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Preface

In recent years, there has been a surge of interest in studies related to the role of a
variety of signaling pathways in the control of cardiovascular physiology. Evidence
has also accumulated to suggest that an aberration in the signal transduction path-
ways contributes to the pathophysiology of cardiovascular disease. Several com-
ponents of the signaling pathways have been identified as potential targets for the
development of new therapies of cardiovascular disease. Therefore, this volume has
been compiled to highlight the contributions of different signaling systems in mod-
ulating normal cardiovascular functions and how a perturbation in these signaling
events leads to abnormal cell functions and cardiovascular disorders.

This volume has been divided into five sections dealing with five key signal-
ing pathways regulating different aspects of cardiovascular physiology. The first
section describes the role of G-protein-coupled receptor (GPCR) signaling in car-
diovascular functions. In this section, Anand-Srivastava has elegantly summarized
studies showing that the expression levels of various G-proteins as well as respon-
siveness of adenylyl cyclase systems to various stimuli such as β-adrenergic re-
ceptor (βAR) agonist and vasoactive peptides are defective in various models of
hypertension, congestive heart failure (CHF), cardiac hypertrophy, and other dis-
eases. Dent et al. have highlighted studies showing how the alterations in different
components of the βAR signaling system contribute to CHF and suggest that βAR
blockade could be used as a strategy to treat CHF. Continuing on the same theme,
Vacek et al. have reviewed the pathophysiological mechanisms involved in CHF
and sudden cardiac death, with an emphasis on the role of homocysteine-induced
cross talk between NMDA receptor and GPCRs, while Moolman et al. have elab-
orated on the contributions of adenosine, cAMP/PKA system as well as p38mapk in
eliciting a cardioprotective response during early preconditioning. This section also
has two elegant articles on the role of angiotensin II in cardiovascular pathophys-
iology: Engberding and Grindling and Schaffer and Mozaffari have provided in-
depth accounts of various signaling pathways induced by angiotensin II and how the
dysregulation of this pathway contributes to heightened growth, proliferation, hy-
pertrophy, and cell survival death responses associated with various cardiovascular
abnormalities.
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The second section focuses on the role of redox-induced signaling system in
cardiovascular biology and complications of diabetes. In this section, Das and
Goswami provide experimental evidence supporting a role of redox-regulating pro-
teins in mitigating ischemia-induced oxidative stress and conferring a cardioprotec-
tive response, while Turan has demonstrated how an interplay between βAR signal-
ing and redox pathways can modify mechanical performance and energy homeosta-
sis in heart. Additional articles by Anand-Srivastava and Srivastava and by Wu have
examined the role of hyperglycemia and methylglyoxal-related advanced glycation
end products-induced activation of MAP kinase, PKB, GPCR, G-proteins, adeny-
lyl cyclases, and inflammatory genes in the cardiovascular complications associated
with diabetes.

The third section contains articles focused on the regulatory role of growth fac-
tor and their receptors in cardiac hypertrophy, vascular remodeling, and therapeutic
angiogenesis. In this section, Bouallegue and Srivastava have reviewed the con-
cept of growth factor receptor transactivation as a triggering mechanism to trans-
duce the downstream effects of vasoactive peptides, whereas Calderone has pro-
vided a comprehensive analysis of the contributions of peptide growth factors, Gq
proteins, and phosphatidylinositol 3-kinase (PI3K)-dependent signaling events in
physiological/pathophysiological cardiac hypertrophy. Further, Dixon et al. have el-
egantly reviewed the role of TGF-β and R-Smad signaling pathways in remodel-
ing of the extracellular matrix in failing hearts, and Luo et al. have demonstrated
that activation of MAPK and PI3K may contribute to the pathogenetic mecha-
nism involved in coxsackievirus-induced myocarditis. Two articles in this section
by Maulik and Rajalakshmi et al. have provided evidence supporting the use of
growth factors such as basic fibroblast growth factors and vascular endothelial
growth factors to enhance angiogenesis and vasculogenesis. Finally, Selvakumar
and Sharma summarize studies on the characterization and biological significance of
N -myristoyltransferase (NMT) and its binding proteins which are involved in myris-
toylation of several signaling proteins, including protein kinases, thereby altering
their functions.

The role of calcium in regulating cardiovascular physiology is presented in the
fourth section of this volume. House et al. have provided an excellent review on the
structure of calmodulin-dependent protein kinase II and its role in the contractility
as well as proliferation and migration of VSMC. Banderali et al. have examined in
detail the cellular regulation and pharmacological properties of calcium-activated
potassium channels and their role in control of vascular tone by endothelium.

The final section of this volume contains articles by Karmazyn et al. and An
et al. who have examined in detail the roles of leptin and lipid-induced signaling
pathways in the pathogenesis of cardiometabolic syndrome.

Overall, this volume provides a detailed analysis of a wide range of signal trans-
duction systems that mediate hypertrophy, intimal hyperplasia, oxidative damage,
contractility, cardiovascular protection, and remodeling. Many components of these
signaling pathways are potential targets to develop new therapeutics to treat cardio-
vascular disorders.
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G-protein-Coupled Receptor Signaling



Chapter 1
Implication of G-proteins in
Cardiovascular Disease

Madhu B. Anand-Srivastava

Abstract Guanine nucleotide regulatory proteins (G-proteins) play a key role in the
regulation of various signal transduction systems including adenylyl cyclase/cAMP
and phospholipase C (PLC)/phosphatidylinositol turnover (PI) which are impli-
cated in the modulation of a variety of physiological functions such as platelet
functions, including platelet aggregation, secretion, and clot formation, and car-
diovascular functions, including arterial tone and reactivity. Several abnormalities
in adenylyl cyclase activity, cAMP levels, G-proteins, and PLC/PKC have been
shown to be responsible for the altered cardiac performance and vascular functions
observed in cardiovascular disease states. The enhanced or unaltered levels of in-
hibitory G-proteins (Giα-2 and Giα-3) and mRNA have been reported in different
models of hypertension, whereas Gsα levels were shown to be unaltered. These
changes in G-protein were associated with functions. The enhanced levels of Giα
proteins precede the development of blood pressure and suggest that overexpres-
sion of Gi proteins may be one of the contributing factors for the pathogenesis of
hypertension. The augmented levels of Giα proteins and associated adenylyl cy-
clase signaling in hypertension were shown to be attributed to the enhanced levels
of vasoactive peptides. In addition, enhanced oxidative stress in hypertension may
also be responsible for the enhanced expression of Giα proteins observed in hy-
pertension. The levels of Gqα/11 and PLCβ have been shown to be upregulated
in different models of hypertension. On the other hand, the levels of Gsα and not
of Giα proteins were decreased in volume- or pressure-overload hypertrophy. The
responsiveness of adenylyl cyclase to β-adrenergic agonists was also attenuated. In
addition, the levels of Gqα were augmented in hypertrophy and the β-adrenergic
receptor levels were decreased. Furthermore, the role of PKC in the development
and progression of cardiac hypertrophy was also shown. Similarly, ischemia was
shown to be associated with decreased, increased, or unaltered levels of Gsα, with
decreased levels of Giα, and with decreased responsiveness of adenylyl cyclase
to various stimuli such as β-adrenergic agonists, guanine nucleotides, forskolin,
and others. Thus, the altered levels of G-proteins and associated signaling may
be responsible for the impaired cardiovascular functions observed in hypertension,
hypertrophy, and cardiac failure.

A. K. Srivastava, M. B. Anand-Srivastava (eds.) Advances in Biochemistry in Health 3
and Disease. Signal Transduction in the Cardiovascular System in Health and Disease,
c© Springer Science+Business Media, LLC 2008



4 Madhu B. Anand-Srivastava

Introduction

Guanine nucleotide regulatory proteins (G-proteins) are a family of guanosine
triphosphate (GTP) binding proteins that play a key regulatory role as transducers in
a variety of signal transduction systems. These include the adenylyl cyclase/cAMP
system (Rodbell et al. 1971), the receptor-mediated activation of phospholipase C
and A2 (Cockroft and Gompert 1985; Litosch et al. 1985), and a number of hormone
and neurotransmitter-regulated ionic channels (Breiwieser and Szabo 1985; Pfaffin-
ger et al. 1985). G-proteins are heterotrimeric proteins composed of three distinct
subunits; α, β, and γ (Gilman 1984). The α-subunits bind and hydrolyze GTP and
confer specificity in receptor and effector interactions (Gilman 1984). The GDP-
bound form of α binds tightly to βγ and is inactive, whereas the GTP-bound form of
α dissociates from βγ and serves as a regulator of effector proteins. All α-subunits
possess intrinsic GTPase activity and hydrolyze the terminal phosphate of bound
GTP to yield bound GDP and free inorganic phosphate (Pi). Upon hormone bind-
ing and receptor activation, the receptor interacts with the heterotrimeric protein to
promote a conformational change and dissociation of bound GDP from the guanine
nucleotide binding site. GDP is released and replaced by GTP. Binding of GTP to α

induces a conformational change and promotes the dissociation of hormone receptor
complex (HR) and the holo G-protein into α and βγ. Both α-GDP and βγ-subunits
can interact with effectors. This activation cycle is terminated by intrinsic GTPase
activity of α-subunit. The GDP-bound form of α-subunit has high affinity for βγ

and then reassociates with the βγ dimer to form the heterotrimer in the basal resting
state. The family of G-protein α-subunits can be subclassified according to func-
tional or structural relationship. More than 20 mammalian Gα gene products and
several alternatively spliced isoforms have been identified. These can be divided
into four major subfamilies according to amino acid homology and are represented
by Gsα, Giα, Gqα/α11, and α12/α13. The G-proteins Gsα and Giα are impli-
cated in the regulation of adenylyl cyclase/cAMP signal transduction system.

The hormone-sensitive adenylyl cyclase system is composed of three compo-
nents: the receptor, the catalytic subunit, and G-proteins—stimulatory (Gs) and
inhibitory (Gi). Molecular cloning has revealed four different forms of Gsα hav-
ing molecular weights of 42, 45, 47 and 52 kDa resulting from the different splic-
ing of one gene (Bray et al. 1986; Robishaw et al. 1986; Murakami and Yasuda
1988). Gsα is positively coupled to adenylyl cyclase and mediates the stimula-
tory responses of hormones on adenylyl cyclase (Stryer and Bourne 1986; Spiegel
1987). The Gs-mediated activation of adenylyl cyclase results in the increased for-
mation of cAMP. cAMP activates cAMP-dependent protein kinase A that induces
the phosphorylation of contractile filaments, sarcolemmal and sarcoplasmic pro-
teins, and regulates intracellular calcium homeostasis (Wankerl and Schwartz 1995).
In addition, Gsα was also shown to open the Ca2+ channels directly by a cAMP-
independent mechanism (Yatani and Brown 1989). In contrast, Giα protein is as-
sociated with adenylyl cyclase inhibition (Stryer and Bourne 1986; Spiegel 1987).
Three distinct forms of Giα, namely, Giα-1, Giα-2, and Giα3, have been cloned and
encoded by three distinct genes (Itoh et al. 1986, 1988 Jones and Reed 1987). All
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three forms of Giα (Giα1–3) have been shown to be implicated in adenylyl cyclase
inhibition (Wong et al. 1992) and activation of atrial ACh-K+ channels (Brown
et al. 1988). Both the Gα and Gβγ dimer mediate G-protein signaling. Five differ-
ent β-subunits of 35–36 kDa and 12 γ-subunits of 8–10 kDa have been identified by
molecular cloning. The βγ dimer is tightly associated with GDP-bound chain and
facilitates interaction of G-protein with a receptor molecule. The effectors regulated
by Gβγ include K+ channels, phospholipase C-β, and adenylyl cyclase (Simon
et al. 1991; Tang and Gilman 1991; Wickman et al. 1994). Like the α-subunit, the
γ-subunit is subject to a cascade of posttranscriptional modification including iso-
prenylation and myristoylation that contributes to βγ membrane association and the
interaction of the subunits (Wedegaertner et al. 1995). The Gqα family consists of
at least four members (G11, G14, G15, and G16) encoded by individual genes with
different expression pattern and is involved in the pertussis toxin-insensitive regu-
lation of PLCβ-isoforms. The fourth family of Gα-subunit is composed of Gα12
and Gα13 (Strathmann and Simon 1991). These G-proteins are pertussis toxin in-
sensitive and are not implicated in the stimulation of phosphatidylinositol turnover.
The role of Gα12 and Gα13 in growth regulation and activation of Na+/H+ ex-
change has been shown. Gα13 has been reported to directly bind to and activate
PYK2 (Shi et al. 2000). In addition, Gα13 has also been shown to directly associate
and activate p115 RhoGEF (Hart et al. 1998) which in turn stimulates the capacity
of p115 RhoGEF to facilitate the dissociation of GDP from Rho and thus increase
Rho-dependent signaling.

G-protein α-subunits also possess specific residues that can be covalently modi-
fied by bacterial toxins. Cholera toxin catalyzes the transfer of ADP-ribose moiety
of NAD to a specific arginine residue in certain α-subunits, whereas pertussis toxin
ADP-ribosylates those α-subunits that contain a specific cysteine residue near the
carboxy-terminus. Modification of the α-subunit by cholera toxin persistently ac-
tivates these protein by inhibiting their GTPase activity, whereas pertussis toxin
inactives Giα protein and thereby results in the uncoupling of receptor from the ef-
fector. G-protein α-subunits are regulated by covalent modifications by fatty acids
myristate and palmate. These lipid modifications serve to anchor the subunits to the
membrane and increase the interaction with other protein and also increase the affin-
ity of the α-subunit for βγ. In this regard, the myristoylation of Giα is required for
adenylyl cyclase inhibition in cell-free assay (Taussig et al. 1993).

G-proteins and Membrane Signaling
in Cardiovascular Disease

A number of cardiovascular disease states that eventually result in chronic con-
gestive heart failure are associated with alterations in cardiac performance. Several
hormonal factors such as angiotensin II, endothelin, and alterations in signal trans-
duction mechanisms including adenylyl cyclase and phospholipase C (PLC) have
been reported to play an important role in the alterations of cardiac performance.
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G-proteins and Membrane Signaling in Cardiac Hypertrophy

Altered expression of G-proteins has been reported in several pathophysiological
conditions such as hypertension, hypertrophy, heart failure, atherosclerosis, and
diabetes (Spiegel et al. 1992; Fleming et al. 1992; Eschenhagen et al. 1993). Cardiac
hypertrophy is often associated with augmented intracardiac sympathetic nerve
activity and enhanced levels of plasma catecholamine (Siri 1988). Exposure of car-
diomyocytes to catecholamines has been reported to alter their functions including
heart rate, contractile activity and result in the induction of hypertrophic responses
(Laks et al. 1973; Simpson 1983; Zierhut and Zimmer 1989; Thorburn 1994;
Bogoyevitch et al. 1996; Yamazaki et al. 1997). The implication of both the
β- and α-adrenergic receptor (AR) in the induction of cardiomyocyte hypertrophy
has been shown (Laks et al. 1973; Simpson 1983; Zierhut and Zimmer 1989;
Thorburn 1994; Bogoyevitch et al. 1996; Yamazaki et al. 1997). Phenylephrine
(PHE), an α-AR agonist, induces hypertrophic responses in cardiomyocytes of
neonatal rats (Thorburn 1994) whereas the expression of constitutively active
α-AR has been reported to induce cardiac hypertrophy in adult mice (Milano
et al. 1994). AR agonists signal through different second messengers, stimulation
of α1-AR activates Gqα-mediated PLC signaling pathway and forms inositol
triphosphate and diacylglycerol (DAG). DAG activates protein kinase C (PKC)
and results in the activation of Raf-1 kinase/extracellular signal regulated protein
kinase (ERK) cascade (Karliner et al. 1990; Terzic et al. 1993). PHE has been
reported to induce cardiomyocyte hypertrophy through a Ras-Erk-dependent
pathway (Thorburn 1994). On the other hand, β-AR signals through the adenylyl
cyclase/cAMP/protein kinase A pathway (Morgan and Baker 1991). cAMP/PKA
pathway has been reported to inhibit growth factor-stimulated ERK activation
in various cell types including Rac-1 cells, adipocytes, smooth muscle cells,
COS-7 cells, and Chinese hamster ovary cells (Cook and McCormick 1993;
Graves et al. 1993; Burgering et al. 1993; Hordijk et al. 1994; Crespo et al. 1995),
whereas cAMP has also been reported to activate ERK and potentiate the effect
of growth factors on differentiation and cell proliferation in PC12, Swiss-3T3,
and mouse lymphoma cells (Heidemann et al. 1985; Frodin et al. 1994; Faure
et al. 1994; Yao et al. 1995). However, in human endothelial cells, Gsα-mediated
cAMP elevation and resultant PKA activation has been shown to activate ERKs
(Sexl et al. 1997). In addition, β-AR agonists including isoproterenol has been
reported to activate ERK and protein synthesis through cAMP/PKA in cardiac
myocytes (Bogoyevitch et al. 1996; Yamazaki et al. 1997; Zou et al. 1999). The
implication of Gsα as well as Giα protein in isoproterenol-induced cardiomyocyte
hypertrophy has also been reported (Zou et al. 1999). However, a decreased
expression of Gsα in heart and a decreased β-AR density and reduced sensi-
tivity to the chronotropic effects of isoproterenol have been shown in pigs with
volume-overload cardiac hypertrophy (Hammond et al. 1988), whereas the levels
of pertussis toxin substrates were unchanged (Hammond et al. 1992). DiFusco and
Anand-Srivastava (2000) have demonstrated a reduction in Gsα protein levels and
decreased responsiveness of adenylyl cyclase to isoproterenol stimulation in hearts
from volume-overload hypertrophic rats. In addition, dogs with pressure-overload
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cardiac hypertrophy also demonstrated decreased levels of Gsα (Longabaugh
et al. 1988). On the other hand, in rats with pressure-overload hypertrophy [left
ventricular hypertrophy (LVH)], basal adenylyl cyclase activity and its responsive-
ness to GTPγS, forskolin, and manganese chloride stimulation were attenuated
in hypertrophied left ventricles (Holmer et al. 1996). The functional activity of
Gs was reduced in LVH, whereas protein and mRNA expression of Gsα and Giα-2
were not altered (Moalic et al. 1995; Mondry et al. 1995; Bohm et al. 1995). In addi-
tion, mRNA levels of type V enzyme were unaltered (Holmer et al. 1996); however,
the mRNA and protein levels of β-AR (Moalic et al. 1993; Bohm et al. 1995) and
M2-muscarinic receptor were significantly decreased in LVH (Moalic et al. 1993),
suggesting that the relative levels of β1-AR mRNA may be correlated negatively
with the degree of LVH. However, in hypertensive patients with cardiac hypertro-
phy, the levels of myocardial Giα-2 were significantly elevated (Bohm et al. 1995).
In a minipig model of pressure-overload hypertrophy, a decrease in β-AR density
and an increase in antagonist affinity were shown in left ventricular membranes of
hypertrophied animals as compared to control. Gsα, as measured by CT-catalyzed
ADP-ribosylation, was increased in early hypertrophy and thereafter decreased in
late hypertrophy. A similar pattern with Goα was observed by PT-catalyzed ADP-
ribosylation, whereas Giα was unaltered. Modifications of Gs functional activity in
later hypertrophic stages may be important in the pathogenesis of decompensation
from compensated hypertrophy to cardiac failure (Nieto et al. 1993).

Decreased functions of Gsα in femoral arteries (Asano et al. 1988) and
decreased levels of Gsα protein and mRNA in failing hearts and in hearts with
compensated LVH have been reported (Chen et al. 1991). In addition, adenylyl
cyclase activity, both basal and stimulated, was also decreased in these hearts. These
decreases in Gsα protein and adenylyl cyclase paralleled the development of LVH.
However, Gao et al. (1999) have demonstrated that directed expression of cardiac
adenylyl cyclase ACVl results in structurally normal hearts with normal basal
heart rate and function and increased responsiveness to catecholamine stimulation.
The increased cardiac adenylyl cyclase ACVl expression was associated with
increased survival after myocardial infarction (Takahashi et al. 2006), suggesting
that cardiac ACVl increases function of the failing heart. Increased levels of Giα
without any change in Gsα in failing human hearts due to idiopathic dilated
cardiomyopathy have also been reported (Feldman et al. 1988). Similarly, Böhm
et al. (1990) have reported increased levels of Giα proteins in human hearts with
dilated cardiomyopathy but not with ischemic cardiomyopathy. The expression
level of Gsα mRNA in ventricles from cardiomyopathic hamsters has also been
shown to be lower than that of the control hamster strain and to decrease as the
stage of cardiomyopathy progressed (Katoh et al. 1992). In addition, the increase
in Giα was shown to accompany progression of postinfarction remodeling in
hypertensive cardiomyopathy (Kouchi et al. 2000). However, Cai et al. (1993) did
not observe any changes in Gsα levels in hearts from hypertrophic cardiomyopathic
Syrian hamsters at 30 days and 6 months of age as compared to control hamsters,
whereas PKC activities were higher in both cardiac membranes and cytosol in
hypertrophic cardiomyopathic hamsters at 6 months of age as compared to control
hamsters.
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The heterotrimeric Gqα protein and associated signaling pathway has also been
shown to be implicated in the development and progression of cardiomyocyte hyper-
trophy and heart failure (Dorn and Force 2005). The hormones such as angiotensin
II, endothelin, and phenylephrine that activate Gqα-mediated signaling have also
been reported to induce cardiac hypertrophy (Milano et al. 1994; Bogoyevitch and
Sugden 1996; Akhtar et al. 1997; Hein et al. 1997). The stimulation of the Gq
pathway by Gqα protein-coupled receptor (GPCR) agonists activates a common G-
protein (Gqα/G11) which in turn initiates a divergent signaling cascade involving
PLCβ activation resulting in the hydrolysis of phosphatidylinositol and producing
inositol 1,4,5-triphosphate (IP3) and DAG. DAG activates several PKC isoenzymes
which regulate a variety of cellular functions including cell growth and differen-
tiation. In recent years, several groups have examined the role of individual com-
ponents of Gq-coupled receptor signaling cascade using a variety of experimental
approaches. The role of PKC in the development and progression of cardiac hy-
pertrophy has been reported (Takeishi et al. 1998, 2000; Bowling et al. 1999). Re-
cent studies showing that the cardiac overexpression of DAG kinase that terminates
DAG signaling and thereby activates PKC prevented Gqα-coupled agonist-induced
cardiac hypertrophy in transgenic mice (Arimoto et al. 2006) further supports the
implication of PKC in cardiac hypertrophy.

Cardiac overexpression of Gqα in transgenic mice (D’Angelo et al. 1997) has
been reported to result in hypertrophy, decreased ventricular function, loss of β-AR
inotropic responsiveness without loss of β-AR expression, and induction of classic
hypertrophy gene expression profile. Expression of the transgene to a greater extent
or by surgical transverse aortic constriction or pregnancy has been shown to result
in cardiac failure and death (Adams et al. 1998). The transgenic overexpression of
a Gαq dominant negative minigene that has been shown to result in the lack of
hypertrophy response to transverse aortic constriction (Akhtar et al. 1998) further
supports the implication of Gqα in hypertrophy. The transgenic mice overexpressing
Gqα were also shown to exhibit increased expression of Giα and PKCα (Dorn et al.
2000), whereas β-adrenergic receptor kinase (β-ARK) was downregulated and Gsα
was unaffected. The increased expression of Giα in these mice was associated with
decreased adenylyl cyclase activity stimulated by isoproterenol which may also be
due to the uncoupling of β-ARs to the adenylyl cyclase system due to the phospho-
rylation by increased PKC activity and expression. These results suggest that in vivo
overexpression of Gqα could also modulate the other signaling pathways involving
Giα and Gs which may also contribute to the impaired β-adrenergic function in
these mice. In support of this are studies showing that chronic administration of
the Gs-coupled receptor agonist isoproterenol induced cardiac hypertrophy associ-
ated with downregulation of the signaling pathway, β-AR density and decrease in
adenylyl cyclase activity (Zou et al. 1999). Thus, it appears that both Gqα and Gs
signals have the potential to mediate alterations in cardiac mass. Furthermore, car-
diac overexpression of a constitutively activated α1β-AR also resulted in cardiac
hypertrophy (Milano et al. 1994), whereas overexpression of the Gq-coupled Ang
II type 1 (AT1) receptor resulted in more severe cardiomyopathy (Hein et al. 1997;
Zhai et al. 2005). Recent studies showing that transgenic mice with cardiac-specific
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overexpression of AT1 receptor second intracellular loop mutant (AT1-12m) which
does not couple to Gqα or Giα, exhibited greater cardiac hypertrophy, cardiac dys-
function and bradycardia but less apoptosis and fibrosis than those overexpressing
AT1 receptor, suggested that AT1-mediated other downstream signaling pathways
may also induce cardiac hypertrophy with a distinct phenotype through Giα- or
Gqα-dependent and -independent mechanism (Zhai et al. 2005). Furthermore, the
contribution of vascular Gq-coupled signaling in the development of cardiac hy-
pertrophy has also been shown by using transgenic mice with vascular-specific Gq
inhibitor (GqI) expression. These mice exhibited attenuated cardiac hypertrophy in
response to Ang II, phenylephrine and serotonin, whereas cardiac GqI peptide ex-
pression did not attenuate cardiac hypertrophy (Keys et al. 2002).

G-protein and Membrane Signaling in Ischemia

Alterations in G-protein levels and associated functions, i.e., adenylyl cyclase im-
pairment, have also been reported in myocardial ischemia, which may contribute
to the altered pathophysiology of the ischemic heart. Tobise et al. (1991) have re-
ported that prolonged periods of global ischemia did not produce any changes in
the levels of Giα-2 and Gsα proteins nor in β-ARs in ischemic heart, whereas
forskolin-stimulated adenylyl cyclase activity was depressed. Similary, Van den
Ende et al. (1994) have also demonstrated no change in the levels of Giα and Gsα
in ischemic heart; however, adenylyl cyclase responsiveness was impaired. Basal
adenylyl cyclase activity, as well as stimulations exerted by isoproterenol, guanine
nucleotides, NaF, forskolin, and Mn2+ were diminished in ischemic heart, and the
forskolin- and db-cAMP-induced inotropic responses were virtually abolished after
ischemia. On the other hand, global myocardial ischemia for 15 and 50 minutes re-
sulted in the upregulation of β-ARs in the cardiac membranes (Strasser et al. 1990).
Isoproterenol- and forskolin-stimulated adenylyl cyclase activities were also aug-
mented after 15 minutes of ischemia and then declined after 30 and 50 minutes of
ischemia. Furthermore, Susani et al. (1989) have also demonstrated an attenuation
of basal, GTP-, isoproterenol-, NaF-, and forskolin-stimulated adenylyl cyclase ac-
tivities in heart sarcolemma after 1 hour of myocardial ischemia that was associated
with the decrease in Gsα levels as determined by cholera-toxin labeling. Decreased
levels of Gsα and Giα proteins and of mRNA have also been reported in ischemic
myocardium by in situ hybridization (Ohyanagi et al. 1995). In addition, Maisel
et al. (1990) have reported a decrease in Gsα in ischemic myocardial sarcolemma
within 15 minutes of coronary occlusion. On the other hand, Hammond et al. (1993)
have shown that regional myocardial ischemia is associated with a reduction in my-
ocardial β-ARs, whereas adenylyl cyclase activity was unaltered. Giα-2 protein lev-
els were decreased in the ischemic bed, and Gsα levels were increased in endocar-
dial sections of the ischemic bed. The decreased levels of Giα which were associated
with decreased inhibition of adenylyl cyclase and increased Gsα in the endocardium
may play an important role in the preservation of adrenergic activation in the setting



10 Madhu B. Anand-Srivastava

of chronic episodic myocardial ischemia. Similarly, Wolff et al. (1994) have shown
that ischemic rabbit myocardium obtained after 30 minutes of coronary artery occlu-
sion resulted in the attenuation of adenylyl cyclase activity stimulated by GppNHp,
whereas β-adrenergic agonist (isoproterenol)-stimulated cyclase was preserved and
forskolin-stimulated enzyme activity was significantly increased. Based on these
results the authors suggested that increased catalytic activity may be responsible
for the preservation of β-adrenoceptor-mediated adenylyl cyclase in myocardial is-
chemia. The receptor-G-protein-adenylyl cyclase system has also been shown to be
impaired in cerebral ischemia. Decreased levels of PT-catalyzed ADP-ribosylation
of Giα and Goα protein have been reported in cerebral cortical membranes obtained
after ischemia of rat brain (Takenaka et al. 1991). In addition, transient ischemia re-
sulted in the augmentation of basal, isoproterenol-, and forskolin-stimulated adeny-
lyl cyclase activity in hippocampal slices at 6 and 24 hours after ischemia (Suyama
et al. 1995), whereas no change in the levels of Gα protein was observed and Gβ

was decreased for 4 days after ischemia, as determined by immunoblotting. How-
ever, PT-catalyzed ADP-ribosylation declined progressively, reaching a significant
reduction at 6 hours after ischemia (Suyama et al. 1995). On the other hand, hypoxia
ischemia decreased the levels of Gqα and G11 in the cerebral cortex and cerebellum
of rats but not in striatum 3 and 14 days, respectively, after cardiac arrest, suggesting
the implication of phosphoinositidase C-linked signal transduction pathways in the
expression of motor dysfunction in rats after cardiac arrest (Jaw et al. 1995).

G-proteins and Membrane Signaling in Hypertension

Alterations in G-protein levels and functions such as altered adenylyl cyclase re-
sponsiveness to various agonists have also been demonstrated in cardiovascular and
noncardiovascular tissues from genetic as well as experimental hypertensive rats
(Anand-Srivastava et al. 1991, 1993; Anand-Srivastava 1992, 1993; Thibault and
Anand-Srivastava 1992; Bohm et al. 1993; Li et al. 1994).

