Boulven I Desmyter C Harbon S Leiber D. ET-1 stimulates ERK
signaling pathway through sequential activation of PKC and Src in rat myometrial
cells. Am J Physiol Cell Physiol 283, C251-C260. 2002.
163. Husain,S, Abdel-Latif,AA: Role of protein kinase C alpha in endothelin-1
stimulation of cytosolic phospholipase A2 and arachidonic acid release in cultured
cat iris sphincter smooth muscle cells. Biochim Biophys Acta 1392:127-144, 1998

164. Idris,I, Gray,S, Donnelly,R: Protein kinase C activation: isozyme-specific effects
on metabolism and cardiovascular complications in diabetes. Diabetologia
44:659-673, 2001

165. McNair,LL, Salamanca,DA, Khalil,RA: Endothelin-1 promotes Ca2+ antagonistinsensitive coronary smooth muscle contraction via activation of epsilon-protein
kinase C. Hypertension 43:897-904, 2004

166. Rosen,B, Barg,J, Zimlichman,R: The effects of angiotensin II, endothelin-1, and
protein kinase C inhibitor on DNA synthesis and intracellular calcium
mobilization in vascular smooth muscle cells from young normotensive and
spontaneously hypertensive rats. Am J Hypertens 12:1243-1251, 1999

211
167. Zheng,HZ, An,GS, Nie,SH, Tang,CS, Liu,NK, Wang,SH: [Inhibition of signal
transduction pathways of endothelin-1-induced proliferation of vascular smooth
muscle cells by nitric oxide]. Sheng Li Xue Bao 50:379-384, 1998

168. Gorlach,C, Benyo,Z, Wahl,M: Endothelin-1-induced contraction in cerebral
vessels mediated by phospholipase C/protein kinase C cascade. Kidney Int Suppl
67:S224-S225, 1998

169. Chen,QW, Edvinsson,L, Xu,CB: Role of ERK/MAPK in endothelin receptor
signaling in human aortic smooth muscle cells. BMC Cell Biol 10:52, 2009

170. Eguchi,S, Hirata,Y, Imai,T, Marumo,F: Endothelin receptor subtypes are coupled
to adenylate cyclase via different guanyl nucleotide-binding proteins in
vasculature. Endocrinology 132:524-529, 1993

171. Eguchi,S, Hirata,Y, Marumo,F: Endothelin subtype B receptors are coupled to
adenylate cyclase via inhibitory G protein in cultured bovine endothelial cells. J
Cardiovasc Pharmacol 22 Suppl 8:S161-S163, 1993

172. Jouneaux,C, Goldsmith,P, Hanoune,J, Lotersztajn,S: Endothelin inhibits the
calcium pump and stimulates phosphoinositide phospholipase C in liver plasma
membranes via two different G proteins, Gs and Gq. J Cardiovasc Pharmacol 22
Suppl 8:S158-S160, 1993

212
173. Egan,CG, Nixon,GF: Endothelin-1- and depolarization-induced differential
regulation of cAMP response element-binding protein in proliferating and
developed vascular smooth muscle. Cell Signal 16:1387-1396, 2004

174. Kawanabe,Y, Nauli,SM: Involvement of extracellular Ca2+ influx through
voltage-independent Ca2+ channels in endothelin-1 function. Cell Signal 17:911916, 2005

175. Miwa,S, Kawanabe,Y, Okamoto,Y, Masaki,T: Ca2+ entry channels involved in
endothelin-1-induced contractions of vascular smooth muscle cells. J Smooth
Muscle Res 41:61-75, 2005

176. Berridge,MJ, Bootman,MD, Roderick,HL: Calcium signalling: dynamics,
homeostasis and remodelling. Nat Rev Mol Cell Biol 4:517-529, 2003

177. Liou,J, Kim,ML, Heo,WD, Jones,JT, Myers,JW, Ferrell,JE, Jr., Meyer,T: STIM is
a Ca2+ sensor essential for Ca2+-store-depletion-triggered Ca2+ influx. Curr Biol
15:1235-1241, 2005

178. Wang,Y, Deng,X, Hewavitharana,T, Soboloff,J, Gill,DL: Stim, ORAI and TRPC
channels in the control of calcium entry signals in smooth muscle. Clin Exp
Pharmacol Physiol 35:1127-1133, 2008

213
179. Prakriya,M, Feske,S, Gwack,Y, Srikanth,S, Rao,A, Hogan,PG: Orai1 is an
essential pore subunit of the CRAC channel. Nature 443:230-233, 2006

180. Parekh,AB, Penner,R: Store depletion and calcium influx. Physiol Rev 77:901930, 1997

181. Venkatachalam,K, van Rossum,DB, Patterson,RL, Ma,HT, Gill,DL: The cellular
and molecular basis of store-operated calcium entry. Nat Cell Biol 4:E263-E272,
2002

182. Hofmann,T, Obukhov,AG, Schaefer,M, Harteneck,C, Gudermann,T, Schultz,G:
Direct activation of human TRPC6 and TRPC3 channels by diacylglycerol.
Nature 397:259-263, 1999

183. Spassova,MA, Hewavitharana,T, Xu,W, Soboloff,J, Gill,DL: A common
mechanism underlies stretch activation and receptor activation of TRPC6
channels. Proc Natl Acad Sci U S A 103:16586-16591, 2006

184. Nairn,AC, Bhagat,B, Palfrey,HC: Identification of calmodulin-dependent protein
kinase III and its major Mr 100,000 substrate in mammalian tissues. Proc Natl
Acad Sci U S A 82:7939-7943, 1985

185. Hook,SS, Means,AR: Ca(2+)/CaM-dependent kinases: from activation to
function. Annu Rev Pharmacol Toxicol 41:471-505, 2001

214
186. Couchonnal,LF, Anderson,ME: The role of calmodulin kinase II in myocardial
physiology and disease. Physiology (Bethesda ) 23:151-159, 2008

187. Tobimatsu,T, Fujisawa,H: Tissue-specific expression of four types of rat
calmodulin-dependent protein kinase II mRNAs. J Biol Chem 264:17907-17912,
1989

188. Edman,CF, Schulman,H: Identification and characterization of delta B-CaM
kinase and delta C-CaM kinase from rat heart, two new multifunctional
Ca2+/calmodulin-dependent protein kinase isoforms. Biochim Biophys Acta
1221:89-101, 1994

189. Muthalif,MM, Benter,IF, Uddin,MR, Malik,KU: Calcium/calmodulin-dependent
protein kinase IIalpha mediates activation of mitogen-activated protein kinase and
cytosolic phospholipase A2 in norepinephrine-induced arachidonic acid release in
rabbit aortic smooth muscle cells. J Biol Chem 271:30149-30157, 1996
190. Ginnan,R, Pfleiderer,PJ, Pumiglia,K, Singer,HA: PKC-delta and CaMKII-delta 2
mediate ATP-dependent activation of ERK1/2 in vascular smooth muscle. Am J
Physiol Cell Physiol 286:C1281-C1289, 2004
191. Braun,AP, Schulman,H: The multifunctional calcium/calmodulin-dependent
protein kinase: from form to function. Annu Rev Physiol 57:417-445, 1995
192. Schworer,CM, Colbran,RJ, Soderling,TR: Reversible generation of a Ca2+independent form of Ca2+(calmodulin)-dependent protein kinase II by an
autophosphorylation mechanism. J Biol Chem 261:8581-8584, 1986

215
193. Erickson,JR, Joiner,ML, Guan,X, Kutschke,W, Yang,J, Oddis,CV, Bartlett,RK,
Lowe,JS, O'Donnell,SE, Aykin-Burns,N, Zimmerman,MC, Zimmerman,K,
Ham,AJ, Weiss,RM, Spitz,DR, Shea,MA, Colbran,RJ, Mohler,PJ, Anderson,ME:
A dynamic pathway for calcium-independent activation of CaMKII by
methionine oxidation. Cell 133:462-474, 2008

194. Colbran,RJ: Inactivation of Ca2+/calmodulin-dependent protein kinase II by basal
autophosphorylation. J Biol Chem 268:7163-7170, 1993

195. Hoelz,A, Nairn,AC, Kuriyan,J: Crystal structure of a tetradecameric assembly of
the association domain of Ca2+/calmodulin-dependent kinase II. Mol Cell
11:1241-1251, 2003

196. Kolodziej,SJ,

Hudmon,A,

Waxham,MN,

Stoops,JK:

Three-dimensional

reconstructions of calcium/calmodulin-dependent (CaM) kinase IIalpha and
truncated CaM kinase IIalpha reveal a unique organization for its structural core
and functional domains. J Biol Chem 275:14354-14359, 2000
197. Morris,EP, Torok,K: Oligomeric structure of alpha-calmodulin-dependent protein
kinase II. J Mol Biol 308:1-8, 2001

198. Hanson,PI, Meyer,T, Stryer,L, Schulman,H: Dual role of calmodulin in
autophosphorylation of multifunctional CaM kinase may underlie decoding of
calcium signals. Neuron 12:943-956, 1994

216
199. Huke,S, Bers,DM: Temporal dissociation of frequency-dependent acceleration of
relaxation and protein phosphorylation by CaMKII. J Mol Cell Cardiol 42:590599, 2007

200. Colbran,RJ, Smith,MK, Schworer,CM, Fong,YL, Soderling,TR: Regulatory
domain of calcium/calmodulin-dependent protein kinase II. Mechanism of
inhibition and regulation by phosphorylation. J Biol Chem 264:4800-4804, 1989

201. Kelly,PT, Weinberger,RP, Waxham,MN: Active site-directed inhibition of
Ca2+/calmodulin-dependent protein kinase type II by a bifunctional calmodulinbinding peptide. Proc Natl Acad Sci U S A 85:4991-4995, 1988

202. Smith,MK, Colbran,RJ, Brickey,DA, Soderling,TR: Functional determinants in
the autoinhibitory domain of calcium/calmodulin-dependent protein kinase II.
Role of His282 and multiple basic residues. J Biol Chem 267:1761-1768, 1992

203. Lou,LL,

Lloyd,SJ,

Schulman,H:

Activation

of

the

multifunctional

Ca2+/calmodulin-dependent protein kinase by autophosphorylation: ATP
modulates production of an autonomous enzyme. Proc Natl Acad Sci U S A
83:9497-9501, 1986

204. Kuret,J, Schulman,H: Mechanism of autophosphorylation of the multifunctional
Ca2+/calmodulin-dependent protein kinase. J Biol Chem 260:6427-6433, 1985

217
205. Meyer,T, Hanson,PI, Stryer,L, Schulman,H: Calmodulin trapping by calciumcalmodulin-dependent protein kinase. Science 256:1199-1202, 1992

206. Zhang,T, Brown,JH: Role of Ca2+/calmodulin-dependent protein kinase II in
cardiac hypertrophy and heart failure. Cardiovasc Res 63:476-486, 2004

207. Zhu,W, Zou,Y, Shiojima,I, Kudoh,S, Aikawa,R, Hayashi,D, Mizukami,M,
Toko,H, Shibasaki,F, Yazaki,Y, Nagai,R, Komuro,I: Ca2+/calmodulin-dependent
kinase

II

and

calcineurin

play

critical

roles

in

endothelin-1-induced

cardiomyocyte hypertrophy. J Biol Chem 275:15239-15245, 2000
208. Kato,T, Sano,M, Miyoshi,S, Sato,T, Hakuno,D, Ishida,H, Kinoshita-Nakazawa,H,
Fukuda,K, Ogawa,S: Calmodulin kinases II and IV and calcineurin are involved
in leukemia inhibitory factor-induced cardiac hypertrophy in rats. Circ Res
87:937-945, 2000

209. Hagemann,D, Bohlender,J, Hoch,B, Krause,EG, Karczewski,P: Expression of
Ca2+/calmodulin-dependent protein kinase II delta-subunit isoforms in rats with
hypertensive cardiac hypertrophy. Mol Cell Biochem 220:69-76, 2001

210. Boknik,P, Heinroth-Hoffmann,I, Kirchhefer,U, Knapp,J, Linck,B, Luss,H,
Muller,T, Schmitz,W, Brodde,O, Neumann,J: Enhanced protein phosphorylation
in hypertensive hypertrophy. Cardiovasc Res 51:717-728, 2001

218
211. Backs,J, Backs,T, Neef,S, Kreusser,MM, Lehmann,LH, Patrick,DM, Grueter,CE,
Qi,X, Richardson,JA, Hill,JA, Katus,HA, Bassel-Duby,R, Maier,LS, Olson,EN:
The delta isoform of CaM kinase II is required for pathological cardiac
hypertrophy and remodeling after pressure overload. Proc Natl Acad Sci U S A
106:2342-2347, 2009

212. Wu,Y, Shintani,A, Grueter,C, Zhang,R, Hou,Y, Yang,J, Kranias,EG, Colbran,RJ,
Anderson,ME: Suppression of dynamic Ca(2+) transient responses to pacing in
ventricular myocytes from mice with genetic calmodulin kinase II inhibition. J
Mol Cell Cardiol 40:213-223, 2006

213. Ling,H,

Zhang,T,

Pereira,L,

Means,CK,

Cheng,H,

Gu,Y,

Dalton,ND,

Peterson,KL, Chen,J, Bers,D, Heller,BJ: Requirement for Ca2+/calmodulindependent kinase II in the transition from pressure overload-induced cardiac
hypertrophy to heart failure in mice. J Clin Invest 119:1230-1240, 2009

214. Wu,Y, Temple,J, Zhang,R, Dzhura,I, Zhang,W, Trimble,R, Roden,DM, Passier,R,
Olson,EN, Colbran,RJ, Anderson,ME: Calmodulin kinase II and arrhythmias in a
mouse model of cardiac hypertrophy. Circulation 106:1288-1293, 2002

215. Wu,Y, Roden,DM, Anderson,ME: Calmodulin kinase inhibition prevents
development of the arrhythmogenic transient inward current. Circ Res 84:906912, 1999

219
216. House,SJ,

Ginnan,RG,

Armstrong,SE,

Singer,HA:

Calcium/calmodulin-

dependent protein kinase II-delta isoform regulation of vascular smooth muscle
cell proliferation. Am J Physiol Cell Physiol 292:C2276-C2287, 2007
217. House,SJ, Singer,HA: CaMKII-delta isoform regulation of neointima formation
after vascular injury. Arterioscler Thromb Vasc Biol 28:441-447, 2008

218. Mercure,MZ, Ginnan,R, Singer,HA: CaM kinase II delta2-dependent regulation
of vascular smooth muscle cell polarization and migration. Am J Physiol Cell
Physiol 294:C1465-C1475, 2008

219. Zhang,S, Yang,Y, Kone,BC, Allen,JC, Kahn,AM: Insulin-stimulated cyclic
guanosine monophosphate inhibits vascular smooth muscle cell migration by
inhibiting Ca/calmodulin-dependent protein kinase II. Circulation 107:1539-1544,
2003
220. Marganski,WA, Gangopadhyay,SS, Je,HD, Gallant,C, Morgan,KG: Targeting of
a novel Ca+2/calmodulin-dependent protein kinase II is essential for extracellular
signal-regulated kinase-mediated signaling in differentiated smooth muscle cells.
Circ Res 97:541-549, 2005
221. Muthalif,MM,

Karzoun,NA,

Benter,IF,

Gaber,L,

Ljuca,F,

Uddin,MR,

Khandekar,Z, Estes,A, Malik,KU: Functional significance of activation of
calcium/calmodulin-dependent protein kinase II in angiotensin II--induced
vascular hyperplasia and hypertension. Hypertension 39:704-709, 2002
222. Benter,IF, Yousif,MH, Canatan,H, Akhtar,S: Inhibition of Ca2+/calmodulindependent protein kinase II, RAS-GTPase and 20-hydroxyeicosatetraenoic acid

220
attenuates the development of diabetes-induced vascular dysfunction in the rat
carotid artery. Pharmacol Res 52:252-257, 2005
223. Yousif,MH, Benter,IF, Akhtar,S: Inhibition of calcium/calmodulin-dependent
protein kinase II normalizes diabetes-induced abnormal vascular reactivity in the
rat perfused mesenteric vascular bed. Auton Autacoid Pharmacol 23:27-33, 2003

224. Muthalif,MM, Benter,IF, Uddin,MR, Harper,JL, Malik,KU: Signal transduction
mechanisms involved in angiotensin-(1-7)-stimulated arachidonic acid release and
prostanoid synthesis in rabbit aortic smooth muscle cells. J Pharmacol Exp Ther
284:388-398, 1998
225. Takai,Y, Sasaki,T, Matozaki,T: Small GTP-binding proteins. Physiol Rev 81:153208, 2001