An overexpression of Giα-2 and Giα-3 proteins as well as their genes was
shown in hearts and aorta from spontaneously hypertensive rats (SHRs), deoxy-
corticosterone acetate (DOCA)-salt hypertensive rats (HR), Nω-nitro-L-arginine
methylester (L-NAME) HR, and 1 kidney 1 clip (1K1C) HR (Anand-Srivastava
et al. 1991, 1993; Bohm et al. 1992, 1993; Thibault and Anand-Srivastava 1992;
Anand-Srivastava 1993; DiFusco and Anand-Srivastava 1997, 2000; Ge et al. 1999,
2006), whereas Gsα protein and its gene were not altered in SHRs, 1K1C and
L-NAME HR, and were decreased in DOCA-salt HRs (Anand-Srivastava et al.
1991; Anand-Srivastava 1992, 1993; Thibault and Anand-Srivastava 1992; DiFusco
and Anand-Srivastava 1997, 2000; Ge et al. 1999, 2006). In addition, the levels of
Goα in heart were not altered (Anand-Srivastava 1992). Alterations in Gi-protein
levels have been shown to be reflected in altered responsiveness of adenylyl cy-
clase to stimulatory and inhibitory hormones in SHRs, and experimental models of
hypertensive rats (Anand-Srivastava et al. 1991; Anand-Srivastava 1992). However,



1 G-protein in Cardiovascular Disease 11

a decreased expression of Giα proteins was also shown in different tissues from a
different model of HR including Milan hypertensive rats (MHS) (Clark et al. 1993;
Li et al. 1994; Michel et al. 1994; Kanagy and Webb 1996). The VSMC from MHS
exhibit enhanced basal adenylyl cyclase activity as compared to control normoten-
sive rats (MNS). The number of β-adrenoceptors and the stimulations exerted by
isoproterenol and prostaglandin E1 (PGE1) were significantly increased in MHS as
compared to MNS. On the other hand, platelets from SHRs (Anand-Srivastava 1993)
as well as from hypertensive patients (Marcil et al. 1996) exhibited a decreased ex-
pression of Giα-2 and Giα-3 protein as compared to WKY and to normotensive
control subjects, respectively, whereas the levels of Gsα protein were not altered.
The decreased expression of Giα-2 and Giα-3 was correlated with adenylyl cyclase
inhibition by inhibitory hormones. The ANP and Ang II-mediated inhibitions were
completely attenuated in platelets from SHRs and hypertensive patients, whereas the
stimulatory effects of PGE1, NECA, and forskolin (FSK) were augmented (Anand-
Srivastava 1993; Marcil et al. 1996). However, McLellan et al. (1993) were unable to
show any changes in the levels of Gsα, Giα-2, and Gβ in platelets from hyperten-
sive patients as compared to normotensive subjects, whereas an enhanced stimula-
tion of adenylyl cyclase by PGE1 was observed in hypertensive patients as compared
to normotensive subjects. On the other hand, lymphocytes from SHRs (Marcil and
Anand-Srivastava 2001) and hypertensive patients (Feldman et al. 1995) showed a
decreased responsiveness of adenylyl cyclase to stimulatory hormones, which may
be attributed to the alterations in Gs and Gi proteins. The potentiation of stimulatory
responses of several hormones on adenylyl cyclase has also been demonstrated in
platelets and splenocytic membranes from SHRs (Hamet et al. 1980; Zeng et al.
1991). In addition, antihypertensive drug therapy (a combination of β-blockers,
Ca2+ channel blocker, ACE inhibitor, etc.) partially restored Giα-2 levels toward
normotensive subjects by about 60% to 70%. Furthermore, the enhanced stimulation
of adenylyl cyclase by GTPγS, NECA, and PGE1 was partially corrected by about
50% to 80% in the patients under antihypertensive drug therapy (Marcil et al. 1996).
These results suggest that the altered responsiveness of platelet adenylyl cyclase to
hormones in hypertension and the normalization of the response with antihyperten-
sive drug therapy could partially be due to the ability of the latter to modulate Giα
protein expression. These effects on platelet function may underlie the beneficial
effects of antihypertensive agents on some of the complications of hypertension.

However, the levels of Gsα, Giα-1, Giα-2, Giα-3, Goα, and Gβ were also
shown to be unaltered in myocardium from SHRs, and adenylyl cyclase ac-
tivity stimulated by PGE1, glucagon, and isoproterenol was reduced in SHRs,
whereas FSK-stimulated enzyme activity was greater in SHRs as compared to
WKY (McLellan et al. 1993). On the other hand, a diminished stimulation of adeny-
lyl cyclase by stimulatory hormones, guanine nucleotides, FSK, and NaF in aorta
and heart sarcolemma from SHRs (Anand-Srivastava 1992), renal hypertensive rats
(Anand-Srivastava 1988) 1K1C HRs (Ge et al. 1999, 2006), and DOCA-salt HRs
(Anand-Srivastava et al. 1993) has been demonstrated The reduction in the hor-
mone receptor binding sites may be one of the possible mechanisms responsible for
such an impaired response of hormones (Limas and Limas 1978; Woodcock et al.
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1979; Bhalla et al. 1980). However, the decreased stimulation of adenylyl cyclase
by dopamine D-1 receptors in the kidney tubules from SHRs was shown to be at-
tributed to the defective coupling and not to the changes in the receptor number
(Kinoshita et al. 1989).

Furthermore, the increased levels of Giα were shown to be associated with hyper-
tension and not with hypertrophy, due to the fact that heart and aorta from L-NAME-
induced HRs, which do not have cardiac hypertrophy exhibited enhanced levels of
Giα-2 and Giα-3 proteins as well as mRNA, whereas the levels of Gsα protein
were unaltered (DiFusco and Anand-Srivastava 1997, 2000). The increased levels
of Giα-2 and Giα-3 proteins and their mRNA in heart and aorta precede the de-
velopment of blood pressure in SHRs (Marcil et al. 1997), and in DOCA-salt HRs
(Marcil et al. 1998), and suggest that the enhanced levels of Giα proteins which
result in the decreased levels of cAMP may be one of the contributing factors in the
pathogenesis of hypertension. This was further supported by recent studies show-
ing that the inactivation of Giα protein in prehypertensive rats (2-week-old SHR)
by single injection of pertussis toxin (PT) (1.5 µg/100 g body weight) prevented
the development of high blood pressure (Figure 1.1) which was associated with PT-
induced decreased levels of Giα proteins (Figure 1.2). Furthermore, Triggle and
Tabrizchi (1993) have shown that treatment of the SHRs (adult) with PT lowered
the blood pressure.

The levels of vasoactive peptides such as angiotensin II (Ang II), endothelin
(ET-1), and arginine vasopressin (AVP) as well as growth factors that have been
reported to be augmented in various models of hypertension (Morishuta et al. 1992;
Trinder et al. 1992; Wahlander et al. 1999; Kagiyama et al. 2002, 2003; Iglarz and
Schiffrin 2003; Kirchengast et al. 2005; Shermuly et al. 2005; Jesmin et al. 2006)
may be responsible for the enhanced expression of Giα proteins in hypertension.
In this regard, a role of Ang II in enhanced expression of Giα protein in SHRs and
1K1C HRs has been suggested by studies showing that captopril, an angiotensin-
converting enzyme (ACE) inhibitor treatment of the SHRs and 1K1C HRs that
decreased the blood pressure, also restored the enhanced levels of Giα protein to
control levels (Figure 1.3). Similarly, the increased blood pressure and enhanced
expression of Giα proteins in L-NAME hypertensive rats was also shown to be
restored to control levels by losartan, an AT1 receptor antagonist (Figure 1.3), im-
plicating Ang II in increased levels of Giα proteins and increased blood pressure
in L-NAME-induced hypertension. These treatments were also shown to restore the
diminished stimulation of adenylyl cyclase by stimulatory hormones and enhanced
inhibition by inhibitory hormones observed in SHRs, 1K1C and L-NAME HRs
(Pandey and Anand-Srivastava 1996; Ge et al. 1999; Hashim and Anand-Srivastava
2004). In addition, infusion of Ang II in rats that increased blood pressure has also
been reported to enhance the levels of Giα proteins (Sims et al. 1992). Similarly,
nitrendipin and fosinopril treatments have also been reported to have similar effects
on Gi proteins and functions in hearts from SHRs (Bohm et al. 1995) and further
implicate Ang II in enhanced levels of Giα protein in SHR.

The role of MAP kinase and PI3K signaling as well as oxidative stress in
Ang II-induced enhanced levels of Giα proteins has also been reported (Ge and
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Fig. 1.1 Effect of in vivo pertussis toxin (PT) treatment on the development of blood pressure
in spontaneously hypertensive rats (SHR) Two-week-old SHR and WKY were injected intraperi-
toneally with PT (1.5 µg/100 g body weight) in 0.01 M sodium phosphate buffer, pH 7.0, con-
taining 0.05 M NaCl (PT-treated) or vehicle (control WKY and control SHR), as described earlier
(Li and Anand-Srivastava 2002) A second injection of PT (1.5 µg/100 g body weight) was given
at 6 weeks to one group of PT-treated SHR and at 8 weeks to another group of PT-treated SHR
and PT-treated WKY. Blood pressure was monitored weekly as described earlier (Li and Anand-
Srivastava 2002). Values are means ± S.E.M. of five or six rats in each group. Reproduced with
permission from Li and Anand-Srivastava (2002).

Anand-Srivastava 1998; Li et al. 2007). In addition, studies showing that MEK
inhibitor (Figure 1.4) as well as antioxidants such as diphenyleneiodonium (DPI)
and N -acetyl-L-cysteine (NAC) (Figure 1.5) restored the enhanced levels of Giα
proteins in SHR further implicate MAP kinase and oxidative stress in the en-
hanced expression of Giα protein in SHR. Furthermore, the enhanced phospho-
rylation of ERK1/2 in SHR was shown to be restored to WKY levels by antioxi-
dants (Figure 1.6) and suggests that enhanced oxidative stress through MAP kinase
signaling may contribute to the enhanced expression of Giα protein in SHR (Fig-
ure 1.7). The implication of Giα proteins in the regulation of blood pressure was
further demonstrated by the studies showing that nitric oxide (NO) donors SNAP
and sodium nitroprusside (SNP) that have been reported to decrease blood pressure
also attenuated the expression of Giα proteins and associated functions (Bassil and
Anand-Srivstava 2006). In addition, cGMP, which is the second messenger of NO
action, also decreased the levels of Giα proteins and functions in VSMC (Bassil and
Anand-Srivastava 2007). These results indicate that the decreased levels of NO in
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Fig. 1.2 Effect of in vivo PT treatment on the levels of Giα-2 and Giα-3 proteins. Upper pan-
els: Heart membrane proteins (20 µg) from 6- and 8-week-old SHR and WKY with or without
PT treatment (Li and Anand-Srivastava 2002) were resolved by SDS/PAGE and transferred to ni-
trocellulose, which was then immunoblotted with antibody AS/7 for Giα-2 (A) or antibody EC/2
for Giα-3 (B). The blots are representative of three or four separate experiments. Lower panels:
Quantification of protein bands by densitometric scanning. The results are expressed as percent
of WKY control at 6 weeks, which has been taken as 100%. Values are means ± S.E.M. of
three or four separate experiments. Reproduced with permission from Li and Anand-Srivastava
(2002).
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Fig. 1.3 Effect of captopril and losartan treatment on blood pressure and the expression of Giα
proteins in different models of hypertensive rats (HR). Twelve-week-old SHR and age-matched
WKY rats, 1 kidney 1 clip hypertensive rats (1K-1C HR) were treated with captopril (150 mg/kg
body wt/day) as described earlier (Pandey and Anand-Srivastava 1996; Ge et al. 1999), whereas L-
NAME-induced hypertensive rats were treated with losartan (10 mg/kg body wt/day) as described
earlier (Hashim and Anand-Srivastava 2004). The blood pressure was monitored by the tail cuff
method. The expression of Giα-2 and Giα-3 protein in heart from SHR and L-NAME HR and aorta
from 1K-1C HR were determined by Western blotting using antidodies AS/7 and EC/1 against
Giα-2 and Giα-3 protein, respectively. The blots are representative of three or four separate ex-
periments. ∗∗ P < 0.01, ∗∗∗ P < 0.001 versus control/WKY, †† P < 0.01, ††† P < 0.001 versus
SHR/1K-1C/L-NAME.

L-NAME hypertensive rats may be responsible for the enhanced expression of Giα
proteins and also suggest that NO-induced decreased levels of Giα proteins may
represent an additional mechanism through which NO decreases the blood pressure
(Figure 1.7).

The levels of Gqα and Gqα mediated signaling molecules have also been shown
to be altered in different models of hypertensive rats. The levels of Gqα and G11
mRNA as well as PLC beta were shown to be increased in heart, aorta as well as
in kidney from SHR as compared to WKY rats (Chen et al. 2005). The increased
expression of Gqα/G11, ERK1/2 as well as PLCβ activity has also been reported
in hearts from 1K1C HRs (Bai et al. 2004). The implication of VSMC Gqα signal-
ing in high blood pressure in a renovascular model of hypertension through renal
artery stenosis and a genetic model of hypertension using mice with VSM derived
hypertension has recently been reported (Harris et al. 2007). These investigators
have found that inhibition of Gq signaling by Gq inhibitor GqI peptide as well as
by losartan, AT1 receptor antagonist attenuated high blood pressure in both models
of hypertension and suggesting that VSM AT1-Gq-coupled receptors may play a
critical role in the development of high blood pressure.
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Fig. 1.4 Effect of PD 98059 on Giα-2 and Giα-3 protein expression in VSMC from 12 week-old
SHR and age-matched WKY rats. Confluent VSMC from SHR and WKY rats were treated with or
without PD 98059 (10 µM) for 24 hours at 37 ◦C. Membrane proteins (30 µg) were separated and
transferred to nitrocellulose, which was then immunoblotted with specific antibodies against Giα-2
(left) and Giα-3 (right) as described earlier (Lappas et al. 2005). The blots are representative of
three separate experiments. The graphs in the lower panel show quantification of protein bands by
densitometric scanning. The results are expressed as percentage of WKY control which has been
taken as 100%. Values are mean ± S.E.M of five separate experiments. ∗ P < 0.05, ∗∗ P < 0.01
versus WKY, § P < 0.05 versus SHR. Reproduced with permission from Lappas et al. (2005).

Conclusions

We have discussed the alterations in G-proteins and associated functions in hyper-
tension, hypertrophy, and myocardial ischemia. We have mainly focused on Gi,
Gs proteins and Gqα proteins which are implicated in the regulation of adeny-
lyl cyclase/cAMP and PLC/PI turnover signal transduction systems, respectively,
that play an important role in the regulation of cardiovascular functions, including
vascular tone and reactivity and cell proliferation. The levels of Giα-2 and Giα-3
proteins and mRNA are increased in hearts and aorta from genetic and experimen-
tally induced hypertensive rats, whereas the levels of Gsα are unaltered in genetic
and decreased in experimentally-induced hypertensive rats with established hyper-
trophy. The increased levels of Giα-2 and Giα-3 are associated with increased Gi
functions, resulting in greater decreases in cAMP levels, which may partly explain
the increased vascular resistance in hypertension. On the other hand, the decreased
levels of Gsα and decreased formation of cAMP in hypertension associated with
hypertrophy may also contribute to the increased vascular reactivity in hyperten-
sion. The increased levels of Giα-2 and Giα-3 may contribute to the pathogenesis
of hypertension whereas decreased levels of Gsα may be associated with hypertro-
phy and not with hypertension. This notion is substantiated by our recent studies,
showing that enhanced expression of Giα-2 and Giα-3 proteins and mRNA precede
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Fig. 1.5 Effect of N -acetyl-L-cysteine (NAC) and diphenyleneiodonium (DPI) on Giα-2 and
Giα-3 protein expression in vascular smooth muscle cells (VSMC) from 12 week-old SHR and
age-matched WKY rats. Confluent VSMC from SHR and WKY rats were treated with 20 mM
NAC (A) or 10 µM DPI (B) for 24 hours at 37 ◦C. Membrane proteins (30 µg) were separated and
transferred to nitrocellulose, which was immunoblotted with antibodies AS/7 and EC/1 against
Giα-2 (A) and Giα-3 (B), respectively, as described earlier (Lappas et al. 2005). The blots are
representative of five separate experiments. The graphs in the lower panel show quantification of
protein bands by densitometric scanning. The results are expressed as percentage of WKY control
which has been taken as 100%. Values are mean ± S.E.M of five separate experiments. ∗ P < 0.05
versus WKY, §§ P < 0.01 versus SHR.

the development of blood pressure. The role of enhanced levels of Giα proteins
in the pathogenesis of hypertension was further supported by our studies show-
ing that inactivation of Giα proteins by pertussis toxin treatment in prehyperten-
sive SHR prevented the development of blood pressure. However, the levels of Gsα
were decreased only in 15-week-old SHRs with established hypertrophy. Similarly,
L-NAME hypertensive rats that do not have cardiac hypertrophy exhibited enhanced
expression of Giα-2 and Giα-3 and no changes in Gsα, whereas hypertrophied rats
with volume-overload hypertrophy, which do not have hypertension, exhibited de-
creased levels of Gsα and no augmentation in Giα-2 or Giα-3 proteins. On the other
hand, the levels of Gqα/G11 and PLCβ were shown to be augmented in different
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Fig. 1.6 Effect of NAC and DPI on ERK 1/2 phosphorylation in vascular smooth muscle cells
(VSMC) from 12 week-old SHR and WKY rats. Confluent VSMC from SHR and WKY rats
were treated with 20 mM N -acetyl-L-cysteine (NAC) or 10 µM diphenyleneiodonium (DPI) for
24 hours at 37 ◦C. Cell lysates were immunoblotted by phospho-specif-Tyr204-ERK1/2 antibodies
as shown in the top panel. Blots were also analyzed for total ERK1/2 (bottom panel). The blots
are representative of three separate experiments. Detection of p-ERK1/2 and total ERK1/2 was
performed with chemiluminescence Western blotting detection reagents. WKY levels were taken
as 100%. Values are mean ± S.E.M. of three separate experiments. ∗∗ P < 0.01, ∗∗∗ P < 0.001
versus WKY and §§§ P < 0.001 versus SHR. Reproduced with permission from Lappas et al.
(2005).

models of hypertension. The Gsα levels are also decreased in pressure-overload
hypertrophied rat models, whereas the levels of Gqα and PKC are augmented in
cardiac hypertrophy. In addition, GPCR activation by Ang II and ET-1 that increase
the levels of Gqα also induce cardiac hypertrophy. On the other hand, cardiac is-
chemia and failure are also associated with decreased levels of Gsα and decreased
sensitivity of adenylyl cyclase to stimulatory inputs. The increased levels of Giα
are also shown in failing human hearts. Taken together, it can be concluded that de-
creased formation of cAMP levels, either by increased levels and function of Gi or
by decreased levels of Gsα and associated functions, may be responsible for the al-
tered cardiac performance and vascular reactivity in cardiovascular disease, whereas
the alterations in Gqα signaling may also play an important role in the induction of
cardiac hypertrophy leading to cardiac failure.
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Fig. 1.7 Possible mechanisms involving angiotensin II, oxidative stress and nitric oxide in en-
hanced Giα protein expression in hypertension. Gi protein expression is enhanced in genetic
(SHR) and experimental hypertension including 1 kidney 1 clip (1K1C) and L-NAME-induced
hypertension. Inhibition of nitric oxide synthase (NOS) by L-NAME activates renin angiotensin
system, and also decreases the level of NO. 1K1C hypertensive rats also exhibit enhanced levels
of Ang II. Ang II increases oxidative stress that through increased MAP kinase activity results
in enhanced expression of Giα proteins and thereby hypertension. On the other hand, increased
levels of NO and cGMP decrease the expression of Giα proteins in VSMC which may be an addi-
tional mechanism through which NO decreases blood pressure in L-NAME-induced hypertensive
rats.
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Abstract The cardiac β-adrenoceptor (β-AR)-mediated signal transduction sys-
tem is composed of β1- and β2-ARs, stimulatory (Gs) and inhibitory (Gi) gua-
nine nucleotide binding proteins, adenylyl cyclase (AC), and cAMP-dependent
protein kinase (PKA). The activation of β1- and β2-ARs is known to increase
heart function by promoting Ca2+-movements in cardiomyocytes through the
stimulation of Gs-proteins, activation of AC and PKA enzymes, and phospho-
rylation of the target sites. The activation of PKA increases the phosphoryla-
tion of some myofibrillar proteins resulting in cardiac relaxation, whereas PKA-
mediated phosphorylation of some nuclear proteins results in cardiac hypertro-
phy. The activation of β2-AR has also been shown to affect Gi-proteins, stimu-
late mitogen-activated protein kinase, and increase protein synthesis by enhanc-
ing gene expression. β1- and β2-ARs as well as AC are thought to be regulated
by PKA- and protein kinase C (PKC)-mediated phosphorylations directly; both
PKA and PKC also regulate β-AR indirectly through the involvement of β-AR
kinase (βARK), β-arrestins, and Gβγ-protein subunits. Differences in the extent
of defects in the β-AR signaling system have been identified in different types
of heart failure to explain the attenuated response of the failing heart to sympa-
thetic stimulation or catecholamine infusion. A decrease in β1-AR density, an in-
crease in the level of Gi-proteins, and overexpression of βARK are usually asso-
ciated with heart failure; however, these changes have been shown to be depen-
dent on the type and stage of heart failure as well as region of the heart. Both
local and circulating renin–angiotensin systems, sympathetic nervous system, and
endothelial cell function appears to regulate the status of β-AR signal transduc-
tion pathway in the failing heart. In this article, we highlight alterations in differ-
ent components and regulators of the β-AR signal transduction pathway and re-
view the biological basis for altered β-AR-mediated signal transduction in heart
failure due to different etiologies as well as discuss the pharmacologic block-
ade of the β-adrenergic system as an approach for the treatment of congestive
heart failure.
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Introduction

Activation of the sympathetic nervous system (SNS) (adrenergic system) in re-
sponse to a variety of stimuli is essential to maintain homeostasis in a constantly
changing environment, and in fact is known to regulate myocardial function on
a beat–beat or short-term basis (Lamba and Abraham 2000). The physiological
and metabolic responses to sympathetic activation are mediated through the action
of endogenous catecholamines, norepinephrine (NE) and epinephrine, on adreno-
ceptors (ARs) (Stiles et al. 1984; Clark and Cleland 2000; Lamba and Abraham
2000). Based on the pharmacological and molecular structure, ARs are divided
into two broad classes, α-ARs and β-ARs; however, this review will focus on
the β-adrenergic system and its role in the development of congestive heart fail-
ure (CHF). Although α-ARs are also altered in CHF, no effort will be made to
deal with this issue at this time. It should be mentioned that β-ARs are of three
types—β1-ARs, β2-ARs, and β3-ARs—and these differ significantly with respect
to the types of cellular responses they mediate (Dhalla et al. 1977; Stiles et al. 1984;
Brodde 1991; Lamba and Abraham 2000). Furthermore, it is repertoire and quantity
of different β-ARs that determine the overall response of an organ to the circulating
catecholamines. Acute changes in cardiac function are controlled predominantly by
β-AR intracellular signaling pathways. The signal transduction pathways triggered
by agonist occupancy of β-ARs are key regulators of the heart rate, systolic and
diastolic function, as well as myocardial metabolism (Lamba and Abraham 2000).
However, biology of the β-AR signaling pathway is altered dramatically in CHF
(Clark and Cleland 2000) and in fact, adrenergic over-activity is one of the hall-
marks of CHF which is associated with a poor prognosis (Clark and Cleland 2000).
Initially, increased β-AR signaling allows the heart to adapt quickly to work loads
that may vary, allowing the heart to increase its output within a matter of seconds by
increasing the pacemaker frequency and myocardial contractility (Lamba and Abra-
ham 2000). Although the adrenergic drive functions as a control mechanism that
maintains cardiac performance at an acceptable level, prolonged activation of the
SNS exerts a direct adverse action on the heart and produces deleterious peripheral
effects (Clark and Cleland 2000). Apart from this classic role in acute regulation
of mechanical and electrical functions of the heart, β-ARs may also be involved in
long-term control of myocytes including cell survival and apoptosis under various
conditions (Communal and Colucci 2005; Weil and Schunkert 2006). With respect
to the development of CHF, what amounts to an initially appropriate compensatory
adrenergic response to diminished myocardial performance, eventually results in
an inappropriate or maladaptive response. Thus, the β-AR signaling mechanisms
associated with CHF of different etiologies will be discussed in this article.

β-AR Pharmacology

It is now well known that the positive inotropic action of catecholamines is primar-
ily mediated by their interaction with β-ARs on the cardiac cell surface (Dhalla
et al. 1977; Stiles et al. 1984; Brodde 1991). The availability of selective agonists
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and antagonists as well as radioligand binding techniques have confirmed the clas-
sification of β-AR into β1-, β2-, and β3-ARs (Buxton et al. 1987; Brodde et al.
1989). These have been cloned and the probes derived from these genes have been
used to examine the regulation of these receptor proteins (Collins et al. 1981; Tate
et al. 1991; Saffitz and Liggett 1992). Such molecular studies have also indicated the
existence of a fourth subtype, namely, β4-ARs. The sequences of β1- and β2-AR
have a 71% and 54% amino acid identity in the transmembrane domains and in
overall sequence, respectively (Searles et al. 1995). The ratio of β1- to β2-ARs in
the myocardium is about 4:1; this ratio seems to depend on the chamber of the heart
as well as species employed for investigation and the type of heart disease. The
mammalian heart expresses primarily β1-ARs (75–85%) and a substantial number
of β2-ARs are also detected in cardiac tissue (Collins et al. 1981; Tate et al. 1991;
Saffitz and Liggett 1992). However, the β2-ARs are mainly expressed in cells such
as endothelial cells, fibroblasts, and vascular smooth muscle cells, which are present
in the heart. Although the physiological relevance of cardiac β3-ARs is not well un-
derstood, recent evidence suggests that β3-ARs promote a negative inotropic effect
(Tavernier et al. 2003). Since β3-ARs can modulate relaxation of smooth muscle,
the extent to which the β3-AR-associated negative inotropic effect is direct or sec-
ondary to peripheral vasodilation is unknown (Dessy et al. 2004). In contrast, the
putative β4-ARs appear to be akin to β1- and β2-ARs in promoting a positive in-
otropic effect, but their biochemical and pharmacological characteristics are poorly
defined (Kohout et al. 2001).

It has been demonstrated that excessive amounts of circulating catecholamines
trigger changes in the β-AR system, leading to deterioration of ventricular func-
tion (Lamba and Abraham 2000). This is thought to be an adaptive mechanism of
the heart to protect compromised myocardium from catecholamine overstimulation.
In CHF, due to either idiopathic dilated cardiomyopathy or ischemic heart disease,
β1-ARs selectively undergo downregulation due to uncoupling of the receptors from
their respective signaling pathways (Wallukat 2002); these desensitization changes
lead to a marked attenuation of the myocardial response to catecholamines. This
process of desensitization is initiated by a family of Ser/Thr kinases known as G-
protein-coupled receptor kinases (GRKs) that phosphorylate the agonist-coupled
G-protein-coupled receptors (GPCRs) (Lamba and Abraham 2000). GPCR desensi-
tization requires not only the kinase activity of GRKs, but also the action of a second
protein family, β-arrestins that bind to phosphorylated receptors. β-Arrestin bind-
ing subsequently directs the internalization of desensitized GPCRs that can lead
to receptor downregulation, or receptor recycling back to the sarcolemmal mem-
brane and stimulation of intracellular signaling pathways (Lamba and Abraham
2000).

Adrenoceptor Signaling in the Heart

The ARs belong to the superfamily of GPCRs, which contain a conserved structure
of seven transmembrane α-helices linked by three alternating intracellular and ex-
tracellular loops. According to the classic paradigm of GPCR signaling, binding of
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the ligand to the receptor induces a sequence of conformational changes that result
in its coupling to a heterotrimeric G-protein. Activated G-proteins then dissociate
into Gα and Gβγ subunits, each capable of modulating the activity of a variety of
intracellular effector molecules. Thus, receptors that couple to G stimulatory (Gs) or
G inhibitory (Gi) proteins modulate the activity of adenylyl cyclase (AC) to generate
the second messenger cAMP and subsequently activate cAMP-dependent protein
kinase A (PKA). The α subunit (45 to 52 kDa) of Gs-protein was found to be differ-
ent from that (39 to 41 kDa) of Gi-protein. Furthermore, ADP ribosylation of the α

subunit in Gs-protein is catalyzed by cholera toxin whereas that in Gi-protein is cat-
alyzed by pertussis toxin. Studies at the molecular level for both Gs- and Gi-proteins
have revealed that genes for these proteins are not co-regulated (Itoh et al. 1988;
Kozasa et al. 1988). On the other hand, Gq-coupled receptors including α-ARs
stimulate phospholipase C that in turn generates diacylglycerol and inositol 1,4,5-
trisphosphate and activates protein kinase C. The nature of the intracellular response
to catecholamine stimulation therefore depends not only on the type of activated re-
ceptors and their expression levels, but also on the type of G-proteins they couple
to and intracellular pathways activated by the various second messengers. Different
isoforms of GRKs (GRK2, GRK3, and GRK5) are known to regulate β-ARs in the
heart (Brodde 1991). In fact, GRK2 has been shown to play a critical role in the
transition of cardiac hypertrophy to heart failure in transgenic mice overexpressing
α1B-ARs (Iaccarino et al. 2001).

β-ARs are most commonly associated with regulation of metabolic pathways
and have been described to both inhibit and stimulate AC activity. These GPCRs
initiate the production of cAMP with subsequent activation of PKA and thus regu-
late diverse metabolic and functional events (Homcy et al. 1991). PKA activation is
a critical step in mediation of the positive inotropic effect of catecholamines through
phosphorylation of L-type Ca2+ channels in the sarcolemmal membrane and phos-
pholamban in the sarcoplasmic reticulum to regulate Ca2+ movements in the car-
diomyocytes. Although the exact mode of coupling G-proteins with AC is not clear,
both genetic and biochemical evidence indicate that there are multiple forms of AC
with a molecular mass in the range of 120 to 150 kDa (Manolopoulos et al. 1995).
Of the nine isoforms of AC, the presence of types II to VII has been detected in
cardiac tissue but types V and VI are abundant in the mammalian heart (Yu et al.
1995; Sunahara et al. 1996). The catalytic subunit of AC, which is involved in the
formation of cAMP from ATP, is activated by cations such as Mn2+ as well as by
forskolin whereas other agents such as NaF, Gpp(NH)p, cholera toxin, and pertussis
toxin are considered to stimulate the enzyme activity through their interaction with
G-proteins. Since different hormones including angiotensin II (Ang II), endothelin
I, and NE bind to receptors which are coupled to Gq-proteins, molecular targeting
of Gqα-protein in transgenic mouse models has also shown its involvement in both
adaptive and maladaptive responses of the heart to stress (Adams et al. 1998; Dorn
and Brown 1999; Sabri et al. 2002). Various studies with transgenic mouse models
have revealed that specific overexpression of β1-ARs, β2-ARs, Gs-proteins, and
AC results in an enhanced cardiac function (Milano et al. 1994; Bond et al. 1995;
Xiao et al. 1999).
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Recent evidence from cell culture and transgenic mouse models suggest distinct
differences between β1- and β2-ARs in their ability to modulate the process of
apoptosis (Milano et al. 1994; Saito et al. 2000; Morisco et al. 2001; Shizukuda
and Buttrick 2002). Expression of these receptors in a double knockout mouse
model has revealed that stimulation of β1-ARs is involved in apoptosis whereas
that of β2-ARs elicits cell survival (Zhu et al. 2001). It appears that overexpres-
sion of the human β1-ARs increases expression of proapoptotic proteins like bax
(Bisognano et al. 2000). Also, the proapoptotic influence of the β1-AR pathway
has been attributed to the activation of calcineurin via increased intracellular Ca2+
through L-type channels; the activation of calcineurin dephosphorylates Bad, per-
mitting it to heterodimerize with the antiapoptotic proteins Bcl-2 and Bcl-xl (Saito
et al. 2000). The differential effect of the β-ARs on the induction of apoptosis may
be due to the fact that the β2-AR coupling to Gαi is cardioprotective (Iwai-Kanai
and Hasegawa 2004). Interestingly, Zhu et al. (2001) have uncovered a connection
between the antiapoptotic effects of β2-ARs and stimulation of a pertussis toxin-
sensitive, phophatidylinositol 3-kinase (PI3K) and Akt-PKB pathway, which may
be one of the several antiapoptotic pathways. Overexpression of Gsα-proteins has
been reported to increase heart function and produce apoptosis whereas that for Giα-
proteins has been shown to attenuate β-AR stimulation (Geng et al. 1999; Janssen
et al. 2002). In spite of the complexities of transgenic models and some conflicting
results, these experiments have provided evidence that the β1-AR signal transduc-
tion is required for maintaining heart function, but overexpression of any of the
components of this system can cause cardiac hypertrophy, apoptosis, and heart dys-
function. In addition to the promotion of apoptosis, production of cytotoxicity via
Ca2+ overload, and increased free radical generation, adrenergic activation is the
major stimulus to pathologic hypertrophy (Wallukat 2002). Thus, in view of the crit-
ical role of β-AR signaling pathway in influencing cardiac contractility, any change
in the components of this system under pathological conditions can be seen to im-
pair signal transduction mechanisms in the myocardium. However, abnormalities in
β-ARs, G-proteins, and AC in failing human hearts appear to depend on the etiol-
ogy of CHF (Bristow et al. 1991; Bohm et al. 1992; Bristow and Feldman 1992;
Steinfath et al. 1992).