226. Moodie,SA, Willumsen,BM, Weber,MJ, Wolfman,A: Complexes of Ras.GTP
with Raf-1 and mitogen-activated protein kinase kinase. Science 260:1658-1661,
1993

227. Haystead,TA,

Dent,P,

Wu,J,

Haystead,CM,

Sturgill,TW:

Ordered

phosphorylation of p42mapk by MAP kinase kinase. FEBS Lett 306:17-22, 1992

228. Srivastava,AK: High glucose-induced activation of protein kinase signaling
pathways in vascular smooth muscle cells: a potential role in the pathogenesis of
vascular dysfunction in diabetes (review). Int J Mol Med 9:85-89, 2002

221
229. Sugden,PH: Signalling pathways in cardiac myocyte hypertrophy. Ann Med
33:611-622, 2001

230. Seger,R, Krebs,EG: The MAPK signaling cascade. FASEB J 9:726-735, 1995

231. Su,B, Karin,M: Mitogen-activated protein kinase cascades and regulation of gene
expression. Curr Opin Immunol 8:402-411, 1996

232. Mehdi,MZ, Pandey,SK, Theberge,JF, Srivastava,AK: Insulin signal mimicry as a
mechanism for the insulin-like effects of vanadium. Cell Biochem Biophys 44:7382, 2006

233. Blanc, A, Pandey, N. R, and Srivastava, A. K. Synchronous activation of ERK
1/2, p38mapk and PKB/Akt signaling by H2O2 in vascular smooth muscle cells:
potential involvement in vascular disease. Int J Mol Med. 11, 229-234. 2003.
234. Cheng,CM, Hong,HJ, Liu,JC, Shih,NL, Juan,SH, Loh,SH, Chan,P, Chen,JJ,
Cheng,TH: 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 63:1002-1011, 2003

235. Sorokin,A, Foschi,M, Dunn,MJ: Endothelin signalling and regulation of protein
kinases in glomerular mesangial cells. Clin Sci (Lond) 103 Suppl 48:132S-136S,
2002

222
236. Kyriakis,JM, Avruch,J: Protein kinase cascades activated by stress and
inflammatory cytokines. Bioessays 18:567-577, 1996

237. Widmann,C, Gibson,S, Jarpe,MB, Johnson,GL: Mitogen-activated protein kinase:
conservation of a three-kinase module from yeast to human. Physiol Rev 79:143180, 1999

238. Kyriakis,JM, Avruch,J: Mammalian mitogen-activated protein kinase signal
transduction pathways activated by stress and inflammation. Physiol Rev 81:807869, 2001

239. Zhang,YM, Wang,KQ, Zhou,GM, Zuo,J, Ge,JB: Endothelin-1 promoted
proliferation of vascular smooth muscle cell through pathway of extracellular
signal-regulated kinase and cyclin D1. Acta Pharmacol Sin 24:563-568, 2003

240. Touyz,RM, Yao,G, Viel,E, Amiri,F, Schiffrin,EL: Angiotensin II and endothelin1 regulate MAP kinases through different redox-dependent mechanisms in human
vascular smooth muscle cells. J Hypertens 22:1141-1149, 2004

241. Ansari,HR, Kaddour-Djebbar,I, Abdel-Latif,AA: Involvement of Ca2+ channels
in endothelin-1-induced MAP kinase phosphorylation, myosin light chain
phosphorylation and contraction in rabbit iris sphincter smooth muscle. Cell
Signal 16:609-619, 2004

223
242. Zubkov,AY, Rollins,KS, Parent,AD, Zhang,J, Bryan,RM, Jr.: Mechanism of
endothelin-1-induced contraction in rabbit basilar artery. Stroke 31:526-533, 2000

243. Ishihata,A, Tasaki,K, Katano,Y: Involvement of p44/42 mitogen-activated protein
kinases in regulating angiotensin II- and endothelin-1-induced contraction of rat
thoracic aorta. Eur J Pharmacol 445:247-256, 2002

244. Frodin,M, Gammeltoft,S: Role and regulation of 90 kDa ribosomal S6 kinase
(RSK) in signal transduction. Mol Cell Endocrinol 151:65-77, 1999

245. Lenormand,P, Sardet,C, Pages,G, L'Allemain,G, Brunet,A, Pouyssegur,J: Growth
factors induce nuclear translocation of MAP kinases (p42mapk and p44mapk) but
not of their activator MAP kinase kinase (p45mapkk) in fibroblasts. J Cell Biol
122:1079-1088, 1993

246. Chen,RH, Sarnecki,C, Blenis,J: Nuclear localization and regulation of erk- and
rsk-encoded protein kinases. Mol Cell Biol 12:915-927, 1992

247. Kodama, H, Fukuda, K, Takahashi, T, Tahara, S, Tomita, Y, Ieda, M, Kimura, K,
Owada, K. M, Vuori, K, and Ogawa, S. Selective involvement of
p130Cas/Crk/Pyk2/c-Src in endothelin-1-induced JNK activation. Hypertension
41, 1372-1379. 2003.

224
248. Chevalier,D, Thorin,E, Allen,BG: Simultaneous measurement of ERK, p38, and
JNK MAP kinase cascades in vascular smooth muscle cells. J Pharmacol Toxicol
Methods 44:429-439, 2000

249. Clerk,A, Pham,FH, Fuller,SJ, Sahai,E, Aktories,K, Marais,R, Marshall,C,
Sugden,PH: Regulation of mitogen-activated protein kinases in cardiac myocytes
through the small G protein Rac1. Mol Cell Biol 21:1173-1184, 2001

250. Yee,HF, Jr., Melton,AC, Tran,BN: RhoA/rho-associated kinase mediates
fibroblast contractile force generation. Biochem Biophys Res Commun 280:13401345, 2001

251. Lewis,TS, Shapiro,PS, Ahn,NG: Signal transduction through MAP kinase
cascades. Adv Cancer Res 74:49-139, 1998

252. Lev,S, Moreno,H, Martinez,R, Canoll,P, Peles,E, Musacchio,JM, Plowman,GD,
Rudy,B, Schlessinger,J: Protein tyrosine kinase PYK2 involved in Ca(2+)induced regulation of ion channel and MAP kinase functions. Nature 376:737745, 1995

253. Cazaubon,S, Chaverot,N, Romero,IA, Girault,JA, Adamson,P, Strosberg,AD,
Couraud,PO: Growth factor activity of endothelin-1 in primary astrocytes
mediated by adhesion-dependent and -independent pathways. J Neurosci
17:6203-6212, 1997

225
254. Sorokin, A, Kozlowski, P, Graves, L, and Philip, A. Protein-tyrosine kinase Pyk2
mediates endothelin-induced p38 MAPK activation in glomerular mesangial cells.
J Biol Chem. 276, 21521-21528. 2001.
255. Sabri,A, Govindarajan,G, Griffin,TM, Byron,KL, Samarel,AM, Lucchesi,PA:
Calcium- and protein kinase C-dependent activation of the tyrosine kinase PYK2
by angiotensin II in vascular smooth muscle. Circ Res 83:841-851, 1998

256. Dikic,I, Tokiwa,G, Lev,S, Courtneidge,SA, Schlessinger,J: A role for Pyk2 and
Src in linking G-protein-coupled receptors with MAP kinase activation. Nature
383:547-550, 1996

257. Foschi, M, Chari, S, Dunn, M. J, and Sorokin, A. Biphasic activation of p21ras by
endothelin-1 sequentially activates the ERK cascade and phosphatidylinositol 3kinase. EMBO J 16, 6439-6451. 1997.
258. Kodama, H, Fukuda, K, Takahashi, T, Sano, M, Kato, T, Tahara, S, Hakuno, D,
Sato, T, Manabe, T, Konishi, F, and Ogawa, S. Role of EGF Receptor and Pyk2
in endothelin-1-induced ERK activation in rat cardiomyocytes. J Mol Cell
Cardiol. 34, 139-150. 2002.
259. Sakai,R, Iwamatsu,A, Hirano,N, Ogawa,S, Tanaka,T, Mano,H, Yazaki,Y,
Hirai,H: A novel signaling molecule, p130, forms stable complexes in vivo with
v-Crk and v-Src in a tyrosine phosphorylation-dependent manner. EMBO J
13:3748-3756, 1994