Altered β-AR Signaling During Various Cardiac Pathologies

Various pathologic factors such as pressure overload (PO) or volume overload (VO),
ischemic reperfusion injury, myocardial infarction, and different types of cardiomy-
opathies are associated with an excessive stimulation of SNS. This sustained adren-
ergic drive is not only considered to result in the downregulation of β-AR but is also
believed to produce a depression in myocardial reserve, Ca2+-cycling, myocardial
energetics, in addition to inducing fetal gene program. All of these abnormalities are
considered to contribute toward cardiac dysfunction in CHF. A schematic represen-
tation of these events is shown in Figure 2.1. However, this article will be focused
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Fig. 2.1 Schematic representation of the mechanisms involved in the development of heart failure
due to different etiologies.

on discussion of four components of the β-AR mechanism—β-AR, G-proteins, AC,
and PKA—which are known to regulate the major routes of Ca2+ entry in the sar-
colemmal membrane as well as Ca2+-release from the sarcoplasmic reticular stores
in addition to modifying the sensitivity of myofibrils to Ca2+ (Figure 2.2). Since
changes in β-AR mechanism seem to depend on the type of CHF, it is planned to
describe alterations in different components of β-AR systems in different types of
heart diseases.

Volume and Pressure Overload Hypertrophy-Induced Changes

Alterations in β1-AR signaling account for the occurrence of pathologic hypertro-
phy; this has been shown by reverse remodeling studies using the β-AR blocking
agents in the failing human hearts (Frigerio and Roubina 2005). In addition, reversal
of fetal gene induction, the molecular hallmark of pathologic hypertrophy, is accom-
panied by reverse cardiac remodeling in response to β-AR blockers (Lowes et al.
1999). It should be pointed out that cardiac hypertrophy is generally categorized into
two broad types: PO-induced hypertrophy and VO-induced hypertrophy. PO occurs
in many clinical settings that include hypertension, mitral valve stenosis, and aortic
valve stenosis resulting in concentric cardiac remodeling. Thus, an increase in pres-
sure is offset by an increase in the ventricular wall thickness (Carabello 2002). The
other type of cardiac hypertrophy due to VO occurs in anemia, heart block, regur-
gitant mitral or aortic valves, atrial or ventricular septal defects, or other congenital
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Fig. 2.2 Components of the cardiomyocyte β-adrenergic signaling system and their physiological
effects.

diseases, resulting in eccentric cardiac hypertrophy. Dilatation of the left ventricle
(LV) chamber occurs via elongation of the surrounding myocytes—the result of
sarcomeric replication in series (Carabello 1996). Alterations in β-AR density, AC
activity, and G-protein have been identified in cardiac hypertrophy, which normally
precedes heart failure due to PO (Galinier et al. 1994; Iaccarino et al. 1999). Fur-
ther, modification of cardiac AC activities by changes in the G-protein function has
been observed in hypertension (Bohm et al. 1993). Changes in the β-AR signaling
system have also been shown to be involved in the development of CHF due to both
PO and VO. In fact, PO-induced CHF in guinea pigs was associated with an in-
crease in β-AR density without any changes in their affinity (Karliner et al. 1980).
A wide variety of changes in the β-AR-linked signal transduction mechanism have
also been reported in heart failure induced by rapid pacing and VO (Di Fusco et al.
2000). On the other hand, cardiac hypertrophy and heart failure due to VO induced
by aortocaval shunt in rats were associated with hypersensitivity of the myocardium
to β-AR stimulation (Wang et al. 2003). We have also shown that the upregulation
of the β-AR system as well as changes in the subcellular distribution of regulatory
proteins, GRK isoforms, and β-arrestins in the failing hearts due to VO, were par-
tially prevented by treatment of these animals with angiotensin-converting enzyme
(ACE) inhibitors and Ang II type 1 receptor (AT1R) antagonists (Wang et al. 2005).
However, such alterations in cardiac hypertrophy and late stages of CHF in this ex-
perimental model remain to be examined. Other animal studies of CHF have also
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shown myocardial β1-AR expression and increased GRK activity (Anderson et al.
1999). Importantly, increasing levels of β1-AR often precede the development of
overt clinical CHF and may represent a novel early marker for cardiac dysfunction
and a potential target for intervention prior to development of end-stage CHF.

Ischemia-Reperfusion-Induced Changes

An increase in β-AR density and an increase in cAMP formation due to cate-
cholamines have been reported in myocardial ischemia due to coronary occlusion in
dogs (Mukherjee et al. 1982). Although increased density of β-ARs was also seen
in CHF in dogs, this change was associated with a loss of high affinity for these re-
ceptors as well as uncoupling of β-ARs from G-proteins (Maisel et al. 1985, 1987;
Freissmuth et al. 1987). Other investigators have also observed an increase in the
β-AR density in the ischemic myocardium from dogs and calves and the activities
of AC in the absence or presence of different stimulants of Gs-proteins were de-
pressed (Vatner et al. 1988, 1990). On the other hand, no changes in the density
of β-ARs and basal AC activity were observed, but a depression in isoproterenol-
stimulated AC activity was seen in ischemic or hypoxic dog hearts (Freissmuth et al.
1987; Karliner et al. 1989). Ischemic guinea pig hearts showed an increase and a
decrease in the β-AR densities in cell surface and cytoplasmic membranes (Maisel
et al. 1985, 1987), respectively, whereas opposite results were obtained upon ex-
posing the neonatal rat cardiomyocytes to hypoxia (Rocha-Singh et al. 1991). The
changes in ARs and post-receptor mechanisms including changes in mRNA levels
due to ischemia/hypoxia seem to depend on the experimental model employed and
the degree as well as duration of the reperfusion injury (Will-Shahab et al. 1991;
Bernstein et al. 1992; van den Ende et al. 1994; Ohyanagi et al. 1995). Nonetheless,
studies from our laboratory have indicated that the ischemia-reperfusion-induced
changes in β-AR signal transduction mechanism in the myocardium are mediated
through the generation of oxidative stress (Persad et al. 1997, 1998).

Cardiomyopathy-Induced Changes

The AC activities due to the stimulation of β-receptors and Gs-proteins were in-
creased in adriamycin-induced cardiomyopathy in rabbits (Calderone et al. 1991).
On the other hand, no alterations in β-AR density, G-proteins, or AC activities were
seen in adriamycin-induced cardiomyopathy in rats (Fu et al. 1991). Depressions
in β-ARs and AC activities in the absence or presence of various stimulants were
noted in catecholamine-induced cardiomyopathy in rats in addition to an increase
and loss of Gi- and Gs-proteins, respectively (Meszaros and Levai 1992; Muller et al.
1993; Zhou et al. 1995). Rats with monocrotaline-induced right heart cardiomy-
opathy showed depressions in β1-AR density and AC activities in the presence
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of isoproterenol and Gpp(NH)p without any changes in the absence or presence
of NaF and forskolin as well as in the β2-receptor density; these alterations were
chamber-specific (Pela et al. 1990; Yoshie et al. 1994). High level of overexpres-
sion of β2-ARs was also found to cause heart failure in a mouse model of car-
diomyopathy, which was prevented by expression of GRK2 (Freeman et al. 2001).
Overexpression of GRK2 inhibitor of gene-targeted mice was observed to prevent
heart failure and improve cardiac function (Rockman et al. 1998). Conflicting results
showing either an increase (Ikegaya et al. 1992) or no change (Kessler et al. 1989;
Horackova et al. 1991) in β-AR receptor density have also been reported in hamster
cardiomyopathy. However, AC activities in the presence of different stimulants as
well as the levels of Gs-protein were found to be depressed in the cardiomyopathic
hamster hearts (Panagia et al. 1984; Kessler et al. 1989; Ikegaya et al. 1992; Urasawa
et al. 1992), but the basal enzyme activity was normal (Panagia et al. 1984; Kessler
et al. 1989) and the level of Gi-protein was increased (Urasawa et al. 1992). No
alterations in the levels of mRNA encoding Gs-proteins in cardiomyopathic ham-
sters were detected (Kessler et al. 1989), while information concerning changes in
mRNA specific for AC in failing hearts is still lacking. Increased level of Gi-proteins
as well as uncoupling of β1-AR from AC has been suggested to explain the atten-
uated responses of cardiomyopathic hamster hearts to catecholamines (Witte et al.
1993; Kawamoto et al. 1994). The work carried out in our laboratory has revealed
that changes in the β-ARs, AC, and G-proteins are dependent on the stage of CHF
in cardiomyopathic hamsters (Sethi et al. 1994).

Myocardial Infarction-Induced Changes

Several investigators have reported a wide variety of alterations in different compo-
nents of the β-ARs, G-proteins, and AC system in heart dysfunction in failing hu-
man heart as well as in various experimental animal models of heart failure (Dhalla
et al. 1997; Wang and Dhalla 2000). Some efforts have been made to understand
the mechanisms of attenuated responses of failing hearts to catecholamines; these
changes are invariably seen in all types of CHF. Both β-AR density and respon-
siveness to inotropic stimulation are significantly reduced in failing human hearts
(Lamba and Abraham 2000). The loss of cardiac β1-ARs is critical, since this trans-
lates to a larger overall percentage of β2-ARs and emphasizes their distinct signal-
ing properties. A decrease in the density of β-AR was observed in CHF in dogs
with pulmonary artery constriction as well as in rats with myocardial infarction
(Dhalla et al. 1992). There was no evidence of any change in β-AR density or
isoproterenol-stimulated AC activity in heart failure due to myocardial infarction
in rats (Hammond et al. 1993) and dogs (Strasser et al. 1990); however, experiments
with rats at two stages of myocardial infarction revealed defects in both β-ARs and
postreceptor sites associated with attenuated responses to catecholamines (Sethi and
Dhalla 1995). Heart dysfunction in rats with nonocclusive coronary artery constric-
tion without any myocardial infarction was associated with depressions in β-AR
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density, Gs-protein activity, and isoproterenol-stimulated AC activity (Meggs et al.
1991). CHF due to rapid pacing in dogs was found to decrease β-receptor density,
Gs-protein, and AC activity (Marzo et al. 1991; Juneau et al. 1992). Some work
employing the molecular biology techniques has shown a decrease in the levels of
mRNA specific for β1-receptors (Bristow and Feldman 1992) and an increase in
the levels of mRNA for Gi-protein without any changes in mRNA for Gs-protein in
failing human hearts (Eschenhagen et al. 1992).

In spite of the extensive research for identifying defects in the β-AR-mediated
signal transduction in failing hearts from patients and experimental animals, sev-
eral issues remain unresolved. Although marked changes in the pattern of plasma
hormones including renin–angiotensin, catecholamines, atrial natriuretic peptide,
endothelium-derived relaxing factor as well as endothelin in CHF have been iden-
tified (Hodsman et al. 1988; Basu et al. 1996), the exact role of these changes in
the genesis of signal transduction abnormalities is far from clear. Some investiga-
tors have recently emphasized the importance of local mechanisms such as cardiac
renin–angiotensin system (RAS) and NE transport in sympathetic nerve endings
in the myocardium, rather than changes in circulating renin–angiotensin and cate-
cholamines, in the development of cardiac dysfunction in heart failure (Bohm et al.
1992, 1995; Yoshikawa et al. 1994; Wollert et al. 1994; Basu et al. 1996; Ganguly
et al. 1997). Such local alterations can be seen to explain the differential behavior
of the left and right ventricle with respect to changes in adrenergic mechanisms dur-
ing the development of CHF due to myocardial infarction (Sethi et al. 1997, 1998).
Although Yoshida et al. (2001a) failed to observe differences in the isoproterenol-
induced response of single cardiomyocytes from left and right ventricles of the 8-
week infarcted rats, the concentration (10 nM) of isoproterenol used in this study
was too low to elicit any response. Furthermore, the biased selection of single car-
diomyocyte employed may have also been another factor for their failure to ob-
serve changes. Although Ca2+-handling abnormalities have been reported to occur
in hearts failing due to myocardial infarction (Dixon et al. 1990; Afzal and Dhalla
1992; Sethi et al. 2006), the role of these changes in causing an impairment of the
signal transduction mechanisms has not been established. In this regard, it should
be pointed out that augmented Ca2+-fluxes in the myocardium have been shown
to exert a negative regulation of the adrenergic stimulation and the AC activation
(Frace et al. 1993; Wang et al. 2002). Furthermore, diltiazem and β-AR antago-
nists, which are known to regulate Ca2+ movements in the myocardium, have been
shown to exert beneficial effects with respect to defects in transmembrane signal-
ing due to different pharmacological and pathophysiological interventions (Brodde
1991; Chapados et al. 1992). Likewise, blockade of RAS by ACE inhibitors and
AT1R antagonists was found to prevent changes in β-AR mechanisms in heart fail-
ure (Forster et al. 1994; Bohm et al. 1998; Yoshida et al. 2001b; Makino et al. 2003).

Some studies have indicated that alterations in β-AR signal transduction mecha-
nisms were attenuated by different agents, which are known to block β1-ARs in the
heart (Asai et al. 1999; Asano et al. 2001; Liu et al. 2002). In this regard, it should be
noted that both SNS and RAS are known to be activated in different types of heart
failure. In fact, activation of both SNS (Communal et al. 1998; Iaccarino et al. 1998;
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Leineweber et al. 2002) and RAS (Bohm et al. 1998; Bohlender et al. 2001) has been
shown to be associated with desensitization of the β-AR mechanisms. Treatment of
hypertensive rats with ACE inhibitors and AT1R antagonists has been reported to
normalize the augmented sympathetic activity (K.-Laflamme et al. 1997). Since the
activation of RAS was seen before any change in the heart or plasma upon inducing
PO (Akers et al. 2000), it appears that the activation of RAS plays a dominant role in
changing the sensitivity of failing hearts to β-adrenergic stimulation. Also, we have
demonstrated that downregulation of the β-AR G-protein AC system in the LV from
the failing heart due to myocardial infarction is attenuated by blockade of the RAS
(Sethi et al. 2003). In addition, we have shown that treatment of the infarcted an-
imals with propionyl L-carnitine, a metabolic therapy, not only improved cardiac
function but also attenuated defects in the β-adrenergic mechanisms (Sethi et al.
2004). However, whether the desensitization of β-adrenergic mechanisms is due to
changes in cardiac gene expression for each of these components, or alterations in
the regulatory factors for the β-ARs in the LV of the infarcted animals, remains to
be determined. Likewise, nothing is known regarding the molecular mechanisms of
hypersensitivity of the right ventricle to catecholamines in the failing hearts due to
myocardial infarction.

β-Adrenergic System Blockade

In view of abnormalities in β-AR signal transduction mechanisms during the devel-
opment of CHF, it is important to discuss the pharmacologic blockade for the β-AR
system as an important approach in the treatment of CHF. Over the past 25 years,
β-adrenergic blockade has been one of the most successful therapies aimed at at-
tenuating neurohormonal overactivation used in the treatment of patients with CHF
(Frigerio and Roubina 2005). β-AR antagonists lead to a decreased risk of death and
hospital admission and tend to reverse the adverse effects of prolonged adrenergic
stimulation in patients with CHF (Frigerio and Roubina 2005; Chizzola et al. 2006).
β-AR blockers for the management of cardiovascular disease are well-established
and these agents are widely recommended as important parts of antihypertensive
regimens as well as preferred therapies for patients at high risk for coronary heart
disease, including those with heart failure. Among three of the most common treat-
ments for heart failure (ACE inhibitors, AT1 receptor blockers, and β-AR blockers),
β-AR blockers have shown a more permanent benefit than that obtained with ACE
inhibitors alone. Furthermore, β-AR blockers most likely lower blood pressure and
provide target organ protection by mechanisms such as inhibition of RAS, central
inhibition of SNS outflow, and slowing of heart rate with a decrease in cardiac out-
put. Efficacy of β-AR blockers appears to be superior to that of ACE inhibitors
and AT1 receptor blockers; however, almost all patients with heart failure enrolled
in β-AR blocker clinical trials were already taking ACE inhibitors. Therefore, it is
difficult to indicate if β-AR blockade would produce the same results in the ab-
sence of RAS antagonism. Recently, the CARMEN (Carvedilol and ACE Inhibitor
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Remodeling Mild Heart Failure Evaluation Trial) clinical trial examined the effects
of enalapril and carvedilol in patients with mild heart failure (Remme et al. 2004).
They found that enalapril alone or carvedilol alone did not cause a significant re-
duction in LVESV whereas a combined treatment with these agents resulted in a
significant reduction in LVESV. In contrast, a previous study comparing carvedilol
and captopril showed a significant decrease in LVESV and increased ejection frac-
tion in patients treated with carvedilol only (Khattar et al. 2001).

The three main β-AR blockers that have proven to be of clinical benefit in heart
failure are metoprolol, carvedilol, and bisoprolol. These β-AR blockers produce a
significant and sustained improvement in ejection fraction and reverse remodeling
in addition to reductions in LV sphericity and mitral regurgitation in patients with
CHF (Lowes et al. 1999). The newer β-AR blocker used in the treatment of CHF,
carvedilol, is a racemic mixture of R(+)- and S(−)-enantiomers mainly metabo-
lized by cytochrome P (CYP2D6) as well as partially metabolized by CYP1A2 and
CYP2C9. Carvedilol is a nonselective β-AR antagonist that leads to systemic arte-
rial vasodilation without reflex tachycardia due to concomitant antagonism of vas-
cular β1-AR and myocardial β-ARs (DasGupta et al. 1991). Carvedilol is a blocker
for β1-, β2-, and α1-ARs raising controversy on whether this type of blocker is su-
perior to selective β1-AR blockers (Bristow et al. 2003). Therapy of heart failure
patients with carvedilol produced a safe and tolerable reduction in heart rate and
improved LV function (improved LV systolic shortening fraction and LVEF) within
2 months of treatment. Recent studies have shown that a higher dosage than pre-
viously used (75 mg versus 42 mg/day) results in greater benefit in the treatment
of heart failure (Chizzola et al. 2006). Carvedilol has also shown to result in im-
proved neuronal adrenergic capture in the myocardial effector cell. Thus, a possible
mechanism of action for β-AR antagonists is through improved neuronal reuptake
of NE. It is pointed out that AT1 receptor blockers were found useful in combination
with carvedilol in CHF patients (Iwata et al. 2006). Carvedilol is often administered
in combination with amiodarone for the treatment of arrhythmias and heart failure
(Fukumoto et al. 2005). Many studies have shown a causal relationship between
β-AR blockade and reverse remodeling. A small study investigating the effects of
metoprolol found that LV function deteriorated after withdrawal of metoprolol in the
treatment of heart failure patients and improved LV function after readministration
(Waagstein et al. 1989). Furthermore, dose of β-AR blockers has been correlated
with the degree of effect on LV volume and ejection fraction (Bristow et al. 1996).
Specifically, carvedilol dose was inversely related to mortality (Bristow et al. 1996)
and in fact carvedilol therapy and dose were found to be predictors of cardiac size
normalization and improved cardiac function. However, the reverse remodeling of
the cardiac sympathetic neurons was not associated with an alteration in plasma NE
levels. Treatment of heart failure with medication that antagonizes β-ARs tends to
reverse the adverse effects of prolonged adrenergic stimuli.

The efficacy of β-AR blockade appears to be superior in achieving reverse re-
modeling and this is more directly dose-related than that of ACE inhibitors (Frigerio
and Roubina 2005). Recently, in a clinical trial examining the effects of metopro-
lol and atenolol, it was found that patients with heart failure treated with metoprolol
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experienced an 88% survival rate; survival rate for patients treated with atenolol was
78% as compared to 48% in control groups. This clearly indicates that metoprolol
and atenolol have a favorable effect on the survival rate of patients with CHF. Specif-
ically, metoprolol is considerably more effective than atenolol (Celic et al. 2005). In
controlled clinical trials, bisoprolol, carvedilol, and metoprolol exerted favorable ef-
fects on survival (CIBIS-II 1999; MERIT-HF Study Group 1999; Patrianakos et al.
2005). Bucindolol had little effect on mortality rates and xamoterol was associated
with an increased risk of death (The Xamoterol in Severe Heart Failure Study Group
1990; Domanski et al. 2003).

Nebivolol, a third-generation β1-AR selective blocker, increases endothelial NO
release causing peripheral vasodilation. Nebivolol shows both a high degree of se-
lectivity for β1-ARs and an ability to stimulate endothelial NO production (Patri-
anakos et al. 2005). In this study Patrianakos et al. (2005) compared the effects
of nebivolol and carvedilol on LV function and exercise capacity in patients with
mild to moderate heart failure. It was observed that nebivolol is a safe choice with
many beneficial effects on systolic and diastolic LV function and exercise capacity
after 1 year of treatment. However, nebivolol produced an initial deterioration in
exercise capacity, which was not observed with carvedilol treatment (Patrianakos
et al. 2005). Thus, it was concluded that carvedilol produces more favorable ef-
fects as compared to nebivolol. The treatment of patients with carvedilol produces
a faster effect than nebivolol in terms of improved diastolic dysfunction because of
the added antagonism of β2- and α1-ARs. The effects of carvedilol may be due to
restored Ca2+-homeostasis because chronic adrenergic stimulation has detrimental
cardiotoxic effects and causes abnormal Ca2+-handling. This may partially explain
the observed diastolic restoration and changes in LV filling pattern (Patrianakos et al.
2005). It should be noted that CHF patients exhibit high body mass index (Horwich
et al. 2001; Davos et al. 2003) and treatment with β-AR blockers can further in-
crease total body fat mass and total body fat content (Lainscak et al. 2006).

β-AR blockers differ with respect to many pharmacologic properties in β1/β2-
AR selectivity, intrinsic sympathomimetic activity, and vasodilatory capabilities
(Weber 2005). The β-AR blocker class is divided into three generations of an-
tagonists. The first-generation β-AR blockers, such as propanolol, exert blockade
on both β1- and β2-receptors equally and are therefore termed nonselective β-AR
blockers (Weber 2005). The second-generation β-AR blockers (metoprolol, biso-
prolol, and atenolol) have a higher affinity binding to β1-receptors and are referred
to as selective β-AR blockers. At higher doses, these selective β-AR blockers may
exert some inhibition of β2-AR as well (Weber 2005). The third-generation β-AR
blockers differ from the previous two in their vasodilatory activity. In this class,
there are β-AR blockers such as labetalol, which is nonselective with a higher affin-
ity for the β1-receptor than for the β2-receptors, whereas carvedilol is a β1 selective
blocker but becomes less selective at higher doses (Weber 2005). Bucindolol, also a
third-generation β-AR blocker, is completely nonselective for all ARs. These three
third-generation β-AR blockers provide some vasodilatory action through blockade
of the α1-AR thereby regulating endothelial function and vasoconstriction in pe-
ripheral blood vessels. The newest β-AR blocker, nebivolol, is a third-generation
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blocker that has higher β1-AR selectivity compared with other β-AR blockers in
addition to its vasodilatory effects (Weber 2005). Some β-AR blockers (acebutol,
penbutolol, pindolol) are capable of both stimulating β-ARs as well as opposing
the transmission of SNS signaling. This combination has been shown to attenuate
the decreases in heart rate and cardiac output and increases in peripheral vascular
resistance associated with β-AR blockade (Weber 2005).

Conclusions

A detailed analysis of the existing literature reveals that changes in β-ARs,
G-proteins, and AC depend on the type and stage of heart disease as well as area
of the heart and the type of membrane preparations from failing hearts employed
for investigations (Pela et al. 1990; Persad et al. 1997; Rockman et al. 1998). The
results on β-AR mechanisms in different experimental models as well as in patients
with heart failure support the view that alterations in this system depend on the
underlying type of the disease (Matsuda et al. 2000; Sayar et al. 2000; Wallukat
2002; Leineweber et al. 2003). The ARs, G-proteins, and AC systems are either
unchanged, upregulated, or downregulated in failing myocardium. Furthermore, al-
terations may occur in one component of the system without changes in the others;
such a discrepancy in results seems to depend on the type and stage of the heart dis-
ease. Although most of the work in this field has been carried out on myocardial tis-
sues from patients with heart disease (Schotten et al. 2000), it should be recognized
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that all of these patients were on different cardiac drugs, and thus the results are
difficult to interpret in terms of pathophysiological changes in CHF. Nonetheless,
it is evident from the foregoing discussion that cardiac dysfunction in patients with
CHF is improved upon the blockade of β-AR. This beneficial effect is primarily
due to the reduction of the β-adrenergic overdrive which results in reversal of car-
diac remodeling, depression in heart rate, and decrease in the overactivity of RAS
(Figure 2.3).
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Chapter 3
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Hyperhomocysteinemia
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Dorothea Rosenberger, and Suresh C. Tyagi

Abstract The increase in sympathetic activity is a compensatory mechanism that
provides inotropic support to the heart and peripheral vasoconstriction. Increased
sympathetic nerve activity is associated with chronic heart failure (CHF). Increased
sympathetic nervous activity activates NMDA receptors and GPCRs, which results
in the physiological effect of cardiac arrhythmias. It is clear that GPCR activa-
tion feeds into the NMDA receptor signal transduction axis, and heightens the
physiological effect of cardiac arrhythmias. Effectors that modulate GPCR acti-
vation also physically modify the NMDA receptor via intracellular tyrosine ki-
nases. However, it is unknown whether homocysteine-induced NMDAR activation
can backtalk to GPCRs and modulate G-proteins: Gαs, Gαi. This bidirectional
crosstalk to GPCRs may be mediated by a number of possible events; perhaps cal-
pain or members of the MAPK cascade that includes ERK 1/2 and MMP-9, or
even reactive oxygen species may feed back to GPCRs and potentiate G-proteins.
Or, perhaps the influx of calcium from NMDAR activation may somehow acti-
vate the GPCR signal transduction axis, including G-proteins. Our specific interest
begins in knowing exactly whether homocysteine-induced activation of NMDAR
can backtalk to GPCRs and modulate G-proteins—Gαs, Gαi—before beginning
to elucidate the players that modulate this kind of backtalk. This review addresses
the following: pathophysiology of CHF and sudden cardiac death (SCD), causes of
cardiac arrhythmias (electrical and structural remodeling), the relationship between
homocysteine and CHF, homocysteine and NMDAR activation, the NMDAR sig-
nal cascade, GPCR signal cascade, NMDA-to-GPCR crosstalk, and proposal for
homocysteine-induced NMDAR and GPCR bidirectional crosstalk that modulates
G-proteins.

Introduction: Autonomic Pathophysiology of CHF and SCD

Heart failure (HF) is a condition in which the ventricles fail to eject adequate quan-
tities of blood to meet the needs of the peripheral organs; common causes of HF
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are ischemic heart disease, hypertension, and idiopathic dilated cardiomyopathy
(Watson et al. 2006). As a result, the body tries to compensate through various neu-
rohumoral systems (Emoto et al. 2001; Watson et al. 2006). For example, the renin–
angiotensin system is activated to maintain systemic blood pressure. Hormones can
have direct vascular and renal actions as well as have effects on sympathetic nerve
activity (Giltay et al. 1998); in addition to angiotensin II (AII) having vasoconstric-
tive effects, it is also sympathoexcitatory (Watson et al. 2006).

It is well established that increased sympathetic nerve activity is associated
with chronic heart failure (CHF) (Porter et al. 1990; Singh 2000; Olshansky 2005;
Brodde et al. 2006; Watson et al. 2006). The increase in sympathetic activity is
a compensatory mechanism that provides inotropic support to the heart and pe-
ripheral vasoconstriction. However, it promotes disease progression and worsens
prognosis (Watson et al. 2006). The autonomic nervous system (ANS) is a very
complex, balanced system that influences the initiation, termination, and perpetua-
tion of atrial fibrillation (AF), and the AF affects the ANS (Olshansky, 2005). At
rest, sympathetic and parasympathetic outflows are related reciprocally: heart fail-
ure patients had high sympathetic and low parasympathetic outflows, and healthy
subjects had low sympathetic and high parasympathetic outflows (Porter et al.
1990).

One such example of how sympathetic innervation can influence CHF is seen
with the paraventricular nucleus (PVN) of the hypothalamus; the PVN is an im-
portant site that integrates sympathetic nerve activity. Studies have shown that glu-
tamate invokes excitatory effects on neurons in the PVN through the NMDA re-
ceptor (Kurtis and Patel 2003). Microinjection of NMDA into the PVN of rats
produced dose-dependent increases in renal sympathetic nerve discharge (RSND),
arterial blood pressure (BP), and heart rate (HR) (Kurtis and Patel 2003). Con-
versely, microinjection of the NMDA receptor antagonist into the PVN caused
significant decreases in RSND, BP, and HR only in rats with HF, but very slight
changes in sham rats (Kurtis and Patel 2003). Moreover, although glutamate lev-
els in the PVN were not increased significantly in HF compared to sham rats,
the expression of NMDA NR subunit was significantly increased (Kurtis and Patel
2003).

Another known mechanism by which the sympathetic system can influence CHF
is through agonist binding to α- and β-adrenergic receptors (AR) that are coupled to
G-proteins (Singh et al. 2000). β-AR can stimulate apoptosis and the development
of dilated cardiomyopathy (Singh et al. 2000). Eight adrenoceptor (AR) subtypes
have been identified: α1A, α1B, α1D, α2A, α2B, β1, β2, and β3 AR. Of the
nine identified adrenoreceptors, β1 and β2 are the most powerful physiologic mech-
anism to acutely increase cardiac performance (Singh et al. 2000). The signaling
cascade involves variable G-protein expression that could result in cardiac arrhyth-
mia. Both β-AR subtypes couple to the Gs-protein, thereby elevating the intracel-
lular level of cyclic AMP; this causes a positive inotropic and chronotropic effect
(Brodde et al. 2006). The beneficial effect of β-AR antagonists on survival in pa-
tients with HF suggests that cardiac sympathetic activation is harmful (Watson et al.
2006).
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Causes of Cardiac Arrhythmia (Electrical Remodeling,
Structural Remodeling)

Remodeling qualifies changes that result in the rearrangement of normally existing
structures (Swyngheadauw 1999). Although remodeling does not necessarily define
a pathological condition, myocardial remodeling is usually restricted to diseased
conditions (Swyngheadauw 1999). Expression of several different proteins, includ-
ing ion channels, is the likely mechanism that promotes the susceptibility of the
human atrium to arrhythmia (Swyngheadauw 1999). Electrical remodeling comes
from a change in the electrical properties of the atrium, notably a shortening of the
AERP and a loss of rate adaptation (Brundel et al. 2002). AF is also associated with
elaborate adaptive and maladaptive changes in tissue and cellular architecture; this
type of change is dubbed structural remodeling (Brundel et al. 2002). It is important
to note that electrical and structural remodeling are not mutually exclusive since
one can evoke the other. For instance, an increase in calcium will certainly have
an effect with respect to electrical remodeling; however, it will also trigger calpain
and MAPK cascade that leads to MMP-9 activation, a metalloproteinase known to
induce structural remodeling.