226
260. Vuori,K, Hirai,H, Aizawa,S, Ruoslahti,E: Introduction of p130cas signaling
complex formation upon integrin-mediated cell adhesion: a role for Src family
kinases. Mol Cell Biol 16:2606-2613, 1996

261. Ginnan,R, Singer,HA: CaM kinase II-dependent activation of tyrosine kinases and
ERK1/2 in vascular smooth muscle. Am J Physiol Cell Physiol 282:C754-C761,
2002

262. Rameh,LE, Cantley,LC: The role of phosphoinositide 3-kinase lipid products in
cell function. J Biol Chem 274:8347-8350, 1999

263. Leevers,SJ,

Vanhaesebroeck,B,

Waterfield,MD:

Signalling

through

phosphoinositide 3-kinases: the lipids take centre stage. Curr Opin Cell Biol
11:219-225, 1999

264. Oudit,GY, Sun,H, Kerfant,BG, Crackower,MA, Penninger,JM, Backx,PH: The
role of phosphoinositide-3 kinase and PTEN in cardiovascular physiology and
disease. J Mol Cell Cardiol 37:449-471, 2004

265. Kawanabe,Y, Hashimoto,N, Masaki,T: Involvements of voltage-independent
Ca2+ channels and phosphoinositide 3-kinase in endothelin-1-induced PYK2
tyrosine phosphorylation. Mol Pharmacol 63:808-813, 2003

227
266. Kawanabe,Y, Hashimoto,N, Masaki,T: Effects of phosphoinositide 3-kinase on
endothelin-1-induced activation of voltage-independent Ca2+ channels and
vasoconstriction. Biochem Pharmacol 68:215-221, 2004

267. Vecchione,C, Patrucco,E, Marino,G, Barberis,L, Poulet,R, Aretini,A, Maffei,A,
Gentile,MT, Storto,M, Azzolino,O, Brancaccio,M, Colussi,GL, Bettarini,U,
Altruda,F, Silengo,L, Tarone,G, Wymann,MP, Hirsch,E, Lembo,G: Protection
from angiotensin II-mediated vasculotoxic and hypertensive response in mice
lacking PI3Kgamma. J Exp Med 201:1217-1228, 2005

268. Jones,PF, Jakubowicz,T, Hemmings,BA: Molecular cloning of a second form of
rac protein kinase. Cell Regul 2:1001-1009, 1991

269. Altomare,DA, Guo,K, Cheng,JQ, Sonoda,G, Walsh,K, Testa,JR: Cloning,
chromosomal localization and expression analysis of the mouse Akt2 oncogene.
Oncogene 11:1055-1060, 1995

270. Nakatani,K, Sakaue,H, Thompson,DA, Weigel,RJ, Roth,RA: Identification of a
human Akt3 (protein kinase B gamma) which contains the regulatory serine
phosphorylation site. Biochem Biophys Res Commun 257:906-910, 1999

271. Kandel,ES, Hay,N: The regulation and activities of the multifunctional
serine/threonine kinase Akt/PKB. Exp Cell Res 253:210-229, 1999

228
272. Datta,SR, Brunet,A, Greenberg,ME: Cellular survival: a play in three Akts. Genes
Dev 13:2905-2927, 1999

273. Toker,A: Protein kinases as mediators of phosphoinositide 3-kinase signaling.
Mol Pharmacol 57:652-658, 2000

274. Pham,FH, Cole,SM, Clerk,A: Regulation of cardiac myocyte protein synthesis
through phosphatidylinositol 3' kinase and protein kinase B. Adv Enzyme Regul
41:73-86, 2001

275. Shi-Wen,X, Chen,Y, Denton,CP, Eastwood,M, Renzoni,EA, Bou-Gharios,G,
Pearson,JD, Dashwood,M, du Bois,RM, Black,CM, Leask,A, Abraham,DJ:
Endothelin-1 promotes myofibroblast induction through the ETA receptor via a
rac/phosphoinositide 3-kinase/Akt-dependent pathway and is essential for the
enhanced contractile phenotype of fibrotic fibroblasts. Mol Biol Cell 15:27072719, 2004

276. Dong,F, Zhang,X, Wold,LE, Ren,Q, Zhang,Z, Ren,J: Endothelin-1 enhances
oxidative stress, cell proliferation and reduces apoptosis in human umbilical vein
endothelial cells: role of ETB receptor, NADPH oxidase and caveolin-1. Br J
Pharmacol 145:323-333, 2005

229
277. Ljuca,F,

Nuhbegovic,S,

Ljuca,D,

Karamehic,J,

Halilbasic,A:

[PI-3

kinase/AKT/PKB signal transduction pathway in kidneys mediates angiotensin IIinduced hypertension]. Med Arh 55:189-191, 2001

278. Hixon,ML, Muro-Cacho,C, Wagner,MW, Obejero-Paz,C, Millie,E, Fujio,Y,
Kureishi,Y, Hassold,T, Walsh,K, Gualberto,A: Akt1/PKB upregulation leads to
vascular smooth muscle cell hypertrophy and polyploidization. J Clin Invest
106:1011-1020, 2000

279. Cross,TG, Scheel-Toellner,D, Henriquez,NV, Deacon,E, Salmon,M, Lord,JM:
Serine/threonine protein kinases and apoptosis. Exp Cell Res 256:34-41, 2000

280. Cardone,MH, Roy,N, Stennicke,HR, Salvesen,GS, Franke,TF, Stanbridge,E,
Frisch,S,

Reed,JC:

Regulation

of

cell

death

protease

caspase-9

by

phosphorylation. Science 282:1318-1321, 1998

281. Cross,DA, Alessi,DR, Cohen,P, Andjelkovich,M, Hemmings,BA: Inhibition of
glycogen synthase kinase-3 by insulin mediated by protein kinase B. Nature
378:785-789, 1995

282. Proud,CG: Ras, PI3-kinase and mTOR signaling in cardiac hypertrophy.
Cardiovasc Res 63:403-413, 2004

230
283. Daub,H, Weiss,FU, Wallasch,C, Ullrich,A: Role of transactivation of the EGF
receptor in signalling by G-protein-coupled receptors
4. Nature 379:557-560, 1996

284. Azar,ZM, Mehdi,MZ, Srivastava,AK: Insulin-like growth factor type-1 receptor
transactivation in vasoactive peptide and oxidant-induced signaling pathways in
vascular smooth muscle cells. Can J Physiol Pharmacol 85:105-111, 2007
285. Mehdi,MZ, Azar,ZM, Srivastava,AK: Role of receptor and nonreceptor protein
tyrosine kinases in H2O2-induced PKB and ERK1/2 signaling. Cell Biochem
Biophys 47:1-10, 2007

286. Carpenter,G: The EGF receptor: a nexus for trafficking and signaling. Bioessays
22:697-707, 2000
287. Mendelson,J: Blockade of receptors for growth factors: an anticancer therapy--the
fourth annual Joseph H Burchenal American Association of Cancer Research
Clinical Research Award Lecture. Clin Cancer Res 6:747-753, 2000
288. Prenzel,N, Fischer,OM, Streit,S, Hart,S, Ullrich,A: The epidermal growth factor
receptor family as a central element for cellular signal transduction and
diversification. Endocr Relat Cancer 8:11-31, 2001
289. Normanno,N, Bianco,C, Strizzi,L, Mancino,M, Maiello,MR, De Luca,A,
Caponigro,F, Salomon,DS: The ErbB receptors and their ligands in cancer: an
overview. Curr Drug Targets 6:243-257, 2005

231
290. Schlessinger,J: Ligand-induced, receptor-mediated dimerization and activation of
EGF receptor. Cell 110:669-672, 2002
291. Chansel,D, Ciroldi,M, Vandermeersch,S, Jackson,LF, Gomez,AM, Henrion,D,
Lee,DC, Coffman,TM, Richard,S, Dussaule,JC, Tharaux,PL: Heparin binding
EGF is necessary for vasospastic response to endothelin. FASEB J 20:1936-1938,
2006
292. Iwasaki,H, Eguchi,S, Ueno,H, Marumo,F, Hirata,Y: Endothelin-mediated
vascular growth requires p42/p44 mitogen-activated protein kinase and p70 S6
kinase cascades via transactivation of epidermal growth factor receptor.
Endocrinology 140:4659-4668, 1999
293. Beaucage,P, Moreau,P: EGF Receptor Transactivation in Angiotensin II and
Endothelin Control of Vascular Protein Synthesis in vivo. J Cardiovasc
Pharmacol 44 Suppl 1:S20-S23, 2004
294. Kawanabe,Y, Masaki,T, Hashimoto,N: Involvement of epidermal growth factor
receptor-protein tyrosine kinase transactivation in endothelin-1-induced vascular
contraction. J Neurosurg 100:1066-1071, 2004
295. Grantcharova,E,

Reusch,HP,

Grossmann,S,

Eichhorst,J,

Krell,HW,

Beyermann,M, Rosenthal,W, Oksche,A: N-terminal proteolysis of the endothelin
B receptor abolishes its ability to induce EGF receptor transactivation and
contractile protein expression in vascular smooth muscle cells. Arterioscler
Thromb Vasc Biol 26:1288-1296, 2006
296. Hernandez-Sanchez,C,

Werner,H,

Roberts,CT,

Jr.,

Woo,EJ,

Hum,DW,

Rosenthal,SM, LeRoith,D: Differential regulation of insulin-like growth factor-I

232
(IGF-I) receptor gene expression by IGF-I and basic fibroblastic growth factor. J
Biol Chem 272:4663-4670, 1997
297. Delafontaine,P: Insulin-like growth factor I and its binding proteins in the
cardiovascular system. Cardiovasc Res 30:825-834, 1995
298. Adams,TE, Epa,VC, Garrett,TP, Ward,CW: Structure and function of the type 1
insulin-like growth factor receptor. Cell Mol Life Sci 57:1050-1093, 2000

299. LeRoith,D, Werner,H, Beitner-Johnson,D, Roberts,CT, Jr.: Molecular and cellular
aspects of the insulin-like growth factor I receptor. Endocr Rev 16:143-163, 1995
300. White,MF: The IRS-signalling system: a network of docking proteins that
mediate insulin action. Mol Cell Biochem 182:3-11, 1998

301. Rozakis-Adcock,M, McGlade,J, Mbamalu,G, Pelicci,G, Daly,R, Li,W, Batzer,A,
Thomas,S, Brugge,J, Pelicci,PG, .: Association of the Shc and Grb2/Sem5 SH2containing proteins is implicated in activation of the Ras pathway by tyrosine
kinases. Nature 360:689-692, 1992
302. Giorgetti,S, Pelicci,PG, Pelicci,G, Van Obberghen,E: Involvement of Srchomology/collagen (SHC) proteins in signaling through the insulin receptor and
the insulin-like-growth-factor-I-receptor. Eur J Biochem 223:195-202, 1994
303. Oldham,S, Hafen,E: Insulin/IGF and target of rapamycin signaling: a TOR de
force in growth control. Trends Cell Biol 13:79-85, 2003
304. Zheng,B, Clemmons,DR: Blocking ligand occupancy of the alphaVbeta3 integrin
inhibits insulin-like growth factor I signaling in vascular smooth muscle cells.
Proc Natl Acad Sci U S A 95:11217-11222, 1998

233
305. Sumitomo,M, Milowsky,MI, Shen,R, Navarro,D, Dai,J, Asano,T, Hayakawa,M,
Nanus,DM: Neutral endopeptidase inhibits neuropeptide-mediated transactivation
of the insulin-like growth factor receptor-Akt cell survival pathway. Cancer Res
61:3294-3298, 2001
306. Bouallegue A, Vardatsikos G, and Srivastava A.K. Role of the insulin-like growth
factor-1 receptor and c-Src in endothelin-1 and angiotensin II-induced PKB
phosphorylation as well as hypertrophic and proliferative responses in vascular
smooth muscle cells. Can.J Physiol Pharmacol . 2009. In Press
307. Meng,D, Shi,X, Jiang,BH, Fang,J: Insulin-like growth factor-I (IGF-I) induces
epidermal growth factor receptor transactivation and cell proliferation through
reactive oxygen species. Free Radic Biol Med 42:1651-1660, 2007
308. Lim,HJ, Park,HY, Ko,YG, Lee,SH, Cho,SY, Lee,EJ, Jameson,JL, Jang,Y:
Dominant negative insulin-like growth factor-1 receptor inhibits neointimal
formation through suppression of vascular smooth muscle cell migration and
proliferation, and induction of apoptosis. Biochem Biophys Res Commun
325:1106-1114, 2004
309. Nguyen,TT, Cao,N, Short,JL, White,PJ: Intravenous insulin-like growth factor-I
receptor antisense treatment reduces angiotensin receptor expression and function
in spontaneously hypertensive rats. J Pharmacol Exp Ther 318:1171-1177, 2006
310. Mondorf,UF, Geiger,H, Herrero,M, Zeuzem,S, Piiper,A: Involvement of the
platelet-derived growth factor receptor in angiotensin II-induced activation of
extracellular regulated kinases 1 and 2 in human mesangial cells. FEBS Lett
472:129-132, 2000

234
311. Heeneman,S, Haendeler,J, Saito,Y, Ishida,M, Berk,BC: Angiotensin II induces
transactivation of two different populations of the platelet-derived growth factor
beta receptor. Key role for the p66 adaptor protein Shc. J Biol Chem 275:1592615932, 2000
312. Prenzel,N, Zwick,E, Daub,H, Leserer,M, Abraham,R, Wallasch,C, Ullrich,A:
EGF

receptor

transactivation

by

G-protein-coupled

receptors

requires

metalloproteinase cleavage of proHB-EGF. Nature 402:884-888, 1999
313. Yang,X, Zhu,MJ, Sreejayan,N, Ren,J, Du,M: Angiotensin II promotes smooth
muscle cell proliferation and migration through release of heparin-binding
epidermal growth factor and activation of EGF-receptor pathway. Mol Cells
20:263-270, 2005
314. Lucchesi,PA,

Sabri,A,

Belmadani,S,

Matrougui,K:

Involvement

of

metalloproteinases 2/9 in epidermal growth factor receptor transactivation in
pressure-induced myogenic tone in mouse mesenteric resistance arteries.
Circulation 110:3587-3593, 2004
315. Ohtsu,H, Dempsey,PJ, Frank,GD, Brailoiu,E, Higuchi,S, Suzuki,H, Nakashima,H,
Eguchi,K, Eguchi,S: ADAM17 mediates epidermal growth factor receptor
transactivation and vascular smooth muscle cell hypertrophy induced by
angiotensin II. Arterioscler Thromb Vasc Biol 26:e133-e137, 2006
316. Asakura,M,
Ohmoto,H,

Kitakaze,M,
Node,K,

Takashima,S,

Yoshino,K,

Liao,Y,

Ishiguro,H,

Ishikura,F,

Yoshinaka,T,

Asanuma,H,

Sanada,S,

Matsumura,Y, Takeda,H, Beppu,S, Tada,M, Hori,M, Higashiyama,S: Cardiac

235
hypertrophy is inhibited by antagonism of ADAM12 processing of HB-EGF:
metalloproteinase inhibitors as a new therapy. Nat Med 8:35-40, 2002
317. Rhee,SG: Cell signaling. H2O2, a necessary evil for cell signaling. Science
312:1882-1883, 2006
318. Ushio-Fukai,M,

Griendling,KK,

Becker,PL,

Hilenski,L,

Halleran,S,

Alexander,RW: Epidermal growth factor receptor transactivation by angiotensin
II requires reactive oxygen species in vascular smooth muscle cells. Arterioscler
Thromb Vasc Biol 21:489-495, 2001
319. Ohtsu,H, Dempsey,PJ, Eguchi,S: ADAMs as mediators of EGF receptor
transactivation by G protein-coupled receptors. Am J Physiol Cell Physiol
291:C1-10, 2006
320. Lee,SR, Kwon,KS, Kim,SR, Rhee,SG: Reversible inactivation of protein-tyrosine
phosphatase 1B in A431 cells stimulated with epidermal growth factor. J Biol
Chem 273:15366-15372, 1998
321. Meng,TC, Fukada,T, Tonks,NK: Reversible oxidation and inactivation of protein
tyrosine phosphatases in vivo. Mol Cell 9:387-399, 2002
322. Chen,CH, Cheng,TH, Lin,H, Shih,NL, Chen,YL, Chen,YS, Cheng,CF, Lian,WS,
Meng,TC, Chiu,WT, Chen,JJ: Reactive oxygen species generation is involved in
epidermal growth factor receptor transactivation through the transient oxidization
of Src homology 2-containing tyrosine phosphatase in endothelin-1 signaling
pathway in rat cardiac fibroblasts. Mol Pharmacol 69:1347-1355, 2006