Calcium and Electrical Remodeling

Calcium plays a crucial role in contraction and pacing within the heart such that an
increase or decrease of calcium can result in pathology. It is known that a reduction
of extracellular Ca2+ concentration causes a reduction in both systolic and diastolic
[Ca2+] and the spontaneous firing rate also gradually declines in pacemaker cells
(Ju and Allen 1998). In the presence of ryanodine, which interferes with Ca2+ re-
lease from the sarcoplasmic reticulum, the systolic and diastolic [Ca2+] influx both
declined and the firing rate decreased until the cells stopped firing (Ju and Allen
1998). When stimulation rate was increased, there were increases in diastolic Ca2+
influx, systolic Ca2+ influx, and the Ca2+ content of the SR (Frampton et al. 1991).
The SR inhibitor ryanodine decreased the size of the Ca2+ influx transient, and
abolished the increase of Ca2+ influx produced by caffeine. In the presence of ryan-
odine, increasing stimulation rate increased diastolic Ca2+ but not systolic Ca2+
(Frampton et al. 1991). An important molecular feature of AF is the reduction in
L-type Ca2+ channel function and protein expression (Brundel et al. 2002). Electro-
physiological changes in AF are primarily caused by this reduction in L-type Ca2+
channel (Brundel et al. 2002). Secondary to this process, the reduced expression of
K+ channels may serve to adapt the myocardial cell to the high rate and counteract
the shortening of AERP (Brundel et al. 2002). This reduction may serve to protect
the cell against a potentially lethal Ca2+ overload resulting from the increased ac-
tivation rate in AF (Hardingham et al. 2001). Protection against cellular stress is
achieved at the cost of electrophysiological changes in cardiac function (Brundel
et al. 2002).
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Gap Junctions and Electrical Remodeling

Electrophysiological remodeling involving gap junctions has been demonstrated in
failing hearts and may contribute to intercellular uncoupling, delayed conduction,
enhanced arrhythmias, and vulnerability to SCD (Betsuyaku et al. 2006). Gap junc-
tions are clusters of connexin channels, which span the closely opposed plasma
membranes forming cell-to-cell pathways (Brundel et al. 2002). The thickness of the
endothelium (E)–myocyte (M) cell–cell connection becomes important in the effi-
ciency of transport of endothelial-derived cardioactive agents to the cardiac muscle
(Rosenberger et al. 2006). Connexins are permeable to ions and small molecules up
to 1 kDa in molecular mass, including second messengers such as inositol triphos-
phate, cyclic AMP, and calcium (Brundel et al. 2002). Failing human hearts exhibit
marked increases in connexin 45 (C × 45) expression in addition to decreases in
connexin 43 (C × 43) expression; these changes result in reduced gap junction cou-
pling. Gap junctional connexin proteins (connexin 40 [C × 40], C × 43 are a de-
terminant of myocardial conduction and are implicated in the development of AF
(Kanagartnam et al. 2004). The pattern of atrial activation is related to immunocon-
focal connexin signal only in the fully remodeled atria of chronic AF. This suggests
that intercellular coupling and pattern of atrial activation are interrelated, but only in
conjunction with the remodeling of atrial electrophysiology that occurs in chronic
AF (Kanagartnam et al. 2004). All patients with AF exhibited a concomitant lat-
eralization of gap junctional proteins C × 43, C × 40, and N-cadherin (the major
mechanical junction protein), instead of being confined to the intercalated disKs, as
observed in SR (Kanagartnam et al. 2004). The structural correlate of AF comprises
extensive concomitant remodeling of mechanical and electrical junctions, reduction
of C × 43, and heterogeneous distribution of C × 40. The increase in distance from
E to M impairs endothelial-derived NO diffusion mechanism to the cardiac muscle
(Rosenberger et al. 2006). These changes, along with fibrosis, may underlie conduc-
tion abnormalities (Kostin et al. 2002).

MMP-9 Activation and Structural Remodeling

MMPs are collagenases as well as elastases, but there is a differential turnover rate
of collagen and elastin when activated. Activation of certain MMPs will, therefore,
alter collagen/elastin ratio, disrupt C × 43, and lead to accumulation of intersti-
tial collagen (fibrosis) between the endothelium and myocyte (Rosenberger et al.
2006). There is an inverse relationship between the increase in heart rate and car-
diac elastin/collagen ratio in mice, rats, rabbits, and humans (Rosenberger et al.
2006).Hence, extracellular matrix (ECM) turnover plays an important role in car-
diac remodeling. Previous studies from our lab demonstrated an increase in gelati-
nolytic MMP-2 and -9 activities in endocardial tissue from ischemic cardiomyo-
pathic (ICM) and idiopathic dilated cardiomyopathic (DCM) hearts (Moshal et al.
2005). In chronic volume overload model of CHF in mice, impaired cardiac function
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is associated with endothelial and myocyte apoptosis (Ovechkin and Tyagi 2005).
The mechanism of the phenomena involves activation of MMP-9, leading to cardiac
remodeling and E-M uncoupling. MMP-9 has a major role in ventricular remodeling
associated with endothelial and myocyte apoptosis (Ovechkin and Tyagi 2005).

Influence of Homocysteine on Cardiac Arrhythmias

Homocysteine Metabolomics and CHF

Homocysteine (Hcy) is a homologue of the naturally occurring amino acid cysteine;
it differs in its side chain that contains an additional methylene group before the thiol
group (Moshal et al. 2005). There are at least five ways by which Hcy is accumulated
in the plasma and tissues as shown in Figure 3.1: (1) a methionine-rich protein diet;
(2) methionine demethylation by methyl transferase (MT); (3) Hcy remethylation
by methyl synthase (MS) and a vitamin b12/folate/methyl tetrahydrofolate reductase
(MTHFR); (4) a heterozygous/homozygous trait for CBS activity and B6 deficiency;
and (5) renovascular stenosis and volume retention. Although Hcy plays a constitu-
tive role in DNA/RNA gene methylation (Tyagi 1999; Yi et al. 2000), hyperhomo-
cysteinemia leads to endothelial damage (McCully 1996; Mujumdar et al. 2001),
especially since mammalian endothelial cells lack the CBS enzyme (Finkelstein
1990, 1998). Every 3 mol/liter increase in Hcy level contributes to a 10% increased
risk of coronary heart diseases and a 20% increased risk of stroke (Homocysteine
Studies Collaboration 2002). A common genetic polymorphism, MTHFR C677T,

Fig. 3.1 Metabolomics of Hcy. During gene and protein methylation, S-adenosyl homocysteine
(SAH) is generated by methyl transferase and methionine. SAH hydrolase (SAHH) generates Hcy.
DZA blocks SAHH, otherwise Hcy induces NOS, NADH oxidase and decreases thioredoxin in
mitochondria. Hcy inhibits DDAH and increases ADMA causing decrease in NO. Deficiency in
MTHFR and CBS increases Hcy. The decrease in kidney ability to filter increases Hcy.
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which determines Hcy levels, also has similar effects on heart disease and stroke
(Shcherbak et al. 1999; Klerk et al. 2002; Wald et al. 2002; Kaye et al. 2002). The as-
sociation between this polymorphism and heart disease is unlikely to be confounded
by other factors, such as smoking or blood pressure, but influences Hcy levels, sug-
gesting a causal association between Hcy and heart disease or stroke (Davey and
Ebrahim 2003). A secondary prevention trial (Clarke and Collins 1998) of folic
acid supplementation demonstrated unequivocally that folate and other B-complex
vitamins protect against heart disease. Another study demonstrated a beneficial ef-
fect on the rate of revascularization (Schnyder et al. 2002). A trial with stroke pa-
tients did not demonstrate a robust difference in recurrent stroke associated with
a reduction of Hcy levels by 2 mol/liter (Toole et al. 2004). Although the overall
risk of heart disease with Hcy may be small, there is evidence of synergism be-
tween Hcy and other risk factors such as smoking (Graham et al. 1997; Fallon et al.
2003), hypertension (Fallon et al. 2001), diabetes (Audelin and Genest 2001), and
insulin resistance (Fonseca et al. 2003). Plasma Hcy has been suggested as a newly
recognized risk factor (Herrmann et al. 2005). It was found that there is a consis-
tent association of plasma Hcy with clinical and echocardiographic measures of
CHF; this indicates that there is a relationship between Hcy and the severity of CHF
(Herrmann et al. 2005). In fact, hyperhomocysteinemia is common in CHF,
and is found to be related to disease severity that creates a metabolic imbal-
ance (Naruszewicz et al. 2006). The metabolic imbalance is evidenced by hyper-
uricemia, which predicts poor long-term prognosis (Naruszewicz et al. 2006). The
elastin/collagen ratio was decreased in Hcy-treated animals. The chronic admin-
istration of Hcy increases the heart rate (HR). The withdrawal of Hcy reduces the
Hcy-mediated increase in HR. This suggests that Hcy decreases elastin/collagen and
increases HR. However, the observations that Hcy reduces the elastin/collagen ratio
and increases HR may be associative and not causative (Rosenberger et al. 2006).

Homocysteine and NMDAR

The NMDA receptor (NMDAR) is an ionotropic receptor for glutamate (N -methyl-
D-aspartate is the name of its selective specific agonist) (Wikipedia 2007). When
the NMDAR is activated, the ion channel opens, which nonselectively allows the
influx and efflux of ions. There is a flow of Na+ and small amounts of Ca2+ ions
into the cell and K+ out of the cell (Gao et al. 2006; Wikipedia 2007). The NMDAR
forms a heterodimer between NR1 and NR2 subunits (Gao et al. 2006). Both NR1
and NR2A were expressed in rat carotid arteries. All NMDAR subunits were ex-
pressed in the rat aorta endothelial cells (RAEC); Hcy upregulated NR1 expression
and increased cell proliferation (Chen et al. 2005). Hcy-induced NMDAR activa-
tion is especially important in calcium flux since an increase in calcium has already
been mentioned to induce electrical cardiac remodeling; calcium also plays an im-
portant role in signal transduction that results in structural remodeling and inter-
ruption of connexins that result in fibrosis. The antagonist to the NMDAR protects
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against HCy-mediated oxidative toxic effects in neurons, and protects against in-
crease in HR by NMDA analogue, suggesting that Hcy is an agonist to the NMDAR
(Rosenberger et al. 2006). Hcy could potentially be a ligand to the NMDAR.

Homocysteine and Activation of NMDAR Signaling Cascade

Calpains are a family of cytosolic cysteine proteinases whose enzymatic activities
depend on Ca2+ (Khorchid and Ikura 2002). Hcy can activate calpains via activa-
tion of the NMDAR, which causes a calcium influx, leading to calcium binding by
calpains and calpain activation (Khorchid and Ikura 2002). Members of the calpain
family have been shown to function in processes including integrin-mediated cell
migration, cytoskeletal remodeling, cell differentiation, and apoptosis (Khorchid
and Ikura 2002; Razeghi et al. 2007). Calpain activity is induced during AF and cor-
relates with parameters of ion-channel protein, structural and electrical remodeling.
This suggests that calpain activation represents an important mechanism linking cal-
cium overload to cellular adaptation mechanisms in human AF (Brundel et al. 2002).
With an increase of calcium from NMDAR activation, there comes an activation of
calpain. In primary hippocampal and cerebellar granule (CG) neurons, calcium in-
flux activates calpain and ERK1,2 and increases neurofilament phosphorylation on
carboxy-terminal polypeptide sites known to be modulated by ERK1,2 and to be
altered in AD. Calpeptin, a cell-permeable calpain inhibitor, blocked ERK1,2. It is
concluded that calpains are upstream activators of ERK1,2 signaling (Veeranna et al.
2004). To recapitulate, Hcy induces translocation of active calpain from cytosol to
mitochondria, leading to MMP-9 activation, in part, by causing intramitochondrial
oxidative burst; studies with pharmacological inhibitors of calpain, ERK and the
mitochondrial uncoupler FCCP, suggested that calpain and ERK1/2 are the major
events within the Hcy/MMP-9 signal axis. It was concluded that intramitochondrial
oxidative stress regulates MMP-9 via ERK1/2 signal cascade (Moshal et al. 2006a,
2006b; Gao et al. 2006).

Influence of GPCRs on Cardiac Arrhythmias

The family of G-protein-coupled receptors (GPCRs) contains a conserved struc-
ture of seven transmembrane α-helices. The adrenergic and muscarinic choliner-
gic receptors are important for the heart because they function in the homeostatic
regulation of the cardiovascular system system (Rockman et al. 2002). There are
at least eight subtypes of adrenergic receptors that have been cloned; the β1-AR
is the most predominant subtype, comprising 75–80% of total β-ARs (Rockman
et al. 2002). Interaction of the receptor with an agonist promotes the dissociation
of G-proteins into Gαs (stimulatory), Gαi (inhibitory), and Gβγ (inhibitory) sub-
units. The G-protein subunits then amplify and propagate signals inside the cell



58 Thomas P. Vacek et al.

by modulating the activity of one or more effector molecules, including adeny-
lyl cyclases, phospholipases, and ion channels. The second messengers cAMP and
DAG activate, respectively, protein kinase A (PKA) and protein kinase C (PKC)
(Rockman et al. 2002). Acetylcholine, released on parasympathetic stimulation,
slows HR through activation of muscarinic receptors on the sinus nodal cells and
subsequent opening of atrial muscarinic potassium channel (K ACh) (Gehrmann
et al. 2002). Reduction of the amount of functional Gβγ protein caused a pro-
nounced blunting in carbachol-induced bradycardia as well as the increases in
time- and frequency-domain indexes of HR variability and baroreflex sensitivity that
were observed in wild types (Gehrmann et al. 2002). Data show that the inhibitory
G-protein subunit, Gβγ, plays a crucial role for parasympathetic HR control, si-
nus node automaticity, and atrial arrhythmia vulnerability (Gehrmann et al. 2002).
The AT1 receptor mediates downstream signaling mechanisms through Gαq/Gαi-
dependent and independent mechanisms, which induce hypertrophy, along with
bradycardia (Zhai et al. 2005). Consistent with this result, there is an accelerated
cardiomyopathy in mice with overexpression of cardiac Gαsand a missense muta-
tion in the α-myosin heavy chain (Hardt et al. 2002). Moreover, conditional expres-
sion of a fabricated Gi-coupled receptor decreased HR by up to 80% (Redfern et al.
1999). Short-term Gi signaling events in the heart include inhibition of adenylyl
cyclase and activation of a membrane potassium channel, resulting in a decreased
HR (bradycardia) (Redfern et al. 1999, 2000). In a similar design, conditional ex-
pression of a Gαi-coupled receptor causes ventricular conduction delay and lethal
cardiomyopathy. Likewise, overexpression of cardiac Gαs (stimulatory) exhibited
enhanced HR and contractility in rabbits; in this model, however, the transgene rab-
bit did not develop cardiomyopathy—possibly due to a compensatory increase in
Gαi (Nishizawa et al. 2006).

Crosstalk Mechanism of NMDAR and GPCRs in Hcy-Induced
Cardiac Arrhythmias

GPCRs have been shown to activate a variety of other signaling complexes, includ-
ing receptor tyrosine kinases (RTK), cytoskeletal complexes, as well as signaling
scaffolds (Lee 2003). Stimulation of the GPCR leads to the activation of the intrin-
sic tyrosine kinase activity of the RTK, with subsequent binding of adaptor proteins,
such as Shc, that regulate downstream signaling pathways (Lee 2003). It is clear,
though, that there are multiple pathways capable of transactivating RTKs; GPCRs
can also transactivate RTKs via intracellular effectors, such as Gβγ, Src, and Pyk2
(Lee 2003).

Already, we know the physiological response to chronic GPCR activation is car-
diac arrhythmia: bradycardia or tachycardia depending on whether the G-protein
is stimulatory (Gαs) or inhibitory (Gαi, Gβγ) (Redfern et al. 1999; Gehrmann
et al. 2002; Hardt et al. 2002; Zhai et al. 2005; Nishizawa et al. 2006). A stimu-
latory G-protein results in an increase of intracellular calcium, while an inhibitory
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G-protein results in a decrease of intracellular calcium. Receptors that are able to
activate PLC (phospholipase C) enzymes cause release of Ca2+ from intracellular
stores and influence Ca2+ entry across the plasma membrane (Werry et al. 2003).

Cardiac arrhythmia also results from NMDA activation that triggers calcium in-
flux, and a cascade of intracellular events (Veeranna et al. 2004; Chen et al. 2005;
Moshal et al. 2006a,b). Intuitively, GPCRs utilize the same signal transduction path-
way as the NMDAR since upstream activation begins with an influx of calcium.
This same influx of calcium can result in activation of calpains, MAPKs (ERK1/2),
MMP-9 activation, and cardiac structural remodeling—mirroring the NMDA signal
transduction axis (Shah and Catt 2004).

There are other intracellular effectors that are known to be activated by
G-proteins that further interact with the NMDAR. Several GPCRs are known to
direct tyrosine phosphorylation (Felsch and Cachero 1998). Stimulation of the m1
muscarinic receptor leads to the tyrosine phosphorylation of Pyk2. This phospho-
rylation of Pyk2 induces two cytosolic proteins (c-src, Grb-2) to bind to Pyk2. By
activating an src tyrosine kinase, this begets activation of the MAPK pathway, which
further enhances the effect of NMDAR activation (Bi et al. 2000). The enhanced ef-
fect of NMDAR activation occurs because the NMDAR signal transduction axis is
utilized. Estrogen stimulates tyrosine phosphorylation of NMDAR via an src ty-
rosine kinase/MAPK pathway (Bi et al. 2000). Activation of tyrosine kinase src
potentiates NMDAR currents; this is thought to be necessary for induction of hip-
pocampal long-term potentiation (Zheng et al. 1998). The carboxy terminal domain
of the NR2A subunit contains potential tyrosine phosphorylation sites (Zheng et al.
1998). In an unrelated signaling pathway that utilizes neuregulin1 (NRG1), there
is a modulation of NMDAR phosphorylation via intracellular tyrosine kinases, Fyn
and Pyk2. These kinases stimulate phosphorylation on the NR2B subunit of the
NMDAR(Bjarnadottir et al. 2007).

Hypothesis: Backtalk via Hcy-Induced NMDAR Activation
Modulates G-Proteins

It is already clear that GPCR activation feeds into the NMDAR signal transduction
axis, and heightens the physiological effect of cardiac arrhythmias (Zheng et al.
1998; Felsch and Cachero 1998; Bi et al. 2000; Lee 2003; Shah and Catt 2004).
Effectors that modulate GPCR activation also physically modify the NMDAR itself
via intracellular tyrosine kinases (Bjarnadottir et al. 2007). This one-way crosstalk
from GPCRs to NMDA has already been elucidated. However, it is unknown
whether Hcy-induced NMDAR activation can crosstalk to GPCRs and modulate
G-proteins: Gαs, Gαi. This feedback to GPCRs may be mediated by a number of
possible events; perhaps calpain or members of the MAPK cascade that includes
ERK1/2 and MMP-9, or even reactive oxygen species may feed back to GPCRs and
potentiate G-proteins. Or, perhaps the influx of calcium from NMDAR activation
may somehow activate the GPCR signal transduction axis, including G-proteins.
Our specific interest begins in knowing exactly whether Hcy-induced activation of
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NMDAR can feed back to GPCRs and modulate G-proteins—Gαs, Gαi—before
beginning to elucidate the players that modulate this kind of backtalk. Cardiac tis-
sue will be acquired from wild-type mice and CBS mice that were administered Hcy
until cardiomyopathy develops, at which time the mice are sacrificed. Western blot
will test for the expression of Gαs and Gαi relative to control mice. We assume that
backtalk can only result in amplification of the original pathology since pathology
does develop from NMDAR activation (Salter 2003). This pathology results from an
increase in calcium; an increase in calcium via the GPCR signal axis results from an
increase in expression of Gαs (stimulatory) protein. In a related design using car-
diomyocytes, G-protein expression will be determined in wild-type samples, Hcy
samples, and Hcy with NMDA blocker samples. This design will allow us to deter-
mine whether the Hcy-induced cardiac arrhythmia and potentiation via G-proteins is
mediated by NMDAR activation. In addition to acting as a ligand to NMDAR, Hcy
also directly activates PAR-4, a GPCR that utilizes G-proteins (Tyagi et al. 2005).
The variable expression of G-proteins, then, is not only due to activation of NM-
DAR by Hcy, but is also due to activation of PAR-4, a GPCR. This, however, will
not interfere with testing for variable expression of G-proteins when knocking out
the NMDAR in cardiomyocytes to determine if backtalk occurs from NMDAR to
GPCR G-proteins. Figure 3.5 illustrates this proposed mechanism along with what
is already known about the signal transduction axis.

Constitutive role of Hcy: Hcy plays a significant role in modulating cardiovascu-
lar, renal, and brain microvascular function. In the presence of CBS and CGL, Hcy
generates H2S (a gas that relaxes the vessels wall) (Figure 3.2). Therefore, Hcy plays
a constitutive role in modulating the cardiovascular function. The rate-limiting steps
are the enzymes CBS and CGL in generating H2S; therefore, the deficiencies in one
of these enzymes may lead to cardiovascular dysfunction or in brain to vascular
leakage and dementias and strokes.

Load creates hyperhomocysteinemia (HHcy): The chronic pressure or volume
overload by hypertension, aortic stenosis, and aortic vena cava fistula increases Hcy
by volume retention, in addition, by decreasing the activities of MTHFR, MS, CBS,
and CGL enzymes (Figure 3.3). During load Hcy chelates the Cu2+ in CytC, Cox,

Fig. 3.2 Hcy generates H2S that relaxes the vascular endothelium. The rate-limiting steps are the
CBS and CGL in generation of H2S. The deficiency in CBS or CGL causes increase in Hcy and
leads to vascular dysfunction.
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Fig. 3.3 During load the Hcy metabolic enzymes are decreased. This causes increase in Hcy that
chelates the metal ions, creating apoenzymes. Metal-Hcy is excreted from the cell. The treatment
with copper-dependent ceruloplasmin mitigates the Hcy-dependent decrease in intracellular met-
alloenzymes.

and lysyl oxidase, therefore deactivates these enzymes and copper is transported out
of the cell. The copper supplement by ceruloplasmin ameliorates the load-induced
HHcy and copper deficiency.

Latent MMP are activated by Hcy: In the heart most of the resident MMP are in
latent form by forming ternary complex between MMP/NO/TIMP. However, dur-
ing HHcy and oxidative stress by generation of Hcy-peroxynitrite intermediate the
TIMP is oxidized and MMP is activated in the milieu of ECM and basement mem-
brane of the endothelium (Figure 3.4).

Fig. 3.4 Oxidative stress and increase in reactive oxygen species (ROS) and reactive thiol species
(RTS) decreases constitutive NO in MMP/TIMP/NO ternary complex and generates reactive nitro-
gen species (RNS) and nitrotyrosine. This process oxidizes the TIMP and liberates active MMP.
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Fig. 3.5 Bidirectional crosstalk. The solid arrows indicate the known activation of molecular
species while the dotted arrows indicate one possible model for bidirectional crosstalk. Current
research only establishes a one-way crosstalk from GPCRs to NMDA receptor.

Spatial role of NO and mitochondrial NO: There are three nitric oxide synthases
(NOS). The endothelial NOS (a calcium-dependent enzyme) is adjacent to the mus-
cle and controls the muscle tone by NO generation; however, decrease in this NOS
activity causes muscle dysfunction. The neuronal NOS (a calcium-dependent en-
zyme) is also close to the muscle and controls sympathetic and parasympathetic
tones of the muscle. Imbalance in nNOS activity can lead to arrhythmogenesis. The
inducible NOS is primarily present in the macrophage/neutrophils and calcium in-
dependent. The activation of macrophage/neutrophils generates robust amounts of
NO. This NO in conjunction with ROS generates peroxynitrites and leads to pro-
tein oxidation and nitration of the tyrosine. Like NOS in macrophage/neutrophils,
the mitochondrial NOS is also inducible; unlike macrophage/neutrophils, the mito-
chondrial NOS is calcium dependent. The NO generated by mtNOS in conjunction
with NADPH oxidase generated by ROS increases oxidative stress. Therefore, the
locations of NO generation are very important in annexing the role of NO as to
friend or foe.

Summary

Homocysteine binds to GPCRs and NMDAR, which activates separate, though not
mutually exclusive, signal transduction pathways; this results in the physiological



3 Homocysteine Homeostasis in the Heart 63

effect of cardiac arrhythmias. Cardiac arrhythmias result from structural and elec-
trical remodeling that further cause CHF and SCD. G-proteins modulate this effect
of cardiac arrhythmias, in part, by increasing or decreasing intracellular calcium.
The GPCR signal transduction pathway feeds into the NMDAR signal transduction
axis. However, it is currently unknown whether the NMDAR signal transduction
pathway can backtalk to GPCRs to modulate G-proteins. Knowing how the path-
ways feed into each other can help in designing more robust gene therapy drugs to
treat cardiac arrhythmias (Praveen et al. 2006).
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Chapter 4
The Role of the Beta-Adrenergic Signal
Transduction Pathway in Myocardial Protection

Johan Moolman, Erna Marais, Sonia Genade, Syanda Makaula,
and Amanda Lochner

Abstract Beta-adrenergic activation is a major factor causing myocardial damage
in the context of ischemia. Activation of the beta-adrenergic signal transduction
pathway can, however, also elicit protective responses in the myocardium. Acti-
vation of the beta-adrenergic signal transduction pathway participates in the pro-
tective effect of ischemic preconditioning, and administration of catecholaminergic
agents such as isoproterenol and noradrenaline can elicit pharmacological precon-
ditioning. Protection induced by beta-adrenergic activation (beta-adrenergic pre-
conditioning) elicits both classic (early) and delayed (late) preconditioning and uti-
lizes adenosine to mediate acute protection, while utilizing NO in pharmacological
late beta-preconditioning. It is unclear which beta-adrenergic receptor subtype is
involved in mediating protection, with evidence for a role of both the “harmful”
receptor, beta1, and the beta2 adrenergic receptor. Our own findings suggest cAMP
and PKA as the second messengers involved in this ability of beta-adrenergic ac-
tivation to activate a protective response during the triggering phase of protection,
whereas attenuation of activation of p38 MAPK during ischemia is involved in
protection against ischemia-mediated necrosis and apoptosis.

Introduction

The deleterious consequence of activation of the beta-adrenergic signal transduc-
tion pathway in the context of myocardial ischemia is widely appreciated. However,
there is also evidence that beta-adrenergic activation can result in myocardial pro-
tection against ischemia. The reason for the differences in beta-adrenergic effects
probably relates to the existence of subtypes of beta-adrenergic receptors which are
coupled to different signal transduction cascades which can either elicit damaging or
protective intracellular responses. Beta1-adrenergic activation results in intracellu-
lar calcium overload, oxygen wastage, and radical oxygen species generation, con-
tributing to myocardial necrosis as well as apoptosis. This is the basis of the rationale
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for beta-adrenergic blockade therapy of patients with ischemic heart disease, both
in the setting of acute myocardial infarction and for the management of chronic is-
chemic heart disease. The protective effects of beta-adrenergic activation have been
less well studied, but activation of the beta2-adrenergic signal transduction pathway
seems to be involved with protective and antiapoptotic effects.

Ischemic preconditioning refers to the phenomenon whereby a short, transient
episode of ischemia elicits endogenous protection against a subsequent sustained
episode of ischemia (Murry et al. 1986). The protective effect of preconditioning can
be immediate, which is referred to as “acute” or “classical preconditioning” (Yellon
and Downey 2003). The protective effect of acute preconditioning is transient and
is lost within a few hours but becomes manifest again after 24 hours, called “late
preconditioning” or “second window of protection” (Yellon and Downey 2003). Nu-
merous agonists, receptors, and signal transduction pathways have been implicated
in the mechanism of ischemic preconditioning (Gross and Gross 2006). We have
studied the role of the beta-adrenergic signal transduction pathway in both classical
and late preconditioning, and our findings showed it to be an important contributor
to the mechanism of ischemic preconditioning against both myocardial infarction
(Lochner et al. 1999) and apoptosis (Moolman et al. 2006), and as a pharmacolog-
ical means of eliciting both classical (Lochner et al. 1999) and late precondition-
ing (unpublished observations). Furthermore, our investigations suggest adenosine
as a mediator of beta-adrenergic preconditioning and implicate attenuation of the
p38 MAPK signal transduction pathway in the mechanism of its protection against
apoptosis and necrosis.

Agonist/Receptor Interactions and Signal Transduction
Pathways in Ischemic Preconditioning

Following the description of the phenomenon of ischemic preconditioning by Murry
and coworkers (1986) and the recognition that it was an extremely potent form
of protection, experimental investigations strived to elucidate the mechanism. Al-
though metabolic changes such as ATP sparing and glycogen depletion received
attention initially, it soon became apparent that the phenomenon was due to an in-
teraction between the agonist adenosine and its receptor (Liu et al. 1991). Subse-
quently, other agonists and receptor interactions were recognized as either being
involved in the mechanism of ischemic preconditioning, or able to mimic it phar-
macologically after being administered, as for bradykinin, opioids, adrenergics, and
muscarinics (Gross and Gross 2006).

In addition to agonist–receptor interactions the signal transduction pathways in-
volved in the protective effect have been elucidated. In ischemic preconditioning
adenosine acts through the A1, A2A, and A3 receptor subtypes (the exact impor-
tance of each subtype is still being investigated) and activation of PKC, and specifi-
cally the – ε isotype is important in the downstream signal transduction events lead-
ing to protection (Ytrehus et al. 1994). The actions of bradykinin are most likely
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mediated by ligand binding to the B2 receptor, but the role of the B1 receptor is
still receiving attention. Opioids exert their protective effects through activation of
δ and κ opioid receptor subtypes. The receptor subtypes involved by muscarinics
are not currently known (Gross and Gross 2006). Investigations into the mecha-
nism of preconditioning have shown that ischemic preconditioning and pharmaco-
logical preconditioning with agonists mentioned above converge on common signal
transduction pathways or share common mediators of protection. There is good ev-
idence that the salvage kinases, specifically PI3K, ERK, and PKB (Hausenloy et al.
2005), play a pivotal role as final mediators of preconditioning for most ligands in-
volved in preconditioning. These pathways have been suggested to cause inhibition
of GSK3β, which inhibits the mitochondrial permeability transition pore (MPTP)
(Juhaszova et al. 2004).