236
323. Mehdi,MZ,

Pandey,NR,

Pandey,SK,

Srivastava,AK:

H2O2-induced

phosphorylation of ERK1/2 and PKB requires tyrosine kinase activity of insulin
receptor and c-Src. Antioxid Redox Signal 7:1014-1020, 2005
324. Azar Z.M, Mehdi, M. Z, and Srivastava A.K. Activation of insulin-like growth
factor type-1 receptor is required for H2O2-induced PKB phosphorylation in
vascular smooth muscle cells. Can.J Physiol Pharmacol .84:777-786, 2006.
325. Eguchi,S, Iwasaki,H, Inagami,T, Numaguchi,K, Yamakawa,T, Motley,ED,
Owada,KM, Marumo,F, Hirata,Y: Involvement of PYK2 in angiotensin II
signaling of vascular smooth muscle cells. Hypertension 33:201-206, 1999
326. Griendling,KK, Alexander,RW: Oxidative stress and cardiovascular disease.
Circulation 96:3264-3265, 1997
327. Dhalla, N. S, Temsah, R. W, and Netticaden, T. Role of oxidative stress in
cardiovascular disease. J Hypertens 18, 655-673. 2000.
328. Harrison,DG, Gongora,MC: Oxidative stress and hypertension. Med Clin North
Am 93:621-635, 2009

329. Turrens,JF: Superoxide production by the mitochondrial respiratory chain. Biosci
Rep 17:3-8, 1997
330. Griendling, K. K, Sorescu, D, and Ushio-Fukai, M. NAD(P)H oxidase: role in
cardiovascular biology and disease. Circ Res. 86, 494-501. 2000.
331. Duerrschmidt,N,

Wippich,N,

Goettsch,W,

Broemme,HJ,

Morawietz,H:

Endothelin-1 induces NAD(P)H oxidase in human endothelial cells. Biochem
Biophys Res Commun 269:713-717, 2000

237
332. Zeng,Q, Zhou,Q, Yao,F, O'Rourke,ST, Sun,C: Endothelin-1 regulates cardiac Ltype calcium channels via NAD(P)H oxidase-derived superoxide. J Pharmacol
Exp Ther 326:732-738, 2008

333. Wedgwood, S, Dettman, R. W, and Black, S. M. ET-1 stimulates pulmonary
arterial smooth muscle cell proliferation via induction of reactive oxygen species.
Am J Physiol Lung Cell Mol Physiol 281, L1058-L1067. 2001.
334. Fei, J, Viedt, C, Soto, U, Elsing, C, Jahn, L, and Kreuzer, J. Endothelin-1 and
smooth muscle cells: induction of jun amino-terminal kinase through an oxygen
radical-sensitive mechanism. Arterioscler Thromb Vasc Biol. 20, 1244-1249.
2000.
335. Li,L, Chu,Y, Fink,GD, Engelhardt,JF, Heistad,DD, Chen,AF: Endothelin-1
stimulates arterial VCAM-1 expression via NADPH oxidase-derived superoxide
in mineralocorticoid hypertension. Hypertension 42:997-1003, 2003

336. Bayorh,MA, Ganafa,AA, Socci,RR, Silvestrov,N, Abukhalaf,IK: The role of
oxidative stress in salt-induced hypertension. Am J Hypertens 17:31-36, 2004

337. Jernigan,NL, Walker,BR, Resta,TC: Reactive oxygen species mediate RhoA/Rho
kinase-induced Ca2+ sensitization in pulmonary vascular smooth muscle
following chronic hypoxia. Am J Physiol Lung Cell Mol Physiol 295:L515-L529,
2008

238
338. Rajagopalan,S, Kurz,S, Munzel,T, Tarpey,M, Freeman,BA, Griendling,KK,
Harrison,DG: Angiotensin II-mediated hypertension in the rat increases vascular
superoxide production via membrane NADH/NADPH oxidase activation.
Contribution to alterations of vasomotor tone. J Clin Invest 97:1916-1923, 1996
339. Warnholtz,A, Nickenig,G, Schulz,E, Macharzina,R, Brasen,JH, Skatchkov,M,
Heitzer,T, Stasch,JP, Griendling,KK, Harrison,DG, Bohm,M, Meinertz,T,
Munzel,T: Increased NADH-oxidase-mediated superoxide production in the early
stages of atherosclerosis: evidence for involvement of the renin-angiotensin
system. Circulation 99:2027-2033, 1999
340. Cheng, T. H, Shih, N. L, Chen, S. Y, Wang, D. L, and Chen, J. J. Reactive oxygen
species modulate endothelin-I-induced c-fos gene expression in cardiomyocytes.
Cardiovascular Research 41, 654-662. 1999.
341. Kyaw, M, Yoshizumi, M, Tsuchiya, K, Kirima, K, Suzaki, Y, Abe, S, Hasegawa,
T, and Tamaki, T. Antioxidants inhibit endothelin-1 (1-31)-induced proliferation
of vascular smooth muscle cells via the inhibition of mitogen-activated protein
(MAP) kinase and activator protein-1 (AP-1). Biochem Pharmacol. 64, 15211531. 2002.
342. Ji,G, O'Brien,CD, Feldman,M, Manevich,Y, Lim,P, Sun,J, Albelda,SM,
Kotlikoff,MI: PECAM-1 (CD31) regulates a hydrogen peroxide-activated
nonselective cation channel in endothelial cells. J Cell Biol 157:173-184, 2002

343. Hyslop,PA, Hinshaw,DB, Schraufstatter,IU, Sklar,LA, Spragg,RG, Cochrane,CG:
Intracellular calcium homeostasis during hydrogen peroxide injury to cultured
P388D1 cells. J Cell Physiol 129:356-366, 1986

239
344. Sotnikova,R: Investigation of the mechanisms underlying H2O2-evoked
contraction in the isolated rat aorta. Gen Pharmacol 31:115-119, 1998

345. Rosado,JA, Redondo,PC, Salido,GM, Gomez-Arteta,E, Sage,SO, Pariente,JA:
Hydrogen peroxide generation induces pp60src activation in human platelets:
evidence for the involvement of this pathway in store-mediated calcium entry. J
Biol Chem 279:1665-1675, 2004

346. Cai,H, Davis,ME, Drummond,GR, Harrison,DG: Induction of endothelial NO
synthase by hydrogen peroxide via a Ca(2+)/calmodulin-dependent protein kinase
II/janus kinase 2-dependent pathway. Arterioscler Thromb Vasc Biol 21:15711576, 2001
347. Hecquet,CM, Ahmmed,GU, Vogel,SM, Malik,AB: Role of TRPM2 channel in
mediating H2O2-induced Ca2+ entry and endothelial hyperpermeability. Circ Res
102:347-355, 2008

348. Fukui,T,

Ishizaka,N,

Rajagopalan,S,

Laursen,JB,

Capers,Q,

Taylor,WR,

Harrison,DG, de Leon,H, Wilcox,JN, Griendling,KK: p22phox mRNA expression
and NADPH oxidase activity are increased in aortas from hypertensive rats. Circ
Res 80:45-51, 1997

349. Jung,O, Schreiber,JG, Geiger,H, Pedrazzini,T, Busse,R, Brandes,RP: gp91phoxcontaining NADPH oxidase mediates endothelial dysfunction in renovascular
hypertension. Circulation 109:1795-1801, 2004

240
350. Rey,FE, Cifuentes,ME, Kiarash,A, Quinn,MT, Pagano,PJ: Novel competitive
inhibitor of NAD(P)H oxidase assembly attenuates vascular O(2)(-) and systolic
blood pressure in mice. Circ Res 89:408-414, 2001

351. Matsuno,K, Yamada,H, Iwata,K, Jin,D, Katsuyama,M, Matsuki,M, Takai,S,
Yamanishi,K, Miyazaki,M, Matsubara,H, Yabe-Nishimura,C: Nox1 is involved in
angiotensin II-mediated hypertension: a study in Nox1-deficient mice. Circulation
112:2677-2685, 2005

352. Landmesser,U, Cai,H, Dikalov,S, McCann,L, Hwang,J, Jo,H, Holland,SM,
Harrison,DG: Role of p47(phox) in vascular oxidative stress and hypertension
caused by angiotensin II. Hypertension 40:511-515, 2002

353. Dikalova,A, Clempus,R, Lassegue,B, Cheng,G, McCoy,J, Dikalov,S, San
Martin,A, Lyle,A, Weber,DS, Weiss,D, Taylor,WR, Schmidt,HH, Owens,GK,
Lambeth,JD, Griendling,KK: Nox1 overexpression potentiates angiotensin IIinduced hypertension and vascular smooth muscle hypertrophy in transgenic
mice. Circulation 112:2668-2676, 2005

354. Zicha,J, Dobesova,Z, Kunes,J: Antihypertensive mechanisms of chronic captopril
or N-acetylcysteine treatment in L-NAME hypertensive rats. Hypertens Res
29:1021-1027, 2006

241
355. Castro,MM, Rizzi,E, Rodrigues,GJ, Ceron,CS, Bendhack,LM, Gerlach,RF,
Tanus-Santos,JE: Antioxidant treatment reduces matrix metalloproteinase-2induced vascular changes in renovascular hypertension. Free Radic Biol Med
46:1298-1307, 2009

356. Taddei,S, Virdis,A, Ghiadoni,L, Magagna,A, Salvetti,A: Vitamin C improves
endothelium-dependent vasodilation by restoring nitric oxide activity in essential
hypertension. Circulation 97:2222-2229, 1998
357. Hill,MF, Singal,PK: Antioxidant and oxidative stress changes during heart failure
subsequent to myocardial infarction in rats. Am J Pathol 148:291-300, 1996

358. Belch,JJ, Bridges,AB, Scott,N, Chopra,M: Oxygen free radicals and congestive
heart failure. Br Heart J 65:245-248, 1991

359. Hirotani,S, Otsu,K, Nishida,K, Higuchi,Y, Morita,T, Nakayama,H, Yamaguchi,O,
Mano,T, Matsumura,Y, Ueno,H, Tada,M, Hori,M: Involvement of nuclear factorkappaB and apoptosis signal-regulating kinase 1 in G-protein-coupled receptor
agonist-induced cardiomyocyte hypertrophy. Circulation 105:509-515, 2002

360. Pimentel,DR, Amin,JK, Xiao,L, Miller,T, Viereck,J, Oliver-Krasinski,J, Baliga,R,
Wang,J, Siwik,DA, Singh,K, Pagano,P, Colucci,WS, Sawyer,DB: Reactive
oxygen species mediate amplitude-dependent hypertrophic and apoptotic
responses to mechanical stretch in cardiac myocytes. Circ Res 89:453-460, 2001

242
361. Siwik,DA, Pagano,PJ, Colucci,WS: Oxidative stress regulates collagen synthesis
and matrix metalloproteinase activity in cardiac fibroblasts. Am J Physiol Cell
Physiol 280:C53-C60, 2001

362. Yano,M, Okuda,S, Oda,T, Tokuhisa,T, Tateishi,H, Mochizuki,M, Noma,T,
Doi,M,

Kobayashi,S,

Yamamoto,T,

Ikeda,Y,

Ohkusa,T,

Ikemoto,N,

Matsuzaki,M: Correction of defective interdomain interaction within ryanodine
receptor by antioxidant is a new therapeutic strategy against heart failure.
Circulation 112:3633-3643, 2005

363. Lloyd-Jones,DM, Bloch,KD: The vascular biology of nitric oxide and its role in
atherogenesis. Annu Rev Med 47:365-375, 1996
364. Buchwalow,IB, Podzuweit,T, Bocker,W, Samoilova,VE, Thomas,S, Wellner,M,
Baba,HA, Robenek,H, Schnekenburger,J, Lerch,MM: Vascular smooth muscle
and nitric oxide synthase. FASEB J 16:500-508, 2002
365. Kurowska,EM: Nitric oxide therapies in vascular diseases. Curr Pharm Des
8:155-166, 2002
366. Cheng,TH, Shih,NL, Chen,SY, Lin,JW, Chen,YL, Chen,CH, Lin,H, Cheng,CF,
Chiu,WT, Wang,DL, Chen,JJ: Nitric oxide inhibits endothelin-1-induced
cardiomyocyte hypertrophy through cGMP-mediated suppression of extracellularsignal regulated kinase phosphorylation. Mol Pharmacol 68:1183-1192, 2005
367. Heller,R, Polack,T, Grabner,R, Till,U: Nitric oxide inhibits proliferation of human
endothelial cells via a mechanism independent of cGMP. Atherosclerosis 144:4957, 1999

243
368. Mawji,IA, Marsden,PA: Perturbations in paracrine control of the circulation: role
of the endothelial-derived vasomediators, endothelin-1 and nitric oxide. Microsc
Res Tech 60:46-58, 2003

369. Napolitano,M, Miceli,F, Calce,A, Vacca,A, Gulino,A, Apa,R, Lanzone,A:
Expression and relationship between endothelin-1 messenger ribonucleic acid
(mRNA) and inducible/endothelial nitric oxide synthase mRNA isoforms from
normal and preeclamptic placentas. J Clin Endocrinol Metab 85:2318-2323, 2000

370. Iglarz,M, Clozel,M: Mechanisms of ET-1-induced endothelial dysfunction. J
Cardiovasc Pharmacol 50:621-628, 2007

371. Amiri,F, Virdis,A, Neves,MF, Iglarz,M, Seidah,NG, Touyz,RM, Reudelhuber,TL,
Schiffrin,EL: Endothelium-restricted overexpression of human endothelin-1
causes vascular remodeling and endothelial dysfunction. Circulation 110:22332240, 2004

372. Marletta,MA: Nitric oxide synthase: aspects concerning structure and catalysis.
Cell 78:927-930, 1994
373. Raman,CS, Li,H, Martasek,P, Kral,V, Masters,BS, Poulos,TL: Crystal structure
of constitutive endothelial nitric oxide synthase: a paradigm for pterin function
involving a novel metal center. Cell 95:939-950, 1998

244
374. Hecker,M, Cattaruzza,M, Wagner,AH: Regulation of inducible nitric oxide
synthase gene expression in vascular smooth muscle cells. Gen Pharmacol 32:916, 1999

375. Lincoln,TM, Dey,N, Sellak,H: Invited review: cGMP-dependent protein kinase
signaling mechanisms in smooth muscle: from the regulation of tone to gene
expression. J Appl Physiol 91:1421-1430, 2001

376. Traylor,TG, Sharma,VS: Why NO? Biochemistry 31:2847-2849, 1992

377. Murad,F: The nitric oxide-cyclic GMP signal transduction system for intracellular
and intercellular communication. Recent Prog Horm Res 49:239-248, 1994
378. Ortega,MA, Amaya Aleixandre,dA: Nitric oxide reactivity and mechanisms
involved in its biological effects. Pharmacol Res 42:421-427, 2000

379. Fujii,H, Ichimori,K, Hoshiai,K, Nakazawa,H: Nitric oxide inactivates NADPH
oxidase in pig neutrophils by inhibiting its assembling process. J Biol Chem
272:32773-32778, 1997

380. Marletta,MA, Spiering,MM: Trace elements and nitric oxide function. J Nutr
133:1431S-1433S, 2003

381. Eigenthaler,M, Lohmann,SM, Walter,U, Pilz,RB: Signal transduction by cGMPdependent protein kinases and their emerging roles in the regulation of cell

245
adhesion and gene expression. Rev Physiol Biochem Pharmacol 135:173-209,
1999

382. Hofmann,F, Ammendola,A, Schlossmann,J: Rising behind NO: cGMP-dependent
protein kinases. J Cell Sci 113 ( Pt 10):1671-1676, 2000

383. Denninger,JW, Marletta,MA: Guanylate cyclase and the .NO/cGMP signaling
pathway. Biochim Biophys Acta 1411:334-350, 1999

384. Koesling,D, Harteneck,C, Humbert,P, Bosserhoff,A, Frank,R, Schultz,G,
Bohme,E: The primary structure of the larger subunit of soluble guanylyl cyclase
from bovine lung. Homology between the two subunits of the enzyme. FEBS Lett
266:128-132, 1990

385. Nakane,M, Arai,K, Saheki,S, Kuno,T, Buechler,W, Murad,F: Molecular cloning
and expression of cDNAs coding for soluble guanylate cyclase from rat lung. J
Biol Chem 265:16841-16845, 1990