Beta-Adrenergic Involvement in Ischemic Preconditioning:
Catecholamine Release and Beta-Adrenergic Receptor
Activation

Ischemia-mediated release of catecholamines and concomitant increase in tissue
cAMP were well described by the time preconditioning was reported (Schömig
et al. 1984). The possibility that adrenergic receptors could be involved in precon-
ditioning was therefore raised early on. In initial studies it was reported that alpha-
adrenergic receptors were involved in preconditioning (Banerjee et al. 1993). In
our own studies, we could not demonstrate any role for alpha-adrenergic activation
in ischemic preconditioning, as prazosin, an alpha-1 adrenergic receptor blocker,
could not prevent ischemic preconditioning, and no protection was elicited with the
alpha-1 adrenergic agonist phenylephrine (Moolman et al. 1996a). The involvement
of the beta-adrenergic signal transduction system was suggested by Asimakis et al.
(1994) who demonstrated protection against global ischemia by pharmacological
preconditioning with noradrenaline and isoproterenol which could be blocked by
propranolol. In these studies, no role for the alpha-adrenergic receptor activation
could be demonstrated either.

The above observations and findings in our laboratory that cAMP increased in
a cyclic fashion at the end of each episode of a three times 5 min (3 × 5 min) is-
chemic preconditioning protocol (see Figure 4.1) strongly suggested a role for the
beta-adrenergic signal transduction system in ischemic preconditioning (Lochner
et al. 1998, 1999), and we undertook a systematic investigation into the changes
in this system at different levels during preconditioning as well as during sustained
ischemia. The first question we investigated was whether the increase in cAMP
seen during the triggering phase was due to catecholamine release. This matter
was not clear at that stage, as studies on the release of catecholamines had been
done only after periods of 10 min ischemia or longer (Schömig et al. 1984). The
work of Strasser et al. (1990) clearly showed that ischemia caused an increase in
cAMP. This increase in cAMP was due to increased beta-adrenergic receptor density
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Fig. 4.1 Tissue cAMP levels during a multicycle preconditioning (3×5 min) protocol. PC1-, PC2-,
PC3-: samples taken at the end of each 5-min period of the ischemic preconditioning protocol.
Reserp.: hearts from animals reserpinized (7 mg/kg) 24 hours before experimentation.

and PKC-mediated sensitization of adenylyl cyclase, and not to catecholamine re-
lease as alprenolol could not prevent or decrease the increase in cAMP in response
to ischemia, negating a role for catecholamine-mediated activation of the beta-
adrenergic receptor (Strasser et al. 1990). However, cAMP changes were only stud-
ied at 15 min ischemia or longer, which is significantly longer than the duration of
ischemia used in preconditioning. Comparing the ability of myocardium to gener-
ate cAMP during a preconditioning protocol of 3 × 5 min ischemia in control and
reserpinized rats, we found the increase in cAMP significantly attenuated in the lat-
ter group (Figure 4.1) (Lochner et al. 1999). These results suggested catecholamine
release and beta-adrenergic activation during the short periods of ischemia as used
in preconditioning, to cause the increase in cAMP seen during the preconditioning
protocol. These observations suggested the possibility of catecholamine-mediated
beta-adrenergic activation as part of the mechanism of preconditioning.

Beta-Adrenergic Activation as Trigger in Ischemic
and Pharmacologic Preconditioning

The question arose whether these observed changes in cAMP, and by implication,
beta-adrenergic activation, played any role in the cardioprotection of ischemic pre-
conditioning. Using the beta-1 adrenergic blocker alprenolol 7.5 × 10−5 M during
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the triggering phase, we showed the protective effect of a 3 × 5 min ischaemia pre-
conditioning protocol to be significantly attenuated but not abolished in an isolated
perfused working heart model (Lochner et al. 1999). This indicated that although
the beta-adrenergic system was involved in ischemic preconditioning, subsequent
cardioprotection was not solely dependent on it. In a rabbit model of infarct size,
tyramine-induced release of endogenous catecholamines elicited protection compa-
rable to ischemic preconditioning that was alpha-1 adrenergic dependent,(blocked
by BE 2254, an alpha-1 adrenergic blocker), but was not affected by beta-adrenergic
blockade with propranolol (Thornton et al. 1993). These authors also found that BE
2254 had no effect on ischemic preconditioning, but did not study the effect of beta-
adrenergic blockade. They concluded that catecholamines could mimic ischemic
preconditioning, but was not involved in the protective effect of ischemic precondi-
tioning, a conclusion that was not fully substantiated, due to the lack of generating
data with a beta-adrenergic blocker. Recent findings by Mallet et al. (2006) that pre-
conditioning with intermittent hypoxia in dogs was blunted but not abolished (in-
farct size decreasing from 38 ± 6% to 1.1 ± 0.3% in preconditioned dogs, increased
to 27 ± 3% with the beta-1 blocker metoprolol), are in agreement with ours.

If beta-adrenergic activation played a role in ischemic preconditioning, it was
hypothesized that pharmacological activation of the beta-adrenergic receptor should
be able to elicit protection against ischemia. Indeed, as alluded to above, Asimakis
and coworkers (1994) had demonstrated the ability of isoproterenol to elicit protec-
tion against global ischemia using functional recovery as endpoint. We found this
protective ability of isoproterenol to be protocol dependent—protection could only
be elicited by a single administration of concentrations varying between 10−6 M
and 10−8 M, whereas multiple cycles resulted in severe mechanical failure dur-
ing reperfusion after exposure to a long period of ischemia (Lochner et al. 1999)
(Figure 4.2). Pharmacological preconditioning with beta-adrenergic activation in rat
hearts was also demonstrated by Nasa et al. (1997) using norepinephrine (0.25 µM),
phenylephrine (10 µM), and isoproterenol (0.25 µM) administered for 2 min, fol-
lowed by 10 min drug-free perfusion before exposure to ischemia-reperfusion. In
this work, left ventricular developed pressure was significantly increased in hearts
preconditioned with noradrenaline and isoproterenol but not phenylephrine, and the
beta-1 adrenergic blocker timolol abolished the protective effect of norepinephrine,
whereas bunazosin, an alpha-1 adrenergic receptor blocker, had no effect. The syn-
thetic beta agonist dobutamine has also been shown to elicit pharmacological pre-
conditioning (Asimakis and Conti 1995).

Pharmacological preconditioning with anaesthetic agents, using similar intra-
cellular mechanisms as ischemic preconditioning, has been described. Recently,
Lange et al. (2006) demonstrated involvement of the beta-1 adrenergic pathway
in anaesthetic preconditioning elicited with desflurane and sevoflurane as well as
ischemic preconditioning in rabbits. Desflurane and sevoflurane reduced infarct size
to 34±2% and 36±5%, respectively, compared to 61±4% in controls. Anaesthetic
preconditioning was abolished by esmolol, a beta-1 adrenergic blocker (infarct size
57 ± 2% and 52 ± 4% for desflurane and sevoflurane, respectively), while ischemic
preconditioning was attenuated to 40 ± 4%. These findings are important as they
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Fig. 4.2 (a) Aortic output during reperfusion after 25 min global ischemia of hearts precondi-
tioned with different concentrations of isoproterenol. (b) Aortic output during reperfusion af-
ter 25 min global ischemia of hearts preconditioned with different concentrations of forskolin
(10−6–10−8 M).

suggest that both ischemic and anaesthetic preconditioning share a mechanism,
namely, beta-1 adrenergic signal transduction activation.

PKA and Preconditioning

As stated above, cyclic elevations in tissue cAMP levels during a preconditioning
protocol, induced by ischemia or beta-adrenergic stimulation, appear to be pivotal
in eliciting cardioprotection. However, the significance of downstream events such
as PKA and p38 MAPK activation has not yet been established without a doubt.
Using isolated rat hearts, we observed 55% and 87% increases in PKA activation
after ischemic (1 × 10 min) or beta-adrenergic preconditioning (forskolin, 0.3 ×
10−6 M; 1 × 5 min), respectively (Makaula et al. 2005). Cyclic elevations in PKA
activation during a preconditioning protocol were also observed by others (Lan et al.
2005; Inserte et al. 2004).

As in the case of cAMP, activation of PKA during ischemia is potentially harm-
ful, for example, causing phosphorylation and activation of the L-type Ca2+ chan-
nels, thereby promoting the harmful effects of Ca2+ influx into the cardiomyocyte
(Tsien 1983; Bunemann et al. 1999) and hyperphosphorylation of the ryanodine re-
ceptor to liberate excess amounts of Ca2+, as may occur in heart failure (Marks
2003). The harmful effects of cAMP accumulation during ischemia may be due, at
least in part, to activation of PKA. However, activation of PKA has also been linked
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to cardioprotection. Brief exposure to beta-agonists (Sanada et al. 2004; Lochner
et al. 1999), or an adenylyl cyclase activator (Lochner et al. 1999; Makaula et al.
2005) or phosphodiesterase type III inhibitors (Sanada et al. 2001; Nomura et al.
2003), all of which cause rapid activation of PKA, protect the heart against subse-
quent ischemia, independently of PKC.

The necessity of PKA activation for successful preconditioning is demonstrated
by the following: (i) the beta-adrenergic receptor blocker alprenolol partially abol-
ished ischemic preconditioning (Lochner et al. 1999); (ii) landiolol, a short-acting
beta-blocker, blunted the infarct size limitation induced by ischemic preconditioning
(Sanada et al. 2004); (iii) PKA inhibitors such as H89 (Sanada et al. 2004; Inserte
et al. 2004) and Rp-cAMPs (Sanada et al. 2004) blunted ischemic and dibutyryl-
cAMP-induced preconditioning.

The putative role of PKA activation after beta-1 adrenergic receptor stimulation
with xamoterol was further confirmed by the finding that both atenolol and H89
completely abolished protection (Robinet et al. 2005). These workers also showed
that, besides PKA, transduction mechanisms following beta-1-adrenergic receptor
stimulation, also involved PI-3K and PKC, with PKA activation occurring prior
to PKC.

Possible mechanisms of action of PKA include (i) calpain inhibition, resulting
in reduced hydrolysis of structural proteins, reduced sarcolemmal fragility and less
cell death (Inserte et al. 2004); (ii) activation of p38 MAPK and its downstream ef-
fector HSP27, which, in turn, increase the resistance of the cytoskeleton to confor-
mational changes and fragmentation (Martin et al. 1997); and (iii) phosphorylation
of phospholamban, leading to increased Ca2+ uptake into the SR, thereby reduc-
ing cytosolic Ca2+ levels (Sichelschmidt et al. 2003). How these events occurring
during a preconditioning protocol translate into cardioprotection during sustained
ischemia, remains to be elucidated.

In contrast to the above studies, we recently made the interesting observation
that PKA inhibition by H89 when given 5 min before preconditioning with 10 min
transient ischemia or forskolin (0.3 × 10−6 M for 5 min) augmented postischemic
functional recovery and reduced infarct size (see Figures 4.3 and 4.4). For example,
H89 administered for 5 min before 10 min transient ischemia reduced the infarct size
from 13.4±1.0% (preconditioning alone) to 7.0±0.93 (p < 0.01). In view of its pu-
tative harmful effects it appears that PKA activation may offset some of the benefits
of incomplete preconditioning (such as 1 × 10 min ischemia). It should also be kept
in mind that PKA-independent cAMP pathways may be activated by the precondi-
tioning trigger to promote contractile recovery and to decrease infarct size following
ischemia/reperfusion. Many of the cAMP functions previously attributed to PKA,
may be dependent on a novel cAMP receptor protein, the guanine nucleotide ex-
change factor Epac (Kawasaki et al. 1998; Mei et al. 2002). In HEK cells activation
of Epac leads to a prosurvival response via phosphatidylinositol-3-kinase-dependent
protein kinase B(Akt) activation, while stimulation of PKA inhibits Akt (Mei et al.
2002).

These results suggest that PKA activation during a single-cycle ischemic or phar-
macological preconditioning protocol is actually harmful for the preconditioning
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Fig. 4.3 Mechanical performance of retrogradely perfused hearts during reperfusion after 30 min
global ischemia. (A) Hearts were pretreated with H89 (2 × 10−6 M) for 10 min before onset of
ischemia. (B, C) Hearts were preconditioned with 1 × 10 or 3 × 5 min ischemia or forskolin
(1 × 5 min; 0.3 × 10−6 M). H89 (2 × 10−6 M) was administered for 5 min before and during
the preconditioning protocols. ∗ p < 0.05 versus controls; #p < 0.05 versus PC 1 × 10 min or
forskolin.
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Fig. 4.4 Infarct size as expressed as a percentage of area at risk. Hearts were treated as described
in Figure 4.3.

process and that H89, by inhibiting PKA, enhances the effects of suboptimal
preconditioning with ischemia or beta-adrenergic stimulation. These observations
contradict results obtained by others, as mentioned above, where H89 was observed
to abolish or attenuate cardioprotection. Differences in experimental protocol and
model (in vivo versus in vitro) and species may account for the differences observed.
For example, Sanada et al. (2004) used anaesthetized, open-chest dogs, while In-
serte et al. (2004) used a two-cycle preconditioning protocol, in combination with a
very high concentration of H89 (1 × 10−5 M). At this high concentration H89 also
significantly affects other kinases (Davis et al. 2000). Robinet et al. (2005), while
using the same H89 concentration (1 µM) as ourselves, used a lower concentration
of beta-stimulation and a longer period of global ischemia (40 min). It would seem
that the experimental protocol plays an important role in our study: we found the
beneficial effect of H89 on contractile recovery and infarct size only when it pre-
ceded suboptimal single-cycle preconditioning or forskolin administration, thereby
allowing scope for the improvement with PKA inhibition and this could be the basis
for the differing results obtained.

Finally, the finding that PKA activation during a preconditioning protocol is ac-
tually harmful, contradicts the generally accepted assumption that it contributes to
triggering the cardioprotective process. Since cAMP is a prerequisite in this process,
signaling must occur via an alternative pathway, presumably via the Epac protein.
Recent studies from our laboratory showed that Epac is rapidly activated by is-
chemia as well as by beta-adrenergic preconditioning and is enhanced by simul-
taneous PKA inhibition. The latter finding confirms the evidence of an alternative
beta-adrenergic signaling pathway in the myocardium (unpublished observations).
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Possible Mechanisms of Beta-Adrenergic Preconditioning:
A Decrease in Tissue AMP During Sustained Ischemia

The role of cAMP accumulation during a long period of ischemia in mediating
necrosis and arrhythmias is well recognised (Marks 2003). We asked the question
whether the perturbations of the beta-adrenergic system had an effect on cAMP
accumulation during the sustained period of ischemia. Indeed, accumulation of in-
tracellular cAMP levels during sustained ischemia was less in preconditioned hearts
than in controls, both in rats (Moolman et al. 1996b) (Figure 4.5) and in rabbits
(Sandhu et al. 1996, 1997), and interventions such as beta-adrenergic blockade and
depletion of endogenous catecholamines by prior reserpine treatment mimicked the
effects of preconditioning, causing less cAMP accumulation during ischemia and
resulting in functional protection (Moolman et al. 1996b). These observations sug-
gested a decrease in beta-adrenergic signal transduction during sustained ischemia.

This observation raised the question as to the mechanism of the decrease
in cAMP, and whether the decrease in cAMP during sustained ischemia was
responsible for the protective effect of preconditioning. Our approach was to

Fig. 4.5 (A) Protocols for non-preconditioned and preconditioned hearts. Arrows indicate times
of freeze-clamping. (B) cAMP content of hearts during sustained ischemia. ∗ p < 0.05 versus
non-PC.
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study the state of the beta-adrenergic signal transduction system in terms of beta-
adrenergic receptor density and affinity, forskolin-stimulated adenylyl cyclase ac-
tivity, and PKA activity of the myocardium immediately following the precondi-
tioning protocol, i.e., immediately prior to the sustained ischemia (Lochner et al.
1999). We found an increase in density and affinity of the beta-receptor following a
preconditioning protocol of 3 × 5 min ischemia and 5 min reperfusion, Bmax being
increased by 39% and Kd decreased by 35%. Adenylyl cyclase and PKA activities
increased significantly with each cycle of preconditioning, but at the end of three
episodes of 5 min ischemia and 5 min reperfusion both were reduced. The effect of
these changes was assessed by investigating cAMP generation in response to isopro-
terenol of hearts preconditioned with a 3×5 min cycle of ischemia and 5 min reper-
fusion. cAMP increased significantly in non-preconditioned hearts, but remained
unchanged in preconditioned hearts (Figure 4.6), indicating desensitization. cAMP
generation in response to forskolin, however, did not differ between preconditioned
and non-preconditioned hearts, indicating that the reduced response was at beta-
adrenergic receptor level. Our findings are supported by Simonis et al. (2003) who
found that beta-adrenergic density increased with repeated cycles, but sensitization
of adenylyl cyclase was lost after more than one cycle of 5 min ischemia and reper-
fusion. These findings suggest reduced responsiveness of the beta-adrenergic signal
transduction pathway in preconditioned hearts as the mechanism of reduced cAMP
accumulation during the sustained ischemia. However, this seems to differ from
rabbits, as Sandhu et al. (1996) found no evidence for reduced responsiveness to
isoproterenol in preconditioned rabbit hearts, and based on results obtained with
propranolol concluded that reduced cAMP accumulation in preconditioned rabbit
hearts was mediated by an attenuated norepinephrine release.

The question remained how reduced cAMP accumulation during sustained is-
chemia related to the mechanism of ischemic preconditioning. Administration of
forskolin to preconditioned hearts resulted in an increase in cAMP during sustained
ischemia, but did not abolish protection in our isolated working rat heart model
(Moolman et al. 1996b). Sandhu et al. (1996) used NKH477 to activate adenylyl
cyclase and increase cAMP in preconditioned hearts during ischemia, and likewise
found no loss of protection as measured with infarct size in rabbits. These data
strongly suggest that the preconditioning-induced reduction in cAMP accumulation
seen during sustained ischemia is a reflection of protection, rather than a causal
factor.

p38 MAPK and HSP27

Previous studies from our laboratory suggested a dual role for p38 MAPK in both
ischemic and beta-adrenergic preconditioning (Marais et al. 2005): activation of the
kinase during the preconditioning protocol had a triggering action, while attenuation
of its phosphorylation during sustained ischemia may act as mediator of protec-
tion. Significant phosphorylation of cytosolic and myofibrillar HSP27 also occurred
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Fig. 4.6 cAMP generation in non-PC and PC hearts in response to isoproterenol and forskolin.
Arrows indicate time of administration of the drugs. One series of hearts was reserpinized 24
hours before experimentation. ∗ p < 0.05.

during both protocols; this was maintained throughout the sustained ischemic pe-
riod. According to our results attenuation of p38 MAPK activation and elevation of
HSP27 phosphorylation during sustained ischemia are prerequisites for cardiopro-
tection. However, contradictory results regarding the exact role of p38 MAPK have
been published (Mocanu et al. 2000; Steenbergen 2002) and the matter warrants
further investigation.

The cardioprotective actions of the small heat shock proteins are by now well es-
tablished (Chi and Karliner 2004). However, how they confer protection is still un-
clear. Among others, they may act as chaperones (Georgopolous and Welch 1993),
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stabilize the cytoskeleton (Larsen et al. 1997), or inhibit apoptosis (Rane et al.
2003).

The Role of Adenosine in Mechanism
of Beta-Adrenergic Protection

The mechanism of beta-adrenergic preconditioning has not been fully elucidated,
but knowledge about it is evolving. The first agonist identified to cause recep-
tor/ligand interaction and to elicit the protective effect of ischemic preconditioning
was adenosine (Liu et al. 1991), an effect that was dependent on the activation of
protein kinase C (Ytrehus et al. 1994). It is conceivable that beta-adrenergic acti-
vation causes demand ischemia, resulting in adenosine production and the down-
stream activation of its effectors. We have investigated this possibility by perfus-
ing isolated rat hearts with buffer containing adenosine deaminase (ADA), which
rapidly breaks down adenosine. Administration of ADA during the triggering period
of beta-adrenergic preconditioning (i.e., bracketing the 5-min cycle of isoproterenol
administration) abolished the protective effect, suggesting that beta-adrenergic ac-
tivation functions through adenosine (Figure 4.7) (unpublished observations). In-
deed, Thornton et al. (1993) also showed that induction of preconditioning by
tyramine-mediated release of endogenous catecholamines in rabbits was blocked by
the nonselective adenosine blocker PD115,199, thus proving a role for adenosine
in adrenergic-mediated preconditioning. Yabe et al. (1998) subsequently showed
that beta-adrenergic preconditioning elicited by isoproterenol was abolished by the

Fig. 4.7 Infarct sizes of beta-adrenergic preconditioned hearts: effects of 5-hydroxy-decanoate
(1 × 10−4 M) or adenosine deaminase (0.3 U/ml) pretreatment. The drugs were given for 5 min
before and during the administration of isoproterenol (1 × 10−7 M).
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PKC inhibitor polymyxin B. If this was true, one would expect beta-adrenergic pre-
conditioning to share another characteristic of adenosine-mediated preconditioning,
such as independence from activation of the mitochondrial KATP channel. Indeed,
in our own laboratory, administration of 5-hydroxydecanoate (5-HD) did not have
any effect on beta-adrenergic protection, supporting this notion (Figure 4.7) (unpub-
lished observations).

Role of the Beta-Receptor Subtype

In view of the fact that activation of beta-1 and beta-2 adrenergic receptors clearly
has a different effect on the response of the myocardium to ischemia (Cross et al.
1999), which even differs between different sexes (Cross et al. 2002), one question
which is currently being addressed is which beta-adrenergic subtype is involved in
the protective effect of beta-adrenergic preconditioning. Due to the mediating action
of adenosine in beta-adrenergic preconditioning, beta-1 adrenergic activation would
seem more logical, the rationale being that isoproterenol causes demand ischemia.
In view of the known role of the beta-1 adrenergic receptor in adrenergic-mediated
myocardial necrosis and apoptosis, this is counterintuitive (Zhu et al. 2001). In view
of the opposing effect of beta-2 adrenergic receptor activation on necrosis and apop-
tosis (Patterson et al. 2004), and the fact that most cell membrane receptors coupled
to the Gi protein are able to elicit cardiac protection, the beta-2 adrenergic receptor
may be a strong candidate for eliciting beta-adrenergic preconditioning.

Evidence points, however, to a role for the beta-1 adrenergic receptor activa-
tion as trigger. Frances et al. (2003) have shown beta-adrenergic preconditioning
to be dependent on beta-1 adrenergic receptor activation, as propranolol (nonselec-
tive beta-1 blocker) and atenolol (more selective beta-1 blocker) abolished protec-
tion, whereas the selective beta-2 adrenergic blocker ICI 118551 had no effect. In
a follow-up paper from the same group, Robinet et al. (2005) found that the spe-
cific beta-1 adrenergic agonist xamoterol could elicit protection against ischemia,
which was abolished by atenolol. Furthermore, the signal transduction pathways
implicated downstream of the beta-1 adrenergic receptor are PI3K, protein kinase
C, and protein kinase A, as the PI3K blockers LY 294002 and wortmannin, the pro-
tein kinase C inhibitor GF 109203X, and a protein kinase A inhibitor (H89) abol-
ished protection elicited by xamoterol. Indirect support for involvement of the beta-1
adrenergic pathway also comes from Lange et al. (2006), who found desflurane and
sevoflurane preconditioning to be dependent on beta-1 adrenergic receptor activa-
tion, which could be blocked by esmolol and H89, blocker of the second messenger
target of beta-1 activation, PKA. Hypoxic preconditioning was likewise found to
be attenuated by a beta-1 selective blocker, metoprolol (Mallet et al. 2006). In con-
trast to these findings, Tong et al. (2005) found that preconditioning could not be
elicited with isoproterenol in transgenic beta-2 adrenergic receptor knock-out mice.
The exact roles of the beta-1 and beta-2 adrenergic receptors thus remain to be
elucidated.
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Beta-Adrenergic Preconditioning and Protection
Against Apoptosis

The spectrum of protection against ischemia elicited by ischemic preconditioning
was initially studied in the context of necrosis and dysrhythmias, and later found to
include protection against apoptosis (Piot et al. 1999). The mechanism of the anti-
apoptotic effect of ischemic preconditioning involves a host of factors, such as the
generation of reactive oxygen species, an altered Bcl-2/Bax ratio and concomitant
reduction in cytochrome c release from mitochondria, reduced activation of cas-
pase activity and reduced ceramide production during ischemia (Zhao and Vinten-
Johansen 2002). The involvement of altered signal transduction signaling has also
been investigated, and p38 mitogen-activated protein kinase (p38 MAPK), known
to mediate apoptosis in other cell types, and known to be activated by ischemia,
received considerable attention (Ma et al. 1999; Moolman et al. 2006). Since the
temporal pattern of JNK and p38 MAPK activation coincided with the appearance
of markers of apoptosis during reperfusion (Ma et al. 1999), these kinases appeared
likely to play a key role in the signal transduction events causing apoptosis under
these conditions. We have described that while p38 MAPK activation during a pre-
conditioning protocol acts as trigger, cardioprotection, whether elicited by ischemic
or beta-adrenergic preconditioning, is characterized by attenuation of p38 MAPK

Fig. 4.8 Caspase-3 activity of hearts preconditioned with ischemia (1 × 5 min) or isoproterenol
(1 × 5 min; 1 × 10−7 M). Samples were taken at end of 30 min reperfusion.
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Fig. 4.9 Activation of p38 MAPK in hearts preconditioned with ischemia (1 × 5 min) or isopro-
terenol (1 × 5 min; 1 × 10−7 M). Samples were taken at end of reperfusion.

activation during both sustained ischemia and reperfusion (Marais et al. 2001a,
Marais et al. 2001b, Moolman et al. 2006).

Beta adrenergic stimulation was known to be pro-apoptotic (Patterson et al.
2004), an effect attributed to its activation of calmodulin kinase II (Zhu et al. 2001).
In view of our finding that isoproterenol could mimic ischemic preconditioning, the
question was whether a proapoptotic agonist could protect against apoptosis. We
subjected isolated perfused rat hearts to 25 min global ischemia and 30 min reper-
fusion to study the effect of beta-adrenergic preconditioning on apoptosis, using
PARP cleavage and caspase-3 activation as end-points. Beta-adrenergic precondi-
tioning with one cycle of 10−7 M isoproterenol for 5 min resulted in significantly
less apoptosis at the end of reperfusion than in control hearts, and reduced infarct
size significantly, accompanied by reduced activation of p38 MAPK. To further eval-
uate the role of p38 MAPK activation, its antagonist SB203580 was administered
10 min prior to sustained ischemia: this caused a significant reduction in p38 MAPK
activation, which concurred with a marked antiapoptotic effect as well as a reduction
in infarct size (Figures 4.8 and 4.9) (Moolman et al. 2006).

On the whole, our experimental evidence suggests that beta-adrenergic precon-
ditioning reduces both apoptosis and necrosis: these events are associated with at-
tenuated activation of p38 MAPK during ischemia and reperfusion. Whether this is
the cause or the result of the cardioprotection remains to be established.
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Fig. 4.10 Effect of late beta-adrenergic preconditioning and L-NA pretreatment on infarct size.
L-NA: N�-nitro-L-arginine.

Late Preconditioning with Pharmacological
Beta-Adrenergic Preconditioning

Whereas the mechanism of classic preconditioning involved rapid kinase activa-
tion, without the production of new peptides, it became clear that late precondition-
ing had a different mechanism. Bolli (2000) elucidated the important role of NO
as final common pathway in late preconditioning. We asked the question whether
beta-adrenergic preconditioning could also elicit late preconditioning, and set out to
develop a model of beta-adrenergic late preconditioning. Again we found that very
small doses of isoproterenol (4 × 0.0004 mg/kg) administered at 4 hourly intervals
could elicit late preconditioning after 24 hours (Figure 4.10). Co-administration of
the NOS inhibitor L-NA completely abolished the effects of beta-adrenergic late
preconditioning, suggesting a role for NO production in this scenario, as is the case
for late preconditioning elicited by ischemia (unpublished observations).

Summary and Conclusions

The role of beta-adrenergic activation as mediator of ischemic damage is undis-
puted. It is, however, becoming clear that activation of the beta-adrenergic signal
transduction pathway can elicit protective responses in the myocardium. Activa-
tion of the beta-adrenergic signal transduction pathway occurs, and participates
in the protective effect of ischemic preconditioning, although ischemic precondi-
tioning is not dependent on this particular signal transduction pathway. Attenu-
ation of this pathway during sustained ischemia is associated with cardioprotec-
tion, as reflected by a reduction in infarct size, apoptosis, and an improvement
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in functional recovery during reperfusion. Pharmacological activation of the beta-
adrenergic signal transduction pathway per se can elicit both classical and late pre-
conditioning, and utilizes adenosine to mediate acute protection, while utilizing NO
in pharmacological late beta-preconditioning. The exact beta-adrenergic receptor
subtype involved is in dispute, with strong circumstantial evidence for the “harm-
ful” receptor, beta-1, while there is also experimental evidence for involvement of
the beta-2 adrenergic receptor. Our findings support participation of adenosine in
beta-adrenergic-mediated protection of acute preconditioning, and NO in late beta-
adrenergic-mediated protection. Our own findings suggest cAMP and PKA as the
second messengers involved in this ability of beta-adrenergic activation to activate a
protective response during the triggering phase of protection, whereas attenuation of
activation of p38 MAPK during ischemia seems to be involved in protection against
ichemia-mediated necrosis and apoptosis.
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Chapter 5
Angiotensin II Signaling in Vascular
Physiology and Pathophysiology

Niels Engberding and Kathy K. Griendling

Abstract Initially recognized as a physiologic regulator of blood pressure and
body fluid homeostasis, angiotensin (Ang) II has now been shown in innumerable
experiments and clinical studies to contribute to the development and maintenance
of cardiovascular disease. Dissection of its signaling mechanisms over the past
decades has led to the discovery of several novel concepts, such as tissue-specific
metabolism of Ang peptides. Identification and cloning of the various receptors
through which Ang II acts on almost all tissues has led to the development of
specific pharmacologic inhibitors with proven clinical benefit in patients with
cardiovascular disorders. Work on the G-protein-coupled Ang II Type 1 receptor
has demonstrated that different receptors interact through oligomerization, com-
partmentalization, and transactivation, and may explain how Ang II can activate
G-protein-independent pathways. Unraveling the downstream effects of Ang II in
specific cell types corroborates the importance of the cellular redox state on certain
signaling pathways. Finally, the effects of Ang II on cell function and phenotype,
such as the expression of inflammatory cytokines and receptors promoting the
recruitment of inflammatory cells into vascular tissues, have indicated its role in
local inflammation as a general pathogenetic basis of cardiovascular disease. The
recognition of Ang II as a contributor to such fundamental pathophysiologic mech-
anisms, which are believed to be a common pathway for diverse cardiovascular
risk factors like hypertension and diabetes, has greatly advanced our knowledge
of pathologic signaling in vascular tissues and may help to eventually define novel
targets for pharmacologic interventions.

The Renin–Angiotensin System (RAS)

Classic RAS

The canonical renin–angiotensin system (RAS) is a circulating hormonal sys-
tem that controls systemic Ang II production. The octapeptide Ang II was first
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discovered in the 1940s as the actual pressor substance in animal models of renal
hypertension, and is considered the primary effector molecule of the RAS, regu-
lating blood pressure by vasoconstriction and fluid homeostasis (Braun-Menendez
et al. 1940; Page and Helmer 1940). Generation of Ang II occurs in two enzymatic
steps. The aspartyl protease renin, which is produced by specialized juxtaglomerular
smooth muscle cells in the kidneys in response to reduced renal perfusion pressure
or salt depletion, catalyzes the first and rate-limiting reaction. By splitting a Leu-Val
peptide bond in humans or a Leu-Leu bond in other species, it releases the final
ten N-terminal amino acids from its only known substrate, angiotensinogen (AGT).
AGT is a liver-derived α2-globulin that belongs to the family of serine-protease in-
hibitors (serpines), and its concentration is the major determinant of systemic renin
activity. The peptide fragment resulting from cleavage of AGT, Ang I, is the inactive
precursor of Ang II. Ang II is generated by cleavage of two C-terminal amino acids
(His-Leu) from Ang I by the dipeptidyl carboxypeptidase angiotensin-converting
enzyme (ACE) that is anchored to the luminal surface of the endothelium as a trans-
membranous ectoenzyme and is particularly abundant in the pulmonary vasculature
(Caldwell et al. 1976).

N CVal Tyr Ile His Pro PheAng IV
3 8

Ang (1-7)

AspN CArg Val Tyr Ile His Pro
1 7

Ang II AspN CArg Val Tyr Ile His Pro Phe
1 8

ACE2APA

AspN CArg Val Tyr Ile His Pro PheAng I
1 10

His Leu

ACE2APA
PEP
NEP

Angiotensinogen

N CArg Val Tyr Ile His Pro PheAng III
2 8

ACE
Chym
CathG
CAGE

APN

Fig. 5.1 Metabolism of angiotensin peptides. Various peptidases regulate the production and
degradation of diverse angiotensin peptides, accounting for tightly regulated agonist and antag-
onist functions systemically and locally. ACE, angiotensin-converting enzyme; Ang, angiotensin;
APA, aminopeptidase A; APN, aminopeptidase N; CAGE, chymostatin-sensitive angiotensin II-
generating enzyme; Chym, chymase; CathG, cathepsin G; NEP, neutral endopeptidase; PEP, pro-
lylendopeptidase.
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Recent advances in the metabolism of angiotensin peptides have revealed novel
functional peptides, which challenge the view of Ang II as the primary effector of
the RAS (Figure 5.1). Aminopeptidase A can split off Asp from Ang II, yielding
the less potent vasoconstrictor Ang III (Ang 2–8), which can further be transformed
to Ang IV (Ang 3–8) by aminopeptidase N. Another angiotensin peptide, Ang 1–7,
which is derived either directly from Ang I by tissue-endopeptidases or from Ang II
by ACE2, acts as a vasodilator (Ferrario and Iyer 1998). ACE2 is an ACE homo-
logue that acts as a carboxypeptidase by selectively removing the C-terminal Phe
from Ang II. Through its contribution to Ang II degradation as well as Ang 1–7 gen-
eration, ACE2 has received much attention as an opposing factor of Ang II action.
To highlight the heterogeneous functions of the various RAS components, ACE2 has
also been recognized as a functional receptor for the SARS coronavirus, mediating
its cell intrusion (Kuhn et al. 2004).

Local Tissue RAS

The vascular wall possesses the ability to independently generate Ang II, suggesting
local paracrine/autocrine functions of Ang II. Except for renin, all components of
the RAS have been found in the vascular wall. The rate-limiting step of local Ang II
generation is the conversion of Ang I to Ang II, which can be catalyzed by a num-
ber of enzymes in addition to ACE, namely, chymase, cathepsin G, and chymostatin-
sensitive Ang II-generating enzyme (CAGE). Several reninlike enzymes that release
Ang I from AGT, such as cathepsin D, tonins, tissue plasminogen activator, and
other aspartyl proteases, have been proposed as a means to mediate the local RAS
independent of kidney-derived renin. While there is no convincing evidence for local
synthesis of renin (Hilgers et al. 2001), tissue levels of renin become undetectable
within 48 hours after bilateral nephrectomy (Thurston et al. 1979). This suggests
accumulation of renin in tissues. Renin uptake into cardiovascular tissues has been
reported to result in sustained Ang II effects in local vascular beds (Müller et al.
1998). Furthermore, a functional renin receptor has recently been found on mesan-
gial cells that enhances the catalytic activity of renin upon binding (Nguyen et al.
2002). This receptor specifically binds renin and its precursor prorenin, which may
explain why local concentrations of renin (e.g., in interstitial fluid) are oftentimes
higher than predicted by simple diffusion from the plasma (Danser et al. 1994).

Angiotensin II Receptors

The cellular effects of Ang II are mediated by distinct high-affinity cell surface
receptors. Two subtypes can be discriminated by specific nonpeptide antagonists.
Additionally, exposure to the sulfhydryl-reducing dithiothreitol (DTT) inactivates
Ang II Type 1 receptors (AT1Rs), whereas Ang II Type 2 receptors (AT2Rs) remain
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intact (Chiu et al. 1989). The AT1R was initially cloned from rat aortic smooth
muscle and bovine adrenal cells (Murphy et al. 1991; Sasaki et al. 1991), while the
AT2R was cloned from a rat pheochromocytoma cell line and from fetal rat tissue
(Kambayashi et al. 1993; Mukoyama et al. 1993).

Additional receptor subtypes (e.g., AT3R and AT4R) have been described phar-
macologically. Based on binding studies in the brain, the AT4R was originally de-
fined as the binding site for the hexapeptide Ang IV. Later on, the AT4R was found
to be identical to insulin-regulated aminopeptidase (IRAP), a protein first identified
as membrane-bound metalloprotease in insulin-sensitive GLUT4 vesicles of fat and
muscle cells (Keller et al. 1995). Ang IV binds and inhibits IRAP and enhances
cognitive functions in experimental animals (Chai et al. 2004).

The human AT1R and AT2R are single-copy genes, but rodents have two AT1R
gene (AGTR1) loci (AGTR1a on chromosome 17; AGTR1b on chromosome 2)
and accordingly express two AT1R isoforms (AT1AR and AT1BR) that differ in 18
amino acids, mainly in the carboxy-terminal region. Overall, they are 94% homolo-
gous and pharmacologically indistinguishable (Iwai and Inagami 1992). AT1ARs are
expressed predominantly in vascular smooth muscle, endothelial cells, liver, lung,
kidney, brain, ovary, and testis, whereas AT1BRs occur mainly in the adrenal and an-
terior pituitary gland (Burson et al. 1994). The human AT1R is ∼ 95% homologous
to the rodent isoforms (Curnow et al. 1992).

AT1Rs

Most vascular Ang II effects known to date are mediated by AT1Rs, the best-
characterized Ang II receptor so far. The AT1R can be blocked by biphenylim-
idazoles including losartan (DuP 753), valsartan, and candesartan, and is mainly
expressed in vascular smooth muscle cells (VSMCs), but also in heart, lung, liver,
adrenal cortex, kidney, and brain. Several reports show that Ang II has effects on
endothelial cells, but not always do they seem to be mediated by known Ang II re-
ceptors (Vaughan et al. 1995). Aside from rodent endothelial cells, which clearly
express AT1ARs, AT1Rs have also been found on bovine and porcine endothelial
cells. In primary cultured human arterial umbilical endothelial cells, AT1Rs have
been detected by binding studies; however, the receptors rapidly disappear in vitro.
Interestingly, a low-affinity binding site persists even in later cell passages, which
is not inhibitable by specific receptor blockers (Ko et al. 1997). On the other hand,
AT1Rs have not been found on human endothelial cells using immunohistochem-
istry (Allen et al. 2000).

Structure and Genomics

The AT1R is a seven-transmembrane-domain rhodopsinlike peptidergic G-protein-
coupled receptor (GPCR) that upon ligand binding activates heterotrimeric
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G-proteins to direct subsequent signaling events. The AT1R has 359 amino acids
(MW ∼50 kDa). Structurally, it consists of four extracellular (N-terminus and three
connecting loops), four intracellular (three connecting loops and C-terminus), and
seven α-helical transmembrane domains. Extracellular glycosylation sites are in the
N-terminus (Asn4) and the second extracellular loop (Asp176 and Asn188) (Desar-
naud et al. 1993). Two disulfide bonds between extracellular loops one and two and
between extracellular loop three and the N-terminus stabilize the tertiary structure
of the receptor. The N-terminus as well as the first and third extracellular loops
contain the epitopes for peptide binding. The binding of nonpeptide antagonists
is independent from these epitopes, suggesting distinct modes of interaction for
peptide and nonpeptide ligands (Hjorth et al. 1994). Several conserved residues,

Asp74, Tyr
215

, and Tyr292, are important in G-protein binding and activation (Marie
et al. 1994). The cytoplasmic tail can be phosphorylated in the basal and Ang II-
stimulated state at its numerous Ser and Thr residues, but also at the few Tyr residues
at positions 302, 312, 319, and 339 (Kai et al. 1994). Among these the Asp-Pro-
Leu-Phe-Tyr (NPLFY302) sequence is a variant of the highly conserved tyrosine-
containing NPXY motif found in the cytoplasmic tail of many receptor tyrosine
kinases (RTKs), in which it is linked to coated pit-mediated receptor internalization.
However, in the AT1R the NPLFY motif is not linked to receptor internalization.
Instead, the extra Phe301 seems to be important for agonist binding (Hunyady et al.
1995). Tyr319 is also part of a functionally important motif: YIPP. This sequence is
similar to motifs in the platelet-derived growth factor receptor (PDGF-R) and epi-
dermal growth factor receptor (EGF-R), which, when phosphorylated, are important
in SH2-domain coupling to those receptors. In the AT1R, Tyr319 mediates interac-
tion with JAK2 (Ali et al. 1997), a member of the Janus family kinases (JAK), and
is also important for EGF-R transactivation.

The human AGTR1 is located on chromosome 3q21–25 and spans about 60 kb,
including five exons and four introns. Exon sizes range from 59 to 2014 bp with exon
5 being the largest and the only coding exon, while the first four exons encode the
5′ untranslated region (UTR) (Guo et al. 1994). Several splice variants with differ-
ent exon composition have been described. The open reading frame of the AGTR1
spans 1080 bp. AGTR1 polymorphisms have been described as a potential link to
vascular morbidity. The single nucleotide polymorphism (SNP) A1166C in the 3′
UTR is more common in hypertensive patients than normotensive controls (Bon-
nardeaux et al. 1994). In addition, patients with coronary artery disease (CAD) who
are homozygous for the A1166C mutated allele (CC genotype) have increased AT1R
sensitivity (van Geel et al. 2000). Some other SNPs in the AGTR1 have been impli-
cated in the genetics of hypertension, but much work needs to be done to evaluate
the association of other AGTR1 SNPs with cardiovascular disease.

Regulation of Surface Expression

The density of Ang II receptors on VSMCs is a central determinant of the cellular
sensitivity to Ang II. Thus, factors that regulate AGTR1 expression have a marked
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Table 5.1 Regulation of AT1R expression in VSMCs

Upregulation Downregulation

LDL Angiotensin II
Insulin Epidermal growth factor
Insulin-like growth factor-1 Fibroblast growth factor
Progesterone Platelet-derived growth factor
Erythropoietin α-Thrombin
Interleukin-1α ATP
Interleukin-6 Interferon-γ
TNF-α Nitric oxide
C-reactive protein Reactive oxygen species
Glucocorticoids HMG-CoA reductase inhibitors
Sodium chloride PPAR-γ agonists
Hypoxia Estrogen
Hyperglycemia Vitamin A

Thyroid hormone
All-trans retinoic acid
Forskolin
Isoproterenol

LDL, low-density lipoprotein; ATP, adenosine triphosphate; TNF, tumor necrosis factor;
HMG-CoA, 3-hydroxy-3-methyl-glutaryl-coenzyme A; PPAR, peroxisome proliferator-activated
receptor.

effect on cardiovascular function. Among these are cytokines, hormones, growth
factors, and vasoactive agents (Table 5.1). In vascular tissues, chronic Ang II ex-
posure itself induces downregulation of the AT1R in a negative feedback fashion
(Nickenig et al. 2000). Both mRNA and protein are significantly downregulated af-
ter 2–6 hours of Ang II exposure in vitro (Lassegue et al. 1995) and in vivo (Gunther
et al. 1980). Various pathophysiological conditions affect AT1R regulation. For ex-
ample, hypercholesterolemia leads to AT1R overexpression (Strehlow et al. 2000).
This may explain why hyperlipidemia is frequently associated with hypertension.
Intriguingly, oxidized low-density lipoprotein (oxLDL), which has been linked to
early atherosclerotic events, increases AT1R expression on endothelial cells (Li et al.
2000), but in contrast to unmodified LDL, it does not affect AT1R expression on
VSMCs (Nickenig et al. 1997). 3-Hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors (statins), which are potent cholesterol-lowering drugs,
have been shown to reduce AT1R expression by reducing the half-life of AT1R
mRNA. This mechanism is dependent on their inhibitory effect on geranylgerany-
lation and may therefore explain lipid-lowering independent (pleiotropic) effects of
statins on the vasculature (Wassmann et al. 2001). Proinflammatory cytokines in-
crease AT1R expression in vascular tissues (Sasamura et al. 1997), whereas nitric
oxide (NO) downregulates AGTR1 transcription (Ichiki et al. 1998).

Stability of AT1R mRNA depends on specific binding motifs for polyso-
mal proteins in the 3′ UTR immediately upstream of the polyadenylation tract
(Nickenig et al. 2001). There are two putative polyadenylation sites in the 3′ UTR
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as well as six AUUUA motifs (Furuta et al. 1992). Mutation of the AU-rich ele-
ment (3′ UTR 2159–2175) decreases AT1R mRNA decay, while AU-repeat mRNA-
binding proteins promote AT1R mRNA destabilization. In addition to the primary
base composition, the secondary structure of the mRNA, displaying a stem-loop
sequence, seems to be necessary for interaction with degrading mRNA-binding pro-
teins (Berger et al. 2005). Moreover, the 5′ UTR sequence has been found to be
involved in posttranscriptional regulation. Although in all known splice variants the
open reading frame is not affected, variants in the 5′ leader sequence contribute to
tissue-specific changes in AGTR1 expression at least in part by altering rates of
mRNA translation (Elton and Martin 2003; Zhang et al. 2004).

Initiation of mRNA synthesis is another control point of AGTR1 expression.
Aside from binding sites for activator proteins AP-1 and AP-2, and cyclic AMP
regulatory element (CRE), there are binding sites for the eukaryotic transcription
factor Sp1 in the ATGR1a promoter, including a GC-box-related sequence within
the −58/−34 region (Takeuchi et al. 1993). Direct binding of the activated peroxi-
some proliferator-activated receptor (PPAR)-γ to Sp1 causes inhibition of AGTR1a
transcription (Sugawara et al. 2001). Another GC-box-related sequence is located at
−98/−79 of the AGTR1 promoter in rats and humans (Zhao et al. 2000). Both Sp1
binding sites are additively involved in driving basal AGTR1 expression (Kambe
et al. 2004). It has also been suggested that increased levels of Sp1 proteins in the
hypothalamus contribute to the hypertensive phenotype in spontaneously hyperten-
sive rats (SHRs) via increased AT1R expression (Kubo et al. 2003). In proximal
tubular cells, a cis-acting GAGA-box at −161/−149 has also been identified as an
important regulator for basal and growth factor-induced AGTR1 transcription, sug-
gesting that the AGTR1 may possess alternative initiation sites (Wyse et al. 2000).

Oligomerization

Although a single AT1R is fully functional, emerging data show that AT1Rs are ca-
pable of forming homo- and heteromers with other GPCRs. Homodimerization of
the AT1R on monocytes correlates with enhanced Ang II signaling and monocyte
adhesion to the endothelium (AbdAlla et al. 2004). Coexpression of nonfunctional
AT1R mutants abrogates coupling to G-proteins, whereas recruitment of β-arrestins
and subsequent stimulation of the mitogen-activated protein kinase (MAPK) path-
way remains intact suggesting, that oligomerization of intact AT1Rs is particularly
pertinent for G-protein signaling (Hansen et al. 2004). Receptors that dimerize
with the AT1R include the bradykinin B2 receptor, the β2-adrenergic receptor, the
dopamine D1 receptor, and the AT2R (AbdAlla et al. 2000, 2001; Barki-Harrington
et al. 2003; Zeng et al. 2003). The AT1R/B2 heterodimers confer increased Ang II
sensitivity, and an increased number of these heterodimers has been clinically cor-
related with preeclampsia (Quitterer et al. 2004). It has not been conclusively de-
termined if oligomerization is affected by ligand binding, since some data suggest
that it may occur even before surface expression (Hansen et al. 2004). Oligomeriza-
tion may differentially couple the AT1R to specific downstream signaling proteins,
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or change receptor ligand binding characteristics or receptor trafficking patterns, all
of which may integrate information from multiple receptors and modulate Ang II
sensitivity of cells.

Internalization and Trafficking

A characteristic consequence of AT1R activation is cellular desensitization to Ang
II. Within 10 minutes, the receptor is internalized via clathrin-coated pits into en-
dosomes. The intracellular Ang II/AT1R complex continues to signal until its inac-
tivation, which occurs either by degradation after fusion with lysosomes or by de-
phosphorylation with subsequent recycling to the cell surface membrane (Hunyady
et al. 2002). Approximately 25% of the internalized receptors are recycled back to
the cell membrane. Internalization and cellular processing of the Ang II/AT1R com-
plex itself may have a specific role in signal transduction by engaging the complex
with second messenger systems other than those at the cell membrane. The prin-
cipal mechanism depends on Ser- and Thr-phosphorylation of the activated AT1R
C-terminus mediated by G-protein-related kinases (GRKs). Phosphorylation in the
region from Thr332 to Ser338 facilitates interaction with β-arrestins (Qian et al.
2001), which impair further G-protein activation and subsequently promote recep-
tor endocytosis (Kule et al. 2004). β-Arrestins recruit non-receptor tyrosine kinases
(NRTKs) like c-Src and other adapter proteins to the cell membrane to form com-
plexes that orchestrate the internalization process (Fessart et al. 2005). After recep-
tor phosphorylation by GRKs 5/6, β-arrestins can direct signaling events toward the
MAPK pathway independent of G-proteins (Kim et al. 2005b). For instance, mu-
tant AT1Rs incapable of G-protein coupling have been found to activate ERK via
β-arrestin-2 (Wei et al. 2003). Of interest, hypertension per se upregulates GRK5
in VSMCs in vivo, suggesting that modulation of GRK5 levels may be an adap-
tive cellular means to autoregulate Ang II sensitivity (Ishizaka et al. 1997). After
endocytosis, the AT1R remains tightly bound to β-arrestin and travels to an early
sorting endosome, from which the complex fuses either to a lysosome or to a perin-
uclear recycling endosome (Gaborik and Hunyady 2004). Sorting of the receptor–
ligand complex between intracellular membrane organelles is an important traffick-
ing mechanism. It has been shown that AT1Rs preferentially traffic to Rab5-positive
endosomes (Seachrist et al. 2002). Rab GTPases regulate intracellular vesicle trans-
port and fusion. Furthermore, Rab5 and β-arrestin binding to the AT1R C-terminus
appear to mediate retention of the complex in early endosomes, thereby preventing
recycling and degradation (Dale et al. 2004). This could represent a mechanism to
prolong Ang II effects intracellularly. Nuclear accumulation of the AT1R has also
been described with effects on cellular proliferation, and it has been speculated that
the AT1R directly participates in transcriptional regulation (Cook et al. 2006).

Interestingly, direct microinjection of Ang II into VSMCs with concomitant ex-
tracellular AT1R blockade has been demonstrated to generate an intracellular cal-
cium increase. However, concomitant microinjection of an AT1R blocker abolished
this Ang II effect (Haller and Luft 1998). This confirms a functional coupling of
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Ang II and AT1R intracellularly as seen in the internalization process described
above, but direct actions of free intracellular Ang II, which either has escaped from
the internalized AT1R–Ang II–ligand complex or has been synthesized de novo,
have also been hypothesized. The functional relevance of this mechanism in vivo
remains to be determined.

Microdomains and Lipid Rafts

It has become apparent that the lipid bilayer cell membrane has distinct regional
characteristics with different functions particularly related to cell signaling. Re-
gions that are predominantly composed of sphingolipids and cholesterol in the outer
lipid layer, called lipid rafts, are regions of concentrated signaling proteins such as
G-proteins, suggesting that the lipid composition surrounding a GPCR may influ-
ence receptor function. Caveolae are special invaginated lipid rafts characterized
by the presence of caveolin (Cav)-1, -2, and -3, which are of particular importance
for Ang II signaling. Upon stimulation with Ang II, the AT1R rapidly (<2 min)

translocates laterally to Cav-enriched membrane fractions, and directly interacts
with Cav-1, promoting the assembly of a Cav scaffolding domain (Ishizaka et al.
1998). This process requires a functional cytoskeleton and cAbl, an actin-binding
NRTK, to direct proper translocation of AT1R into lipid rafts with subsequent Rac1
and NADPH oxidase activation, which eventually mediates VSMC hypertrophy
(Zuo et al. 2005). It is possible that the AT1R complex is also internalized at these
noncoated caveolae.

AT2R

The AT2R has 363 amino acids (MW ∼44 kDa) with only ∼30% homology to the
AT1R sequence. The AGTR2 is located on the X chromosome. It is mainly ex-
pressed in uterine smooth muscle, brain, ovary, adrenal medulla, heart, and fetal
mesenchyme, and is specifically antagonized by tetrahydroimidazopyridines like
PD123319 and PD123177 (EXP655) (Wharton et al. 1998). Its wide expression in
fetal tissues supports the concept that it has modulatory functions during embryonic
development; however, AT2R surface expression increases under certain patholog-
ical conditions. For instance, in heart failure patients the ratio of AT2R to AT1R in
the heart increases (Tsutsumi et al. 1998). Additionally, it has been reported that
AT2R is reexpressed in vascular inflammation and injury (Akishita et al. 2000). In-
terestingly, gene targeting of the AT2R blocks cardiac hypertrophy and fibrosis in
mice with Ang II-induced hypertension (Ichihara et al. 2001). The AT2R is also
present on bovine pulmonary endothelial cells where it increases endothelial NO
production and counterbalances AT1R-mediated vasoconstriction in the setting of
hypoxia (Olson et al. 2004). In contrast to the AT1R, the AT2R does not undergo
receptor internalization (Hunyady et al. 2004). The third intracellular loop seems to
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carry the unique features of the AT2R in regards to G-protein interaction (Lehtonen
et al. 1999). AGTR2 expression is also regulated by multiple extracellular factors.
Interestingly, Ang II infusion upregulates vascular AT2R expression in mesenteric
arteries of rats (Bonnet et al. 2001).

Signaling Pathways of the AT1R

Contraction

Ang II activates a complex series of signaling events that are temporally and spa-
tially tightly controlled. Some second messenger systems are activated within sec-
onds, while others are delayed and persist for more than an hour (Griendling
et al. 1986). Upon Ang II binding to VSMCs, the AT1R activates G-proteins of
the pertussis toxin-insensitive subfamilies: Gαq and Gα12/13. Within 30 sec of
Ang II stimulation, a rapid and transient activation of phosphatidylinositol-specific
membrane-bound phospholipase C (PLC)-β1 leads to the production of inosi-
tol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). Gαq/11 and Gα12 pro-
teins as well as their respective Gβγ subunits couple the AT1R with PLC-β1
(Figure 5.2). Subsequently (≥30 sec), PLC-γ activation accounts for the majority

AT1R

G q/11

G 12/13
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PLC 1

PLC

PLD1
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PA CholineIP3 DAG

Ca2+ PKC

Fig. 5.2 Early G-protein signaling events at the AT1R. Phospholipases C and D are sequen-
tially activated by heterotrimeric G-protein subunits to produce important second messengers
such as IP3 and DAG. See text for details. AT1R, angiotensin II type 1 receptor; DAG, diacyl-
glycerol; IP3, inositol 1,4,5-trisphosphate; PA, phosphatidic acid; PC, phosphatidylcholine; PIP2,
phosphatidylinositol-4,5-bisphosphate; PKC, protein kinase C; PLC, phospholipase C; PLD, phos-
pholipase D.
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of IP3 production. PLC-γ is activated in a tyrosine kinase-dependent manner and re-
turns to baseline activity in 10 min (Ushio-Fukai et al. 1998b). Some evidence exists
to suggest the NRTK Src as the responsible tyrosine kinase in this step (Haendeler
et al. 2003). IP3 rapidly diffuses to the endoplasmic reticulum (ER) where it binds to
IP3 receptors to release calcium (Ca2+) into the cytosol. In addition to IP3-triggered
release of Ca2+ from intracellular Ca2+ stores, sustained Ang II-induced vasocon-
striction depends on transmembrane Ca2+ influx (Ruan and Arendshorst 1996). The
production of the membrane-bound DAG by Ang II is biphasic. The initial peak
at 15 sec results from hydrolysis of phosphoinositides by PLC, whereas the second
phase, which has its maximum at 5 min, results from phospholipase D (PLD) activa-
tion. Gα12 and Gβγ activate PLD through c-Src and RhoA-dependent mechanisms.
PLD remains active for at least 1 hour, splitting phosphatidylcholine into choline and
phosphatidic acid (PA) (Ushio-Fukai et al. 1999a), which is subsequently converted
to DAG. For this prolonged phase of DAG production, internalization of the ligand-
bound AT1R complex is required, implying that PLD activation occurs spatially
separated from the plasma membrane. DAG, in conjunction with phosphatidylser-
ine and Ca2+, subsequently activates protein kinase C (PKC). The early increase
in intracellular Ca2+ stimulates the Ca2+/calmodulin-dependent myosin light chain
kinase to phosphorylate Ser19 of the myosin regulatory light chain (MLC) with sub-
sequent VSMC contraction through MLC interaction with actin. This process is im-
portantly modulated by the Ca2+ sensitivity of the myofilaments, which is largely
determined by Rho-associated kinase (ROCK)-mediated inhibition of MLC phos-
phatase (Uehata et al. 1997).

In addition, Ang II rapidly phosphorylates and activates PLA2 to produce arachi-
donic acid (Rao et al. 1994). Cytochrome P450 metabolites of arachidonic acid, such
as 20-hydroxyeicosatetraenoic acids (20-HETEs), have been implicated in vasocon-
striction in various vascular beds (Roman 2002).

Controlled relaxation following contraction is vital to the dynamic regulation of
blood vessel diameter and hence flow. Termination of Ang II signaling is achieved
by regulator of G-protein signaling-2 (RGS2). Ang II upregulates RGS2 mRNA in
a PKC-dependent manner thereby providing functional negative feedback (Grant
et al. 2000). RGS2-deficient mice have dramatically increased blood pressure due
to a prolonged response to Ang II in resistance vessels, as evidenced by the fact
that their hypertension is rapidly reversed by Ang II blockade (Heximer et al.
2003).

Cell Growth

Tissue growth is characterized by cellular hypertrophy with increased protein trans-
lation, and cellular hyperplasia (proliferation) with increased DNA synthesis, cell
cycle progression, and presumably inhibition of cell death pathways. This latter re-
sponse eventually depends on regulation of gene expression by transcription fac-
tors. Although extracellular signals regulating cell growth have classically been
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Fig. 5.3 Angiotensin II stimulates vascular smooth muscle cell growth.Growth-promoting effects
of Ang II are largely mediated by EGF-R transactivation and stimulation of tyrosine kinase signal-
ing cascades. See text for details. ADAM, a disintegrin and metalloproteinase; AT1R, angiotensin
II type 1 receptor; EGF-R, epidermal growth factor receptor; HB-EGF, heparin-binding epider-
mal growth factor; HSP, heat shock protein; JAK, Janus kinase; JNK, c-Jun NH2-terminal kinase;
PKC, protein kinase C; PI3K, phosphatidylinositol 3-kinase; PDK1, 3-phosphoinositide-dependent
kinase-1; ROS, reactive oxygen species.

considered to be mediated by growth factors and cytokines with activation of RTKs
and NRTKs, Ang II has been found to be a potent growth stimulus for VSMCs
(Figure 5.3). This is reflected by an increase in cell volume and protein content
(Berk et al. 1989; Geisterfer et al. 1988), whereas a proliferative effect of Ang II
has been found to be dependent on the cellular milieu (e.g., autocrine production
of transforming growth factor-β1 can suppress the hyperplastic response) (Gibbons
et al. 1992). Within 1 min of Ang II exposure, numerous cytosolic proteins have been
found to be tyrosine phosphorylated (Molloy et al. 1993). Furthermore, the growth-
promoting effects of Ang II were found to be abrogated by tyrosine kinase inhibitors
(Leduc et al. 1995). It is now well accepted that Ang II rapidly activates the MAPK
family, including c-Jun NH2-terminal kinase (JNK), also termed stress-activated
protein kinase, extracellular signal-regulated kinases (ERK, p42/44MAPK)1/2, and
p38MAPK, which are considered upstream mediators of transcription factors in-
volved in VSMC growth.

ERK1/2 activation by Ang II, which can be blocked by PLC inhibition, intra-
cellular Ca2+ chelation, and tyrosine kinase inhibition, eventually proceeds through
a Ras-dependent pathway (Eguchi et al. 1996). One intermediate tyrosine kinase
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between AT1R and Ras is Src (Schieffer et al. 1996). Growth factor receptors,
which are typically RTKs such as EGF-R, characteristically propagate their sig-
nal to the small GTPase Ras via the GTP-exchange factor son of sevenless (SOS),
which forms multimeric signaling complexes with the receptor and adapter pro-
teins such as Grb2 and Shc. Importantly, it has been demonstrated that the atypical
PKC-ζ mediates Ang II activation of Ras, which seems to be a unique aspect of
the Ang II-induced response as compared to other growth factors (Liao et al. 1997).
Ang II induces EGF-R activation by an intracellular Ca2+ – and reactive oxygen
species (ROS)-dependent mechanism, which has been termed EGF-R transactiva-
tion (Eguchi et al. 1998; Ushio-Fukai et al. 2001), and the EGF-R then acts as a
scaffold, mediating a number of downstream signaling molecules including phos-
phatidylinositol 3-kinase (PI3-K) and Akt. Src recruits another NRTK of the focal
adhesion kinase (FAK) family, called proline-rich tyrosine kinase (Pyk) 2, and af-
ter assembling a signaling complex, activates subtype ADAM17 of the a disintegrin
and metalloprotease (ADAM) family to release cell surface-bound EGF, which sub-
sequently activates its receptor (Eguchi et al. 1999; Ohtsu et al. 2006; Prenzel et al.
1999) and Ras. An important consequence of Ang II-induced ERK1/2 activation in
conjunction with PI3-K activity is an increase of protein translation by PHAS-1-
eukaryotic initiation factor-4E (Rocic et al. 2003).