386. Friebe,A, Mergia,E, Dangel,O, Lange,A, Koesling,D: Fatal gastrointestinal
obstruction and hypertension in mice lacking nitric oxide-sensitive guanylyl
cyclase. Proc Natl Acad Sci U S A 104:7699-7704, 2007

246
387. Yu,SM, Hung,LM, Lin,CC: cGMP-elevating agents suppress proliferation of
vascular smooth muscle cells by inhibiting the activation of epidermal growth
factor signaling pathway. Circulation 95:1269-1277, 1997
388. Yu,SM, Tsai,SY, Kuo,SC, Ou,JT: Inhibition of platelet function by A02131-1, a
novel inhibitor of cGMP-specific phosphodiesterase, in vitro and in vivo. Blood
87:3758-3767, 1996

389. Shahid,M, van Amsterdam,RG, de Boer,J, ten Berge,RE, Nicholson,CD,
Zaagsma,J: The presence of five cyclic nucleotide phosphodiesterase isoenzyme
activities in bovine tracheal smooth muscle and the functional effects of selective
inhibitors. Br J Pharmacol 104:471-477, 1991

390. Yu,SM, Cheng,ZJ, Kuo,SC: Endothelium-dependent relaxation of rat aorta by
butein, a novel cyclic AMP-specific phosphodiesterase inhibitor. Eur J
Pharmacol 280:69-77, 1995

391. D'Souza,FM, Sparks,RL, Chen,H, Kadowitz,PJ, Jeter,JR, Jr.: Mechanism of
eNOS gene transfer inhibition of vascular smooth muscle cell proliferation. Am J
Physiol Cell Physiol 284:C191-C199, 2003

392. Sandirasegarane,L, Charles,R, Bourbon,N, Kester,M: NO regulates PDGFinduced activation of PKB but not ERK in A7r5 cells: implications for vascular
growth arrest. Am J Physiol Cell Physiol 279:C225-C235, 2000

247
393. Wang,D, Yu,X, Brecher,P: Nitric oxide inhibits angiotensin II-induced activation
of the calcium-sensitive tyrosine kinase proline-rich tyrosine kinase 2 without
affecting epidermal growth factor receptor transactivation. J Biol Chem
274:24342-24348, 1999
394. Wever,R, Stroes,E, Rabelink,TJ: Nitric oxide and hypercholesterolemia: a matter
of oxidation and reduction? Atherosclerosis 137 Suppl:S51-S60, 1998

395. Alfke,H, Kleb,B, Klose,KJ: Nitric oxide inhibits the basic fibroblast growth
factor-stimulated migration of bovine vascular smooth muscle cells in vitro. Vasa
29:99-102, 2000

396. Failli,P, DeFRANCO,RM, Caligiuri,A, Gentilini,A, Romanelli,RG, Marra,F,
Batignani,G, Guerra,CT, Laffi,G, Gentilini,P, Pinzani,M: Nitrovasodilators inhibit
platelet-derived growth factor-induced proliferation and migration of activated
human hepatic stellate cells. Gastroenterology 119:479-492, 2000

397. Taimor,G, Rakow,A, Piper,HM: Transcription activator protein 1 (AP-1)
mediates NO-induced apoptosis of adult cardiomyocytes. FASEB J 15:2518-2520,
2001

398. Yoshizumi, M, Kim, S, Kagami, S, Hamaguchi, A, Tsuchiya, K, Houchi, H, Iwao,
H, Kido, H, and Tamaki, T. Effect of endothelin-1 (1-31) on extracellular signalregulated kinase and proliferation of human coronary artery smooth muscle cells.
Br.J.Pharmacol. 125, 1019-1027. 1998.

248
399. Cornwell,TL, Arnold,E, Boerth,NJ, Lincoln,TM: Inhibition of smooth muscle cell
growth by nitric oxide and activation of cAMP-dependent protein kinase by
cGMP. Am J Physiol 267:C1405-C1413, 1994
400. Paolocci,N, Ekelund,UE, Isoda,T, Ozaki,M, Vandegaer,K, Georgakopoulos,D,
Harrison,RW, Kass,DA, Hare,JM: cGMP-independent inotropic effects of nitric
oxide and peroxynitrite donors: potential role for nitrosylation. Am J Physiol
Heart Circ Physiol 279:H1982-H1988, 2000

401. Wang,L, Proud,CG: Ras/Erk signaling is essential for activation of protein
synthesis by Gq protein-coupled receptor agonists in adult cardiomyocytes. Circ
Res 91:821-829, 2002

402. Sugden,PH, Fuller,SJ, Mynett,JR, Hatchett,RJ, Bogoyevitch,MA, Sugden,MC:
Stimulation

of

adult

rat

ventricular

myocyte

protein

synthesis

and

phosphoinositide hydrolysis by the endothelins. Biochim Biophys Acta 1175:327332, 1993

403. Zhan,CD, Pan,JY: Nitric oxide inhibits the expression of proto-oncogene c-fos
induced by angiotensin II and endothelin-1 in cardiomyocytes. Sheng Li Xue Bao
52:450-454, 2000

404. Wang,D, Yu,X, Brecher,P: Nitric oxide and N-acetylcysteine inhibit the
activation of mitogen-activated protein kinases by angiotensin II in rat cardiac
fibroblasts. J Biol Chem 273:33027-33034, 1998

249
405. Yousif,MH, Akhtar,S, Walther,T, Benter,IF: Role of Ca2+/calmodulin-dependent
protein kinase II in development of vascular dysfunction in diabetic rats with
hypertension. Cell Biochem Funct 26:256-263, 2008
406. Thiel,WH, Chen,B, Hund,TJ, Koval,OM, Purohit,A, Song,LS, Mohler,PJ,
Anderson,ME: Proarrhythmic defects in Timothy syndrome require calmodulin
kinase II. Circulation 118:2225-2234, 2008

407. Lo,LW, Chen,YC, Chen,YJ, Wongcharoen,W, Lin,CI, Chen,SA: Calmodulin
kinase II inhibition prevents arrhythmic activity induced by alpha and beta
adrenergic agonists in rabbit pulmonary veins. Eur J Pharmacol 571:197-208,
2007

408. Anderson,ME, Braun,AP, Wu,Y, Lu,T, Wu,Y, Schulman,H, Sung,RJ: KN-93, an
inhibitor of multifunctional Ca++/calmodulin-dependent protein kinase, decreases
early afterdepolarizations in rabbit heart. J Pharmacol Exp Ther 287:996-1006,
1998

409. Griendling, K. K, Minieri, C. A, Ollerenshaw, J. D, and Alexander, R. W.
Angiotensin II stimulates NADH and NADPH oxidase activity in cultured
vascular smooth muscle cells. Circ Res. 74, 1141-1148. 1994.
410. Lo, Y. Y. C, Wong, J. M. S, and Cruz, T. F. Reactive oxygen species mediate
cytokine activation of c-Jun-NH2-terminal kinases. J Biol Chem. 271, 1570315707. 1996.

250
411. Blanc,A, Pandey,NR, Srivastava,AK: Distinct roles of Ca2+, calmodulin, and
protein kinase C in H2O2-induced activation of ERK1/2, p38 MAPK, and protein
kinase B signaling in vascular smooth muscle cells. Antioxid Redox Signal 6:353366, 2004
412. Nguyen,A, Chen,P, Cai,H: Role of CaMKII in hydrogen peroxide activation of
ERK1/2, p38 MAPK, HSP27 and actin reorganization in endothelial cells. FEBS
Lett 572:307-313, 2004
413. Takizawa,T, Gu,M, Chobanian,AV, Brecher,P: Effect of nitric oxide on DNA
replication induced by angiotensin II in rat cardiac fibroblasts. Hypertension
30:1035-1040, 1997
414. Sand,AE, Andersson,E, Fried,G: Effects of nitric oxide donors and inhibitors of
nitric oxide signalling on endothelin- and serotonin-induced contractions in
human placental arteries. Acta Physiol Scand 174:217-223, 2002

415. Lahteenmaki,T, Sievi,E, Vapaatalo,H: Inhibitory effects of mesoionic 3-aryl
substituted oxatriazole-5-imine derivatives on vascular smooth muscle cell
mitogenesis and proliferation in vitro. Br J Pharmacol 125:402-408, 1998
416. Sandirasegarane,L, Diamond,J: The nitric oxide donors, SNAP and DEA/NO,
exert a negative inotropic effect in rat cardiomyocytes which is independent of
cyclic GMP elevation. J Mol Cell Cardiol 31:799-808, 1999