Interestingly, EGF-R transactivation is only required for ERK1/2 and p38MAPK

activation, but not for JNK activation (Eguchi et al. 2001). A parallel and indepen-
dent mechanism of ERK1/2 activation by Ang II occurs via β-arrestin-2 as men-
tioned above (Wei et al. 2003). Apoptosis signaling-related kinase (ASK) 1 is re-
quired for JNK and p38MAPK activation (Tobiume et al. 2001), while JNK activation
also depends on Rho/ROCK activation and subsequent rac stimulation (Ohtsu et al.
2005). Activation of p38MAPK by Ang II leads to the stimulation of MAPKAPK-2,
heat shock protein-27 (HSP-27), and Akt (Taniyama et al. 2004), the latter of which
is crucial for VSMC hypertrophy.

JAKs, which are classically activated by cytokine receptors, are upstream con-
trollers of the transcription factors signal transducers and activators of transcription
(STATs), which in turn regulate transcription of early growth response genes such
as c-fos, c-myc, and c-jun (Horvath and Darnell 1997). JAK2 binding to Tyr319 of
the AT1R is facilitated by SH2 domain-containing tyrosine phosphatases (SHPs)
(Marrero et al. 1998).

Several aspects of the growth-promoting pathways have a special characteristic
of being ROS-dependent, which means that enzyme activity is susceptible to ox-
idation. In fact, many signaling proteins, such as transcription factors and protein
tyrosine phosphatases (PTPs), rely on reduced Cys residues for activity. Ang II
via its AT1R generates ROS via a membrane-bound multisubunit protein com-
plex, called NADPH oxidase (Nox) (Griendling et al. 1994). Arachidonic acid
metabolites play an important role in Nox activation (Zafari et al. 1999). ROS,
in turn, modify critical signaling cascades such as p38MAPK (Ushio-Fukai et al.
1998a). Several different isoforms of Nox have now been identified that differ
in subunit composition, subcellular localization, and probably type of ROS pro-
duced (Bedard and Krause 2007; Hilenski et al. 2004). Different ROS may have
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distinct vascular effects. For instance, vascular hypertrophy in Ang II-mediated
hypertension is mediated by VSMC-derived H2O2, while a main effect of superox-
ide (O·−

2 ) is to inactivate antiatherogenic NO (Rajagopalan et al. 1996; Zhang et al.
2005c).

Tissue growth also occurs through expansion of noncellular components.
Chronic Ang II stimulates collagen production (Kato et al. 1991). This observa-
tion is frequently referred to as transformation of VSMCs into a synthetic pheno-
type, which then produce proteoglycans, glycosaminoglycans, collagen type 1, and
fibronectin, all of which are constituents of the extracellular matrix. The synthetic
phenotype of VSMCs is predominant in hypertensive animals, whereas their nor-
motensive littermates contain more VSMCs of the contractile phenotype (Fukuda
et al. 1999). At the same time, VSMCs modulate extracellular matrix degradation
by activation of matrix metalloproteinases (MMPs). Extracellular matrix degrada-
tion is a prerequisite for cell migration on the one hand, but on the other it has been
implicated in plaque instability.

Cell Migration

Ang II-induced VSMC migration is strongly implicated in atherosclerosis and
restenosis after vascular injury, because abnormal accumulation of VSMCs in the
vessel intima entails movement out of the media (Prescott et al. 1991). It was sug-
gested that VSMCs migrate from the media to the intima as a result of a PDGF
gradient (Okuda et al. 1995). In vitro studies further confirmed that Ang II is also
capable of stimulating VSMCs to migrate, although less potently than PDGF (Bell
and Madri 1990), and that NO antagonizes this effect (Dubey et al. 1995). A role
for Ang II in the neointima formation of restenosis was suggested based on studies
showing that tissue ACE activity is elevated after vessel injury and that ACE in-
hibition can prevent restenosis (Rakugi et al. 1994), although the relevance of this
observation to human disease has been questioned.

Ang II induces VSMC migration by recruiting growth pathways such as the EGF-
R–MAPK pathway (Saito et al. 2002; Xi et al. 1999). Additionally, cell migration
requires dynamic reorganization of the cytoskeleton and focal adhesion complexes,
a process that involves Src activity in VSMCs (Ishida et al. 1999). Ang II stimu-
lates the phosphorylation of FAK, Pyk2, and paxillin (Eguchi et al. 1999; Leduc
and Meloche 1995; Okuda et al. 1995), which regulate focal adhesion dynamics.
Together with Src, Pyk2 also leads to tyrosine phosphorylation of PDK1, which
is critical for focal adhesion assembly (Taniyama et al. 2003). JNK has emerged
as key mediator of cell migration through its interaction with these cytoskeleton
components and focal adhesion-associated proteins (Huang et al. 2003). The JNK
pathway can be activated by the small G-protein Rho and its effector ROCK through
PKC-δ and Pyk2 (Ohtsu et al. 2005). Ang II itself is a weak migratory factor, but im-
portantly, it enhances the ability of VSMCs to migrate toward PDGF-BB, possibly
by inducing focal adhesions (Dubey et al. 1995).
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Apoptosis

A specific suicide capability, apoptosis, allows tissues to regulate their own cell
number, which is an essential process in atherosclerosis and restenosis (Isner et al.
1995). Indeed, many growth-promoting factors have been found to also suppress
cell death, which may contribute to the deleterious accumulation of VSMCs in the
intimal space. Ang II, via its AT1R, directly inhibits cGMP-induced apoptosis in
VSMC (Pollman et al. 1996) by upregulating an enzyme that degrades cGMP, phos-
phodiesterase 5A (PDE5A) (Kim et al. 2005a). Another mechanism by which Ang II
exerts antiapoptotic effects is via stimulation of Noxes to generate H2O2, which in
turn stimulates antiapoptotic MAPK and Akt activity (Ushio-Fukai et al. 1999b).
Conversely, in addition to its antiapoptotic function, Ang II can cause a delayed
apoptosis in the epithelioid-shaped subtype of VSMC, which has been suggested
to contribute to locally heterogeneous plaque weakening and rupture (Bascands
et al. 2001). Apoptosis alone does not cause inflammation in normal arteries, but in
atherosclerotic lesions it does, leading to plaque vulnerability (Clarke et al. 2006).
Thus, apoptosis is considered both beneficial and detrimental.

Proapoptotic actions of Ang II seem to be mediated substantially by AT2R ac-
tivation. It has been demonstrated in vivo that AT2Rs mediate negative vascular
remodeling by inducing VSMC apoptosis (Yamada et al. 1998). While ACE in-
hibitors (ACE-I) block this effect, AT1R blockers (ARBs) do not (Tea et al. 2000).
Interestingly, overexpression of the AT2R alone stimulates apoptosis in the absence
of Ang II (Miura and Karnik 2000). It has been found that PTPs like SHP-1 and
MAPK phosphatase (MKP)-1 are linked to the AT2R via Gi protein coupling to the
unique third intracellular loop of the receptor (Lehtonen et al. 1999); however, the
signaling pathways linked to the AT2R have not been well characterized yet.

Inflammation

Numerous studies have shown that VSMCs are capable of producing cytokines in
the vessel wall. Cytokines are considered the main modulators of inflammatory
events during atherogenesis. Ang II, like inflammatory cytokines, activates proin-
flammatory transcription factors (Brasier et al. 2000). The resulting inflammatory
gene products can be grossly subdivided into adhesion molecules, cytokines, and
acute phase reactants. The prototypical Ang II-inducible transcription factors, such
as AP-1, STATs, and nuclear factor-κB (NF-κB), are also known cytokine-inducible
transcription factors. Ang II dose-dependently stimulates interleukin-6 (IL-6) pro-
duction in cultured VSMC, which is accompanied by activation of NF-κB. Antiox-
idants reverse this effect, indicating a role for ROS (Kranzhofer et al. 1999). Ang II
increases IL-6 expression as early as 15 min, peaking at 1 h and falling thereafter,
whereas NF-κB activation is biphasic with peaks at 15 min and 24 h (Han et al.
1999). Cell cycle regulatory genes, like AP-1 and c-myc, are stimulated via the
AP-1 transcription factor (Naftilan et al. 1989; Taubman et al. 1989). Ang II also
stimulates transcription of intercellular and vascular adhesion molecules (ICAM,
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VCAM) in a NF-κB-dependent manner (Tummala et al. 1999). The link between
AT1R and NF-κB activation involves direct phosphorylation of the p65 subunit of
NF-κB by ribosomal S6 kinase (RSK) and by IKK, and both pathways appear to be
redox-dependent (Zhang et al. 2005a,b).

In addition to NF-κB, Ang II-induced vascular inflammation is critically regu-
lated by the ETS family of transcription factors such as Ets-1. Systemic adminis-
tration of Ang II to Ets−/− mice has been associated with a marked reduction in
medial hypertrophy and recruitment of inflammatory cells into the vascular wall
compared to that in wild-type mice, independent of the blood pressure effect (Zhan
et al. 2005).

It is therefore likely that the proinflammatory milieu in atherosclerotic lesions
is at least in part a consequence of Ang II-induced inflammatory gene expression.
Ang II-stimulated production of VCAM-1 and chemokine monocyte chemotactic
protein-1 (MCP-1) enhances leukocyte accumulation in the vessel wall. MCP-1 is
thought to function locally by establishing a chemical gradient to attract monocytes
and T lymphocytes expressing the CC chemokine receptor-2 (CCR2). It has been
found that C-reactive protein (CRP), a known systemic acute phase reactant, is syn-
thesized by VSMCs in response to inflammatory cytokines and Ang II (Peng et al.
2006). In turn, CRP upregulates AT1R expression, creating a vicious cycle of proin-
flammatory signals. Furthermore, CRP has been established as useful biomarker for
cardiovascular risk stratification.

Physiological Vascular Functions

The main direct physiological function of Ang II in the vasculature is acute regula-
tion of vascular tone, thereby controlling blood flow to various vascular beds. The
classic RAS functions as an adaptive mechanism to maintain circulatory homeosta-
sis, regulating blood pressure acutely by vasoconstriction and chronically by releas-
ing aldosterone and expansion of intravascular volume. Effects of Ang II outside of
the vasculature include modulation of sympathetic tone and dipsogenic stimulation
to maintain vegetative autoregulatory functions of the vasculature. In the adult ves-
sel, VSMCs are present in the quiescent contractile phenotype until an insult triggers
a change in phenotype. Ang II seems to mediate this transformation, which may be
adaptive and beneficial in the short term, but in the long term sustains unfavorable
and unstable vessel architecture prone to increase the likelihood for adverse clinical
events.

Pathophysiologic Functions

Hypertension

Patients with essential hypertension can be divided into subgroups with low and
high plasma renin activity, with distinct pathophysiological features. Low-renin or
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Fig. 5.4 Angiotensin II mediates multiple physiological and pathophysiological responses in the
vessel wall.The vessel wall undergoes numerous structural and functional changes mediated by the
AT1R, all of which are considered proatherogenic once physiological thresholds are crossed. See
text for details. Ang II, angiotensin II; EC, endothelial cell; MC, monocyte/macrophage; MMP,
matrix metalloprotease; NO, nitric oxide; PAI-1, plasminogen activator inhibitor-1. ECM, extra-
cellular matrix; ROS, reactive oxygen species.

renin-independent hypertension is characterized by salt-sensitivity, good response
to diuretics, and familial aggregation (Fisher et al. 2002). Blockage of the RAS is
most effective in hypertensives with high plasma renin activity, whereas it has only
limited effectiveness in low-renin states. Patients with hypertension have a multitude
of structural and functional disturbances affecting all compartments and cell types
of the vascular wall. In particular, increased media thickness has been consistently
found in vessels of hypertensive animals and can be attenuated by Ang II inhibition
(Rizzoni et al. 1998). This increased media thickness is due in part to hypertrophy of
the VSMCs themselves, but also to an increased production of extracellular matrix
(Lee 1987). As described above, Ang II has the potential to increase both of these
components by its effects on VSMC growth and synthetic capacity (Figure 5.4).
In addition to these trophic effects on the vessel wall implicated in chronic hyper-
tension, prolonged contraction of resistance arteries (as illustrated above for the
RGS·−

2 mouse) and endothelial dysfunction are additional mechanisms of hyper-
tension linked to RAS activity. Ang II-induced O·−

2 from VSMC Nox enzymes
reacts with endothelial-derived NO leading to impaired endothelial-dependent va-
sorelaxation (Rajagopalan et al. 1996). Aside from the vessel wall, Ang II also acti-
vates Noxes in various other tissues. Recently, it has been shown that activation of
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circulating T cells is essential for Ang II-induced hypertension, implying that cir-
culating cells may provide a link to this widespread pattern of Nox activation and
ROS production in various tissues and organs (Guzik et al. 2006).

Metabolic Syndrome/Insulin Resistance

Based on the clinical observation that essential hypertension and insulin resistance
often coexist, it has been suggested for some time that both entities share com-
mon pathogenetic links. The Atherosclerosis Risk in Communities (ARIC) study
showed that hypertensive patients are much more likely to develop type 2 diabetes
(DM2) than their normotensive peers (Gress et al. 2000). Intriguingly, inhibition of
the RAS appears to reduce new onset of DM2 (Yusuf et al. 2000), suggesting a role
for Ang II in insulin resistance. Furthermore, diabetic patients benefit overpropor-
tionally from RAS inhibition as these agents reduce diabetic nephropathy as well
as microvascular and macrovascular complications. Aside from direct functions of
Ang II on the endocrine pancreas like control of local blood flow, hormone release,
and prostaglandin synthesis, there is substantial evidence that Ang II cross-talks
to insulin signaling in VSMCs. Interplay of these two important hormones at the
level of VSMCs is an attractive hypothesis for accelerated atherosclerosis found in
patients with DM2 or insulin resistance. Observations made in vitro suggest that
Ang II stimulation of VSMCs leads to serine phosphorylation of the insulin recep-
tor substrate-1, which has been implicated in its premature degradation (Taniyama
et al. 2005). Of note, Ang II modulates insulin signaling at multiple levels by serine
phosphorylating not only insulin receptor substrate-1, but also the insulin receptor
and PI3-K (Folli et al. 1997). In addition, Ang II downregulates the vascular ex-
pression of PPARγs (Tham et al. 2002), which are nuclear hormonal receptors and
transcription factors that promote beneficial effects on lipid metabolism, insulin sen-
sitivity, and atherosclerosis development. Moreover, they exhibit anti-inflammatory
properties by negatively modulating inflammatory gene expression. It is noteworthy
that certain ARBs have been shown to directly and AT1R-independently activate
PPARγs in adipocytes, which has been suggested as a mechanism for the insulin-
sensitizing/antidiabetic effect of certain ARBs (Schupp et al. 2004).

Atherosclerosis

The development of atherosclerotic lesions involves migration and proliferation of
VSMCs. Essentially all of the above-mentioned chronic effects of Ang II on the vas-
culature are therefore considered atherogenic. While the initiating event for athero-
genesis remains elusive, it is clear that a subsequent change in VSMC phenotype
maintains disease progression. As opposed to the concentric medial thickening ob-
served in hypertension, atherosclerosis results from the buildup of focal or diffuse
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lipid-laden and fibroproliferative plaques in the vessel intima with subsequent nar-
rowing of the vessel lumen. Prior to formation of a plaque, endothelial dysfunction
and upregulation of adhesion molecules occurs in atherosclerosis-prone vascular
segments (Nakashima et al. 1998). Ang II induces expression of adhesion mole-
cules promoting monocyte invasion into the vasculature. In addition, Ang II not
only induces expression of the oxLDL receptor (LOX-1) on macrophages with sub-
sequent macrophage activation, but it also provides the basis for LDL oxidation by
stimulating the production of ROS by VSMCs (Griendling et al. 2000). Not surpris-
ingly, Ang II infusion into apoE−/− mice significantly enhances atherosclerotic
lesion progression independent of its effect on blood pressure (Weiss et al. 2001).
Conversely, Ang II inhibition is known to reduce atherosclerotic lesion formation
(Daugherty et al. 2000).

Furthermore, Ang II has been found to contribute to VSMC senescence, which
has been implicated in the pathogenesis of atherosclerosis (Kunieda et al. 2006).
Cell senescence may promote plaque instability, since loss of VSMCs leads to trans-
formation into a rupture-prone plaque with a thin fibrous cap over the lipid-rich core
(Geng and Libby 2002).

Conclusion

Increased RAS activity has emerged as a key mechanism in the pathogenesis of
highly prevalent vascular diseases such as hypertension and atherosclerosis. It is
therefore vital to understand mechanisms of local Ang II production, Ang II respon-
siveness, as well as its signaling pathways in normal and disturbed vascular cell
function, particularly in VSMCs, the most abundant cell type in the vessel wall. The
cellular events initiated by Ang II binding to its AT1R are complex, with distinct
temporal and spatial characteristics, and are far from completely understood. More-
over, cross-talk between the RAS and other metabolic systems such as lipoproteins
and insulin may explain common pathogenetic links for cardiovascular diseases.
Thus, advancing our knowledge of Ang II signaling in cardiovascular disease bears
enormous potential in identifying novel targets for pharmacologic intervention.
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Chapter 6
Angiotensin II Signaling: Cell Growth
and Apoptosis

Stephen W. Schaffer and Mahmood S. Mozaffari

Abstract Angiotensin II mediates both growth and death pathways in the young
developing heart and the failing heart. Although stimulation of both processes by
the same agent might seem counterproductive, the cell is capable of specifically
regulating the process that will dominate. The secret behind the specificity of the
response lies in the characteristics of the plethora of signaling pathways initiated by
angiotensin II. It is generally felt that alterations in these pathways play a pivotal
role in both the normal development of the young heart and the onset of pathol-
ogy in the failing heart. Although the recent introduction of transgenic animals has
proven valuable in assessing the contribution of specific pathways in the regulation
of growth and apoptosis, more information is required on the interplay between
these pathways and mediators of growth and apoptosis.

Introduction

Angiotensin II is an octapeptide, which was initially described as a potent vasocon-
strictor agent. However, its functions have since been expanded to include regulation
of cell growth, inflammation, electrolyte and water balance, hormone secretion,
sympathetic nervous system activity, differentiation, and apoptosis. The discov-
ery that it is produced both systemically and locally was instrumental in establish-
ing a pivotal role for the peptide in several disease states, including hypertension,
coronary heart disease, myocarditis, congestive heart failure, atherosclerosis, and
nephrosclerosis.

One of the most widely studied and pathologically relevant actions of angiotensin
II is the stimulation of cell growth. Because of the complexity of the cellular hyper-
trophic process, it has been a major challenge to map out the trophic signaling path-
ways of angiotensin II. Not only is the response to angiotensin II cell specific, but it
also depends on the intensity and duration of numerous second messenger signals,
the distinct pathways initiated by the two angiotensin II receptors (AT1 and AT2),
and the size and location of the various angiotensin II pools. Also influencing the
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trophic signal is cross-talk between the angiotensin II receptor and effectors such
as transforming growth factor-β1 (TGFβ1), epidermal growth factor (EGF), and
insulinlike growth factor (IGF-1) (Touyz and Schiffrin 2000). In vivo, the complex-
ity of the angiotensin II response is compounded by difficulties in separating the
growth-promoting actions of angiotensin II from effects caused by elevated after-
load pressure. Moreover, AT1A receptor knockout mice develop pressure overload-
induced hypertrophy (Hamawaki et al. 1998). Because of these complications, the
debate surrounding the importance of angiotensin II’s trophic activity in vivo has
been mired in controversy (Yamazaki and Yazaki 1997; Dostal and Baker 1999;
Lijnen and Petrov 1999; Bader 2002). As a result, many of the recent studies have fo-
cused on the identity of key angiotensin II signaling pathways that regulate growth,
survival, and apoptosis (Touyz and Schiffrin 2000; Touyz 2007). The present review
examines several cell-specific signaling pathways initiated by angiotensin II.

AT1 Receptor Trophic Signaling in Cardiomyocytes and
Vascular Smooth Muscle Cells

One of the early events in angiotensin II signaling within the cardiomyocyte is the
activation and translocation of protein kinase C-δ and protein kinase C-ε (Schunkert
et al. 1995; Ruf et al. 2002), events that arise from G-protein-coupled activation of
phospholipase C and D (Sadoshima and Izumo 1993) (Figure 6.1). Downstream
from activated protein kinase C is extracellular signal-regulated kinase (ERK),
whose inhibition by PD98059 prevents angiotensin II-induced protein synthesis in
the cardiomyocyte (Ruf et al. 2002). ERK1/2 is also activated by angiotensin II in
aortic smooth muscle cells and neonatal cardiomyocytes, but the period of enhanced
activity is more prolonged in the adult ventricular cardiomyocyte (Giasson and
Meloche 1995; Sadoshima et al. 1995; Ruf et al. 2002). Nonetheless, exposure of
all three cell types to angiotensin II leads to an extended period of p70S6 kinase ac-
tivation and eventually to cellular hypertrophy. In a related study it was shown that
a c-Raf/MEK/ERK/p70S6 kinase pathway is also initiated by the protein kinase C
activator, 12-O-tetradecanoylphorbol-13-acetate, in the cardiomyocyte (Iijima et al.
2002). These data support the notion that ERK1/2 and p70S6 kinase are coupled
in the cardiomyocyte (Sadoshima et al., 1995) (Figure 6.1). However, two lines of
evidence indicate that the activation of ERK1/2 and p70S6 kinase involve distinct
angiotensin II signaling pathways in vascular smooth muscle cells (Giasson and Me-
loche 1995; Hafizi et al. 2004). First, the time course for ERK1/2 and p70S6 kinase
activation is more consistent with the existence of distinct pathways of activation.
Second, sustained ERK1/2 activation is required for cell cycle progression and mito-
genicity. Yet ERK1/2 activation in human vascular smooth muscle cells is transient.

Godeny and Sayeski (2006a,b) recently addressed the cause underlying the tran-
sient nature of ERK activation in vascular smooth muscle cells. They found that
ERK activation was mediated by either an Src-dependent or a PKCζ-dependent
signaling pathway. A major difference between the two pathways is that PKCζ

signaling initiates ERK1/2 nuclear translocation while the Src-dependent pathway
activates ERK1/2 in the cytoplasm (Figure 6.2). The most robust and sustained
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Fig. 6.1 Proposed scheme underlying the stimulation of protein synthesis by the
AT1/ERK/p70S6K pathway. The interaction of angiotensin II (ANG II) with the AT1 receptor
leads to the rapid activation of phospholipase C (PLC), which in turn generates diacylglycerol, an
activator of protein kinase C (PKC). Downstream from PKC is Ras, which activates Raf. Upon the
phosphorylation of mitogen-activated protein kinase kinase (MEK1/2) the intermediate targets,
p42 and p44 kDa MAP kinases (ERK1/2), are phosphorylated and activated. In the cardiomyocyte,
the subsequent activation of p70S6 kinase (p70S6K) is required for angiotensin II-mediated
stimulation of protein synthesis.

activation of ERK1/2 and the resulting transcription of c-fos was noted when both
the PKCζ and Src pathways were simultaneously stimulated.

Two distinct mechanisms of ERK1/2 activation have also been observed in car-
diac fibroblasts and COS7 cells exposed to angiotensin II (Seta et al. 2002). Like
the observation of Godeny and Sayeski (2006a,b), Seta et al. (2002) found that
the G-protein/PKC pathway led to nuclear translocation of ERK1/2 while the G-
protein-independent Src/Ras-dependent pathway facilitated the localization of the
active form of ERK1/2 to the cytoplasm. Based on immunocytochemical stain-
ing and immunoprecipitation experiments, Aplin et al. (2007a,b) proposed that the
form of ERK1/2 activated by the Src/Ras pathway is anchored in the cytoplasm
by the β-arrestin2 scaffolding complex (Figure 6.3). According to their hypothesis
the ERK-β-arrestin2 complex contributes to angiotensin II signaling by activating
p90RSK and promoting cell proliferation. However, that interpretation is incon-
sistent with a study by Zhai et al. (2005), who compared the Gq/PKC-dependent
and Src-dependent pathways in normal mice and transgenic mice that either over-
expressed the AT1 wild-type receptor (Tg-WT mice) or contained a mutation in
the second intracellular loop of the AT1 receptor (Tg-i2m mice) to selectively acti-
vate the Gq-independent mechanism. As predicted, hearts of Tg-WT mice exhibited
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Fig. 6.2 Proposed scheme for stimulation of cell proliferation by the Gq/PKC-dependent and the
G-protein-independent pathways of ERK1/2 activation. In one of the pathways, the interaction of
angiotensin II with the AT1 receptor is coupled through a Gq protein to the activation of protein
kinase C (PKC), which in turn activates mitogen-activated protein kinase kinase (MEK1/2), the
upstream kinase responsible for the phosphorylation of ERK1/2. The PKC-dependent pathway
results in the translocation of ERK1/2 to the nucleus, where it upregulates certain transcription
factors. A second angiotensin II-mediated pathway is G-protein independent and results in the
activation of Src/Yes/Fyn, followed by MEK1/2 and ERK1/2. Since ERK1/2 activated by the G-
protein-independent pathway remains sequestered in the cytoplasm, its actions are mediated by
RSK2, a serine protein kinase that phosphorylates the S6 ribosomal protein and stimulates protein
synthesis.

elevations in nuclear phosphorylated ERK content, enhanced translocation of PKCε,
and greater association of Gq in the cytoplasm in comparison to either the normal
or Tg-i2m mouse heart. By contrast, the active, phosphorylated form of Src was el-
evated more in the Tg-i2m mouse heart than in the other two groups. Therefore, the
specific development of a hypertrophic cardiomyopathy in the Tg-i2m mouse sug-
gests the involvement of the G-protein-independent/Src-dependent pathway in the
development of myocardial hypertrophy, a conclusion inconsistent with the conclu-
sions of Aplin et al. (2007b). Also inconsistent with the work of Aplin et al. (2007b)
is the finding that chronic angiotensin II infusion induced greater hypertrophy in the
Tg-i2m mouse than in wild-type control mice (Zhai et al. 2005).

Angiotensin II signaling in vascular smooth muscle cells and cardiac fibrob-
lasts is also mediated through EGF receptor transactivation (Figure 6.4). In fact,
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Fig. 6.3 Proposed model for the Gq-dependent and β-arrestin2-dependent pathways of ERK1/2
activation. In the Gq-dependent pathway, ERK1/2 translocates to the nucleus while activation of
ERK1/2 by the β-arrestin2 scaffold leads to the sequestration of active ERK1/2 in the cytoplasm,
where it activates RSK (see Figure 6.2). The proposed scheme maintains that the Gq-dependent
pathway leads to cellular hypertrophy while cytosolic ERK1/2 promotes cell proliferation.

Bokemeyer et al. (2000) have reported that the selective EGF receptor antagonist,
AG1478, blocks angiotensin II-induced stimulation of ERK1/2, Akt, and protein
synthesis in vascular smooth muscle cells. Moreover, angiotensin II is unable to
stimulate ERK1/2 in NIH3T3 cells lacking EGF receptors, but induces significant
ERK1/2 activation in NIH3T3 cells containing the EGF receptor (Bokemeyer et al.
2000). A key step in the transactivation cascade is the rapid phosphorylation of
the EGF receptor (Eguchi and Inagami 2000). In vascular smooth muscle cells, the
phosphorylation event is followed by the formation of the Shc-Grb2-SOS complex,
which in turn leads to the activation of Ras and Raf. Farther downstream from Ras
and Raf are MEK1/2 and ERK1/2. Touyz et al. (2003) proposed that NADPH oxi-
dase may also lie downstream from the EGF receptor. A recent review by Clempus
and Griendling (2006) discusses the importance of NADPH oxidase in the activation
of protein kinases that promote cell growth.

The upstream reactions leading to EGF receptor transactivation continue to be
actively investigated. Recent studies have focused on four mediators of the transacti-
vation reaction. First, the EGF receptor can be independently activated by a calcium
ionophore, leading to the hypothesis that a Ca2+-dependent tyrosine kinase plays a
role in the transactivation reaction (Eguchi et al. 1998; Murasawa et al. 1998a; Frank
et al. 2001). However, not all studies support a role for Ca2+ or Ca2+-dependent
tyrosine kinases in the transactivation process. Wang et al. (1999, 2000) found
that the nitric oxide donor, t-nitroso-N -acetylpenicillamine, inhibits angiotensin
II-induced elevation in [Ca2+]i and activation of the Ca2+-sensitive tyrosine kinase,
Pyk2, without affecting EGF transactivation. Moreover, N -acetylcysteine has been
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Fig. 6.4 Proposed scheme for AT1-mediated transactivation of the EGF receptor and the subse-
quent activation of ERK1/2. The interaction of angiotensin II with the AT1 receptor stimulates
several pathways that result in the transactivation of the EGF receptor. In one pathway, phospho-
lipase C (PLC) is activated, which in turn promotes the production of reactive oxygen species
(ROS). AT1 receptor activation also elevates [Ca2+]i, contributing to the stimulation of a Ca2+-
dependent tyrosine kinase, of which Src and proline-rich tyrosine kinase-2 (Pyk2) are the preferred
targets. Both ROS and the Ca2+-dependent tyrosine kinase activate a metalloprotease, presumably
ADAM17, which proteolytically activates the EGF ligand. The Ca2+-dependent tyrosine kinase,
as well as a Ca2+-independent kinase, also phosphorylate the EGF receptor. The activation of the
EGF receptor triggers a cascade leading to the activation of ERK1/2. EGF receptor transactivation
also proceeds via a G-protein-independent pathway (see text).

found to prevent transactivation of the EGF receptor in the cardiac fibroblast without
blocking angiotensin II-mediated elevations in [Ca2+]i. Finally, the Ca2+ chelator,
BAPTA, has only a marginal influence on angiotensin II-mediated phosphoryla-
tion of the EGF receptor (Wang et al. 2000). The debate surrounding the roles of
Ca2+ and the Ca2+-dependent tyrosine kinases in the transactivation pathway has
invariably been linked, with some investigators reporting a requirement of elevated
[Ca2+]i and Ca2+-dependent tyrosine kinase activity for EGF receptor phosphory-
lation (Ushio-Fukai et al. 2001) while others observe an uncoupling between the
two phenomena (Eguchi et al. 2000).

Based on the evidence that several antioxidants inhibit angiotensin II-mediated
phosphorylation of the EGF receptor (Ushio-Fukai et al. 2001) while H2O2 induces
its phosphorylation, it has been postulated that oxidative stress is an early and nec-
essary event in the transactivation of the EGF receptor (Zhang et al. 2005). A likely
site of reactive oxygen species (ROS) action is the inhibition of a protein tyrosine
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phosphatase, leading to the activation of Src and proline-rich tyrosine kinase-2 (Pyk-
2). Indeed, transactivation is blocked by the tyrosine kinase inhibitor, genistein, the
Src kinase inhibitor, PP1, and by overexpression of kinase-inactive c-Src (Frank
et al. 2001; Ushio-Fukai et al. 2001). Moreover, the phosphorylation of Src by an-
giotensin II is partially inhibited by various antioxidants (Frank et al. 2001). Ushio-
Fukai et al. (2001) have confirmed that Src is a key link between ROS and EGF
receptor phosphorylation.

Mifune et al. (2005) have recently implicated ROS, Ca2+, and a metallopro-
teinase mediator in angiotensin II-mediated transactivation of the EGF receptor.
They found that angiotensin II-induced EGF receptor transactivation was blocked
in cells exposed to the heparin-binding EGF inhibitor, CRM197, or the metallopro-
teinase inhibitor, 2R[(biphenylsulfonyl)amino]-N -hydroxy-3-phenylpropionamide.
Since the proteolytic activation of heparin-binding EGF was inhibited in angiotensin
II-treated COS7 cells by the intracellular Ca2+ antagonist, TMB-8, and the antioxi-
dant, N -acetylcysteine, they concluded that the elevation in [Ca2+]i and ROS were
required for the formation of the EGF ligand. Because transfection of COS7 cells
with dominant negative ADAM 17 (a disintegrin and metalloprotease 17) inhibited
angiotensin II-induced EGF receptor transactivation, it seemed likely that a prote-
olytic step was involved in EGF receptor transactivation. Taken together, the data
suggested that angiotensin II-mediated elevations in [Ca2+]i and ROS are respon-
sible for the activation of a metalloproteinase that increases the levels of a ligand
involved in EGF receptor activation. The contribution of ROS and angiotensin II-
mediated EGF receptor transactivation is consistent with the pivotal role of ROS
generation in hypertrophic signaling (Nakamura et al. 1998; Bendall et al. 2002;
Zhang et al. 2005; Clempus and Griendling 2006).

Zhai et al. (2006) have provided convincing evidence for a fourth mechanism of
EGF transactivation, one which involves the interaction of the AT1 receptor with
the EGF receptor. A key finding was that transgenic mice (Tg-Y319F), which were
incapable of properly forming the AT1-EGF receptor interaction, did not undergo
EGF receptor transactivation and did not significantly develop cardiac hypertrophy
in vivo. More importantly, the transgenic mice did not develop cardiac hypertro-
phy following chronic infusion of angiotensin II despite the normal response of
G-protein-coupled reactions, such as the translocation of PKC, the phosphorylation
of JNK and p38 MAP kinase, and the activation of STAT3. These findings suggest
that the G-protein-independent pathway is a major contributor to hypertrophy in the
stressed myocardium. Indeed, introduction of dominant negative EGF receptor into
the heart of a normal mouse produces a phenotype that resembles the Tg-Y319F
mouse (Zhai et al. 2006).

AT1 Receptor Signaling in Cardiac Fibroblasts

Angiotensin II increases the levels of some of the same hypertrophic effectors in the
cardiac fibroblast as in the cardiomyocyte, but the signaling pathways that lead to
their elevation are different in the two cell types. According to Zou et al. (1998),
angiotensin II-mediated activation of ERK1/2 is pertussis toxin sensitive in the rat
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cardiac fibroblast, suggesting the involvement of a pertussin toxin-sensitive Gi pro-
tein in angiotensin II signaling. Zou et al. (1998) also found that the AT1 receptor
of the cardiac fibroblast is coupled to the Src family of tyrosine kinases, which
among other actions phosphorylates Shc to facilitate the association of Shc with
Grb2. Since angiotensin II-mediated ERK1/2 activation in fibroblasts is attenuated
by the overexpression of dominant negative Ras, the small GTP-binding protein
appears to be another key intermediate in the ERK1/2 signal cascade. Based on cy-
tokine signaling, it is not surprising that Raf-1 is also required for the activation of
ERK1/2 in cardiac fibroblasts. Thus, angiotensin II signaling in the fibroblast re-
sembles signaling initiated by many cytokines and growth factors, in that SOS and
Ras associate with the Shc-Grb2 complex and activate Ras. Once activated, Ras
stimulates Raf-1, which in turn activates dual protein kinase MEK, the immediate
upstream activator of ERK1/2.

In contrast to the cardiomyocyte, Akt/p70S6 kinase signaling is reportedly ab-
sent in the angiotensin II-treated cardiac fibroblast (Olson et al. 2005). Nonetheless,
the trophic properties of angiotensin II in both cell types are blocked by the an-
tioxidant, reserveratrol, which appears to interfere with the activation of ERK1/2
signaling (Zou et al. 1998; Olson et al. 2005). Despite evidence that the ERK1/2
pathway plays a central role in rat cardiac fibroblast growth, not all studies consider
ERK1/2 an important mediator of angiotensin II-linked growth. Hou et al. (2000)
failed to detect an effect of either pertussis toxin or inhibition of ERK1/2 on an-
giotensin II-induced stimulation of protein synthesis. Another surprising finding in
the Hou study was the observation that the Ca2+-sensitive protein kinase C inhibitor,
Go6976, prevented angiotensin II-mediated [3H]leucine incorporation; neither Zou
et al. (1998) nor Murasawa et al. (1998b) observed an effect of the general protein
kinase C antagonist, calphostin C, on angiotensin II-induced activation of ERK1/2.
The difference of opinion surrounding the roles of ERK1/2 and protein kinase C in
the trophic activity of angiotensin II might be related to species differences, as Hou
et al. (2000) used human cardiac fibroblasts rather than the more widely used rat fi-
broblast. Alternatively, the dose of angiotensin II used might explain the difference
in response to angiotensin II. While the concentration of angiotensin II used in the
study of Zou et al. (1998) was 1 µM, 10 nM angiotensin II was used in the study
by Hou et al. (2000). Particularly noteworthy, in this regard, is the observation that
the MEK inhibitor, PD098059, reduced angiotensin II-induced protein synthesis by
an insignificant 17%. Had Hou et al. (2000) increased the number of experiments
performed to n > 3 or elevated the concentration of angiotensin II 100-fold, a sig-
nificant effect of PD098059 on angiotensin II-induced protein synthesis might have
been observed.

Activation of the Jak/STAT Pathway by Angiotensin II

A growth-linked signaling pathway that is stimulated by angiotensin II in neona-
tal cardiomyocytes, rat aortic smooth muscle cells and cardiac fibroblasts is the
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Fig. 6.5 Activation of the
Jak/STAT pathway by an-
giotensin II. Binding of an-
giotensin II to the AT1 recep-
tor stimulates, via a G protein,
the phosphorylation of janus
family kinases (JAK). Jak2
participates in the phosphory-
lation and activation of signal
transducers and activators of
transcription (STAT) family
members, which translocate
to the nucleus and upregulate
growth-linked genes.

Jak/STAT pathway (Dostal et al. 1997). This pathway was initially identified as a
major cytokine signal transduction pathway, but has subsequently been implicated
in cardiac hypertrophy (Dostal et al. 1997). Baker and coworkers (Dostal et al. 1997;
Booz et al. 2002) have proposed the existence of multiple pathways for the activa-
tion of the Jak/STAT pathway in the cardiac myocyte and fibroblast (Figure 6.5).
The major AT1-linked pathway involves the activation of a tyrosine kinase, fol-
lowed by the phosphorylation and activation of Jak proteins. Upon phosphorylation
by Jak2, members of the STAT (signal transducers and activators of transcription)
family translocate to the nucleus, forming a complex that upregulates growth-linked
genes, such as the immediate early genes (c-fos, c-jun, junB, Egr-1, and c-myc).
While this pathway was once touted as an important mechanism in angiotensin
II signaling, enthusiasm for this pathway waned when it was discovered that an-
giotensin II promotes protein synthesis in the intact adult heart without the induction
of c-fos or c-jun (Schunkert et al. 1995). However, more recent data link the activa-
tion of the Jak/STAT pathway to the etiology of heart failure (Booz et al. 2002) and
hypertension-induced remodeling of the vasculature (Touyz and Schiffrin 2000).

Factors Regulating Angiotensin II-Mediated Apoptosis
and Cell Growth

Angiotensin II, like several of the cytokines, is capable of triggering both apoptosis
and protein synthesis. Indeed, angiotensin II modulates both cell death and prolifer-
ation in the young developing heart (Mel’nikova et al. 2006). It also contributes to
the development of heart failure by promoting hypertrophy, fibrosis, and apoptosis
(Schroeder et al. 2006). While the initiation of death and growth pathways by the
same agent seems counterproductive, several scenarios could account for the dual
activity. First, it is likely that a major trigger for angiotensin II-mediated apoptosis
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and cell growth is oxidative stress. Yet the dependence of apoptosis and cell growth
on the degree of oxidative stress likely differs. In endothelial cells, mild oxidative
stress exerts anti-apoptotic actions through the upregulation of thioredoxin-1 (Haen-
deler et al. 2004) while severe oxidative stress triggers apoptosis (Dimmeler et al.
1997). Second, the type of reactive species formed in response to angiotensin II
treatment may determine the outcome of the treatment. In the cardiomyocyte, per-
oxynitrite is a key intermediate in the apoptotic cascade (Lin et al. 1995; Grishko
et al. 2003) while in human endothelial cells superoxide appears crucial, as nitric ox-
ide protects against angiotensin II-induced apoptosis (Dimmeler et al. 1997). Third,
the actions of angiotensin II and oxidative stress may be phenotype specific. Bas-
cands et al. (2001) found that in aortic smooth muscle, angiotensin II induces apop-
tosis in epithelioid cells but not in spindle cells. Fourth, apoptosis may represent a
counterbalance to elevated cell growth during stress. The interplay between apop-
tosis and cell growth is most likely temporally related, as evidenced by the increase
in smooth muscle cell apoptosis following regression of vascular hypertrophy in
spontaneously hypertensive rats treated with antihypertensive therapy (deBlois et al.
1997). Fifth, the competition between growth and apoptosis may be receptor specific
(AT1 versus AT2). Most of angiotensin II’s well-known effects, such as modulation
of blood pressure, fluid/electrolyte balance, cellular proliferation, hormone release,
and drinking behavior, represent actions of the AT1 receptor. Much less is known
about the physiological function of the AT2 receptor. However, recent evidence sug-
gests that the AT2 receptor may play a role in cellular differentiation, antigrowth
(although in some cases growth), and apoptosis (Inagami and Senbonmatsu 2001;
Gendron et al. 2003; Kaschina and Unger 2003; Joehren et al., 2004). Since the
expression of the AT2 receptor is low in adults but elevated during fetal and early
postnatal life, it has been proposed that counteracting effects of the AT1 and AT2
receptors may influence development and remodeling (Yamada et al. 1998). How-
ever, it is also possible that physiological function in the adult may be influenced
by competition between the AT1 and AT2 receptors, particularly in cells such as the
cardiomyocyte in which the levels of both the AT1 and AT2 receptors are normally
low. Sixth, the concentration of angiotensin II in the vicinity of the receptor may
regulate the balance between proliferation, survival, and apoptosis. In rat neona-
tal cardiomyocytes, apoptosis is initiated at concentrations of angiotensin II as low
as 1 nM (Grishko et al. 2003) while its trophic activity is generally seen at higher
concentrations (Sadoshima and Izumo 1995). Seventh, the interaction between an-
giotensin II and other effectors may determine the response to angiotensin II. Ac-
cording to Pollman et al. (1996) the countervailing balance between nitric oxide
and angiotensin II regulates the survivability of the vascular smooth muscle cell.
There is also evidence that angiotensin II-induced apoptosis is associated with en-
hanced generation of TGF-β (Ding et al. 2002; Bhaskaran et al. 2003; Schroeder
et al. 2006) and specific growth factors (Eguchi and Inagami 2000). However, the
effect of angiotensin II on the activation state of Akt appears to be cell specific.
While Li et al. (2006) report that angiotensin II promotes the dephosphorylation of
Akt in human vascular muscle cells, in the cardiomyocyte angiotensin II activates
the PI 3-kinase/Akt pathway (Wenzel et al. 2006). Therefore, it is not surprising
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that the levels and activity of several regulatory factors modulate the actions of
angiotensin II.

Regulation of Apoptosis by Angiotensin II

Sun and Weber (1998) were the first investigators to propose a role for angiotensin II
in cellular apoptosis. Today, it is generally accepted that angiotensin II, acting
through either the AT1 or AT2 receptor, induces or regulates apoptosis in a vari-
ety of cell types, including neonatal and adult cardiomyocytes, human umbilical
venous endothelial cells, primary lung alveolar epithelial cells, human coronary
artery endothelial cells, rat pheochromocytoma PC12W cell, fibroblast R3T3 cell
line, SA and AV nodal cells, pancreatic acinar cells, glomerular epithelial cells,
fetal adrenal cells, ovarian granulosa cells, cultured neurons, and vascular smooth
muscle cells. However, due to its progrowth properties, angiotensin II may also ex-
hibit antiapoptotic activity. In cardiac fibroblasts, angiotensin II inhibits interleukin-
1β and diethylenetriamine NONOate-induced apoptosis, an effect associated with
the activation of Akt (Tian et al. 2003). A similar outcome has been reported for
serum-deprived vascular endothelial cells exposed to angiotensin II (Ohashi et al.
2004). Although Akt activation may represent the most common cause of an-
giotensin II-mediated cytoprotection, Grammatopoulos et al. (2004) have implicated
AT2-mediated reductions in caspase 3 activity in the attenuation of azide-induced
apoptosis of mouse cortical neurons by angiotensin II.

Mechanisms Underlying AT2-Mediated Apoptosis

Yamada et al. (1996) provided the initial evidence that the AT2 receptor is capa-
ble of mediating apoptosis. Using cells (PC12W and R3T3) that express abundant
AT2 receptors but few AT1 receptors, they found that antisense oligonucleotides di-
rected against MAP kinase phosphatase 1 inhibited AT2-directed ERK1/2 dephos-
phorylation and apoptosis. In a follow-up study, Horiuchi et al. (1997) found that
the antisense oligonucleotide of MAP kinase phosphatase 1 enhanced the phospho-
rylation of ERK1/2 and Bcl-2 by nerve growth factor, thereby activating ERK1/2
and preventing Bcl-2 degradation (Dimmeler et al. 1999). A logical conclusion was
that the AT2 receptor promoted apoptosis and antagonized the cell survival actions
of nerve growth factor by activating MAP kinase phosphatase 1 (Figure 6.6). In a
related study, Roessig et al. (2002) reported that the enzyme induced in human en-
dothelial cells by angiotensin II was MAP kinase phosphatase-3 rather than MAP
kinase phosphatase 1; the net result of AT2 stimulation in human endothelial cells
was the dephosphorylation of ERK1/2 and the degradation of Bcl-2. In NIE-115
cells, AT2 receptor-mediated activation of a protein phosphatase 2A also resulted
in the dephosphorylation of ERK1/2 (Huang et al. 1996). Similarly, AT2 receptor
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Fig. 6.6 Signaling pathways involved in AT2-mediated apoptosis. The stimulation of the AT2 re-
ceptor leads to a slow elevation in cellular ceramide, a proapoptotic messenger. The more rapid
AT2 response results in the activation of a protein phosphatase, which has been identified as either
a protein phosphatase 2A or MAP kinase phosphatase 1. The activated phosphatase catalyzes the
dephosphorylation and inactivation of ERK1/2. Because ERK1/2 maintains the viability of Bcl-2,
the inactivation of ERK1/2 leads to the dephosphorylation and degradation of the antiapoptotic
factor.

stimulation was found to initiate apoptosis in cultured neurons through the activa-
tion of a serine/threonine phosphatase (Shenoy et al. 1999).

A role for the AT2 receptor in the regulation of Bcl-2 content is also supported by
the work of Suzuki et al. (2002), who found that the number of apoptotic vascular
smooth muscle cells in injured arteries of AT2 null mice was reduced despite the
elevation in Bcl-2 and Bcl-xL mRNA content and the decline in Bax mRNA content.
While AT2-dependent changes in Bcl-2 family member activity are generally seen
within a few hours of receptor activation, a later event initiated by the AT2 receptor
is the activation of a ceramide pathway, which is followed by caspase 3 activation
and the onset of apoptosis (Lehtonen et al. 1999). Since attenuation of nerve growth
factor-mediated activation of ERK1/2 activity by the MEK inhibitor, PD098059,
has been found to have no influence on ceramide levels, the authors concluded that
AT2 stimulates at least two distinct proapoptotic pathways, the activation of MAP
kinase phosphatase 1 and the elevation in ceramide levels (Figure 6.6). Modulation
of ERK1/2 activity also underlies the phenotype switch in vascular smooth muscle
cells deficient in AT2 receptor (Akishiti et al. 1999).

Another AT2 pathway linked to apoptosis leads to a stimulation of a soluble
protein tyrosine phosphatase, SHP-1, an enzyme that associates with insulin re-
ceptor substrate (IRS)-2 (Cui et al. 2002). Overexpression of a dominant nega-
tive form of SHP-1 in PC12W cells has been found to attenuate AT2 receptor-
mediated inhibition of insulin signaling. Since insulin activates Akt, it is interesting
that the mechanism of apoptosis in the angiotensin II-treated PC12W cell involves
the dephosphorylation and inactivation of Akt. In NIE-115 neuroblastoma cells,
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angiotensin II-mediated activation of SHP-1 phosphatase is associated with the in-
activation of ERK1/2 (Bedecs et al. 1997) (Figure 6.6).

Other possible mechanisms contributing to AT2-mediated apoptosis include the
initiation of a pathway involving both nitric oxide and p53 (Bonnet et al. 2001)
and another pathway requiring p38 MAP kinase (Miura and Karnik 2000). There
is also evidence that AT2 activation is coupled to the dephosphorylation of STAT
(Steckelings et al. 2005). Recently, Miura and coworkers (Miura and Karnik 2000;
Miura et al. 2005) reported that the AT2 receptor is capable of inducing apoptosis in
R3T3 cells without the need of a ligand.

Mechanisms Underlying AT1-Mediated Apoptosis

Less information is available on the mechanism underlying AT1-mediated apopto-
sis. There are at least two apoptotic pathways initiated by the AT1 receptor. One oc-
curs secondary to the upregulation of TGFβ1, an event that requires the concurrent
and early elevation of transcription factors, AP-1 and GATA. Recently, Schroeder
et al. (2006) showed that angiotensin II increased Smad protein binding, an ef-
fect blocked by a TGFβ1-specific antibody. Reductions in Smad binding activity
achieved by the introduction of Smad decoy oligonucleotides into cells largely pre-
vented angiotensin II-mediated apoptosis, implicating TGFβ1-mediated upregula-
tion of Smad in the mechanism of angiotensin II-mediated apoptosis (Figure 6.7).

The other angiotensin II-mediated apoptotic pathway is directly mediated by the
AT1 receptor without the contribution of a secondary factor. Grishko et al. (2003)
published a “unifying hypothesis” designed to clarify the divergent views of AT1
signaling. Since both scavengers of ROS and inhibition of NADPH oxidase prevent
angiotensin II-mediated apoptosis, they proposed that the generation of ROS by
NADPH oxidase is an early event in angiotensin II signaling (Figure 6.8). Based on
the work of Griendling and coworkers (Seshiah et al. 2002; Clempus and Griendling
2006), they concluded that angiotensin II-mediated activation of protein kinase C is
responsible for the stimulation of NADPH oxidase activity. This idea has received
support from the work of Li et al. (1999) and Papp et al. (2002), who found that
inhibition of protein kinase C attenuates angiotensin II-mediated apoptosis.

Another central element of the Grishko hypothesis is the upregulation of in-
ducible nitric oxide synthase (iNOS). Since the induction of iNOS is often asso-
ciated with extensive nitric oxide formation, it is commonly a toxic event. However,
nitric oxide formation is not detrimental in all cell types. Dimmeler et al. (1997)
found that nitric oxide protects human endothelial cells against angiotensin II-
mediated apoptosis. A key variable appears to be the amount of nitric oxide pro-
duced. In the cardiomyocyte, sufficient levels of nitric oxide are generated to cause
the formation of toxic levels of peroxynitrite, while in endothelial cells, ROS, rather
than reactive nitrogen species, appear to be the toxic mediators of apoptosis.

One of the consequences of either ROS or reactive nitrogen species generation
is the oxidation of mitochondrial and nuclear DNA. In the angiotensin II-treated
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Fig. 6.7 Proposed model for TGFβ1-linked mediation of apoptosis by angiotensin II. In one car-
diomyocyte, angiotensin II promotes the upregulation of TGFβ1, which is released into the intra-
cellular space where it interacts with the TGFβ1 receptor of a second cardiomyocyte. Levels of
Smad proteins rise in the second cardiomyocyte, causing it to undergo apoptosis.

cardiomyocyte both types of DNA damage may occur (Grishko et al. 2003). In many
cell types, nuclear DNA damage has been shown to activate kinases that phospho-
rylate p53, an oncogene that regulates the levels of Bcl-2 and Bax (Miyashita et al.
1994). In accordance with this sequence of events, Grishko et al. (2003) found that
in the neonatal cardiomyocyte, angiotensin II activates p53, causes a transient de-
crease in Bcl-2 levels, and elevates Bax content. While these results are consistent
with the idea that nuclear DNA damage might contribute to angiotensin II-mediated
apoptosis, the elevation in the Bax/Bcl-2 ratio in the Grishko study was not large and
likely insufficient to cause mitochondrial disruption. Nonetheless, several investiga-
tors (Pierzchalski et al. 1997; Diep et al. 2002; Ding et al. 2002) have attributed
angiotensin II-mediated apoptosis to the rise in the Bax/Bcl-2 ratio, although the
size of the Bax increase in their studies was significantly greater than that reported
by Grishko et al. (2003).

Concern over the role of Bax in angiotensin II-mediated apoptosis has led to a
modified version of the Grishko hypothesis (Figure 6.8). The modified hypothesis
was influenced by the discovery that angiotensin II-induced apoptosis proceeds via
the mitochondrial permeability transition (MPT) (Ricci et al. 2005). Although Bcl-2
family members can modulate the activity of the MPT pore (Shimizu et al. 1999;
Rostovtseva et al. 2004), regulation of the MPT pore by oxidative stress may be
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Fig. 6.8 Proposed scheme for the proapoptotic activity of the stimulated AT1 receptor. Interaction
of angiotensin II with the AT1 receptor triggers a cascade, which leads to the activation of NADPH
oxidase and the subsequent generation of superoxide. Angiotensin II also activates inducible nitric
oxide synthase, iNOS, a major source of nitric oxide (NO). The two reactants combine to form
peroxynitrite (ONO2

−). After entering the mitochondria, peroxynitrite oxidizes DNA, which in-
terferes with the expression of mitochondrial proteins and the activity of the electron transport. As
a result, electron transport slows and an imbalance develops between the generation of reducing
equivalents and their utilization by the electron transport chain. ATP production slows, but more
importantly, electrons are diverted from the electron transport chain to oxygen forming superox-
ide. The antioxidant defense system is overwhelmed and mitochondrial proteins undergo oxida-
tion. Upon oxidation of adenine nucleotide translocase, the mitochondrial permeability transition
(MPT) pore forms, allowing cytochrome c (cyt c) release. In the cytosol, cytochrome c combines
with Apaf-1 and ATP to form the apoptosome, a complex that initiates the caspase cascade.

a more important contributor to angiotensin II-mediated apoptosis. Halestrap et al.
(2004) have shown that oxidative modification of adenine nucleotide translocase fa-
cilitates MPT pore formation. A major question has been the steps upstream from
MPT pore formation. In the modified hypothesis, one of the major steps upstream
from MPT pore formation is the slowing of flux through the electron transport chain.
According to Ricci et al. (2005), angiotensin II mediates mitochondrial DNA dam-
age, which induces the downregulation of mitochondrially encoded electron trans-
port proteins. It has been assumed that the decreased expression of the electron
transport components invariably slows flux of reducing equivalents through the elec-
tron transport chain, enhancing the diversion of electrons to oxygen. The resulting
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formation of superoxide is thought to overwhelm the antioxidative defense system
of the mitochondria and key mitochondrial proteins undergo oxidation. Oxidative
injury to one of these proteins, the adenine nucleotide translocase, facilitates the for-
mation of the MPT pore. As a result, intramembrane proteins, such as cytochrome c,
are released and the apoptotic cascade is initiated (Halestrap et al. 2004). Although
Ricci et al. (2005) have shown that the rapid generation of superoxide precedes
MPT pore formation, the link between mitochondrial DNA damage, mitochondrial
superoxide generation, and MPT pore formation is being actively investigated.
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Chapter 7
Thioredoxin Signaling in the Ischemic Heart

Dipak K. Das and Shyamal K. Goswami

Abstract Thioredoxins are a class of small redox-regulating proteins that play a
crucial role against various oxidative stress-inducible degenerative diseases. A re-
cent study demonstrated that in the ischemic reperfused myocardium, thioredoxin-
1 (Trx-1) level is reduced. Upon adaptation to ischemic stress by preconditioning
with repeated cyclic episodes of small duration of ischemia and reperfusion, there
was an increased expression of Trx-1. Inhibition of Trx-1 expression resulted in
reduced postischemic ventricular recovery and increased myocardial infarct size
in the preconditioned heart. Corroborating these findings, transgenic mouse hearts
overexpressing Trx-1 were resistant to ischemic reperfusion injury as compared to
the hearts from wild-type mice. Thus, it appears that thioredoxin plays a crucial
role in cardioprotection induced by preconditioning.

Introduction

Reactive oxygen species (ROS) play a crucial role in the pathophysiology of is-
chemic heart diseases by causing electrical disturbances, cardiac dysfunction, and
cell death (Chen et al. 2007; Kevin et al. 2005; Huang et al. 2003; Turoczi et al.
2003; Yang et al. 2003; Nishida et al. 2000; Nishida et al. 1998). Cardiac arrhyth-
mias and stunning are the hallmarks of ROS-mediated cellular injuries during the
reperfusion of the ischemic myocardium (Huang et al. 2003; Nishida et al. 1998).
Evidence in favor of ROS being the mediator of ischemia reperfusion injury includes
observations that antioxidants and free radical scavengers can ameliorate those ef-
fects (Di Lisa and Bernardi 2006; Zorov et al. 2006; Petrosillo et al. 2005; Hangaishi
et al. 2000; Tanguy et al. 1996). A number of intracellular sources like mitochon-
drial respiratory chains and microsomes (Gutierrez et al. 2006; Honda et al. 2005),
cyclooxygenase and lipooxygenase pathways (Shinmura et al. 2002; Valen et al.
1993), xanthine oxidase (Kozlovski et al. 2006), circulating elements in the blood
and polymorphonuclear leukocytes may generate ROS (Lantos et al. 2001). The
ROS can be directly detected by using electron spin resonance (ESR) (Lecour et al.
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1998; Tortolani et al. 1993) or high-performance liquid chromatography (HPLC)
(Cordis et al. 1994, 1998a) and indirectly by measuring the extent of lipid perox-
idation (Tosaki et al. 1993), conjugated diene formation (Zhang et al. 2006), or
DNA strand breaks (Cordis et al. 1998a). Extensive studies both in vitro and in
vivo have clearly demonstrated that ROS damages virtually all kinds of biomole-
cules, viz., proteins, lipids, carbohydrates, and nucleotides (Skibska et al. 2006;
Babusikova et al. 2004). If ROS are formed in a close vicinity to DNA, it can bring
about a change in DNA structure resulting in mutation or cytotoxicity (Kujoth et al.
2005).

While ROS have long been known for their deleterious effects, recent studies
indicate that they can also function as the second messengers, inducing events as
diverse as cell differentiation, proliferation, tissue repair, wound healing, cardiopro-
tection, etc. (Koneru et al. 2007; Piccoli et al. 2007; auf dem Keller et al. 2006;
Chiarugi and Fiaschi 2006; Das et al. 2006; Das and Maulik 2005; Laderoute and
Webster 1997). Also, the generation of various reactive oxygen species is closely
associated with that of reactive nitrogen species, and they are often collectively con-
sidered for their biological effects (Botting and Vane 1989). Following the seminal
discovery in the late 1980s that nitric oxide (NO) can act as a signaling molecule
(Botting and Vane 1989), a number of other reactive species, especially hydrogen
peroxide, have emerged as key signal transducers (Kim et al. 2007). This review
will focus on the cell signaling by ROS in the ischemic reperfused myocardium
and provide evidence that such signaling activity leads to the repair of the injured
cardiomyocytes.

Historical Background

The concept of ROS being a second messenger goes back to the nineteenth cen-
tury. Charles Darwin’s book The Origin of Species published in 1859 described
that “white blue eyed cats are deaf due to the defect in neuronal development be-
cause of the absence of melanin.” We now know that melanin is a stable free rad-
ical, involved in redox signaling. Oxidation of melanin results in the generation of
redox-active tautomer followed by melanosomal redox cycling, leading to the acti-
vation of transcription factors and the antiapoptotic phenotype of the melanocytes
(Meyskens et al. 2004). In 1979, Proctor et al. suggested that active oxygen metabo-
lites act as specific intermediary transmitter substances for a variety of biolog-
ical processes including inflammation, fibrosis, and possibly neurotransmission
(Proctor et al. 1979). Bochner et al. 1984 probably provided the first direct evidence
of redox signaling by showing that AppppA and related adenylated nucleotides are
synthesized as a consequence of oxidative stress (Bochner et al. 1984). Direct ev-
idence of ROS functioning as the second messenger(s) in the ischemic reperfused
myocardium was first provided by Das et al. (1999) by demonstrating that ROS can
make the ischemic heart tolerant to subsequent ischemia and reperfusion (ischemic
preconditioning) by upregulating the defense system.
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Rapidly accumulating evidence indicates that cellular changes associated with
myocardial ischemia and reperfusion are redox-regulated. ROS that are generated in
the ischemic reperfused myocardium affect the cellular events in virtually all cellu-
lar compartments at the regulatory level. Several redox-sensitive anti- and proapop-
totic transcription factors including NFκB and AP-1 progressively and steadily in-
crease in heart during ischemia and reperfusion (Das et al. 1995). The redox sig-
naling also involves multiple kinases including MAP kinases and protein kinase C
(Sato et al. 2000; Maulik et al. 1998).

Thioredoxins and Glutaredoxins—The Redox-Sensing Proteins

Several important redox proteins such as thioredoxin (Trx) and glutaredoxin (Grx)
play a crucial role in maintaining redox homeostasis in the ischemic myocardium
(Turoczi et al. 2003; Isowa et al. 2000). In heart, the intracellular environment is
maintained at a reduced state by high levels of glutathione and a number of ox-
idoreductases, including Trx and Grx, which act as thiol-disulfide redox buffers
(Figure 7.1). These thiol proteins are responsible for sensing the cellular redox sta-
tus and maintain it in a nonequilibrium steady state. During ischemia-reperfusion,
due to the generation of ROS, the intracellular environment shifts toward the oxi-
dized state. Thioredoxins are small proteins with redox-active half-cysteine residues
(Cys-Gly-Pro-Cys) present in their active center and serving as electron donors for
various enzymes (Powis and Monfort 2001; Nakamura et al. 1997; Holmgren and
Bjornstedt 1995; Holmgren 1989; Holmgren 1985; Holmgren and Luthman 1978).
In mammals, there are two thioredoxin genes, viz., Trx 1 and 2, which are ubiqui-
tously expressed but differentially localized. Trx-1 is cytosolic and is involved in

Fig. 7.1 Thioredoxin and glutathione system in mammalian heart.
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numerous redox events including the supply of reducing equivalents to thioredoxin
peroxidases, ribonucleotide reductase, and the regulation of transcription factor ac-
tivities (Lillig and Holmgrenm 2007; Chae et al. 1994). Trx-1 also binds to a variety
of cellular proteins including Ref-1, ASK 1, PKC, and NFκB and inhibits apoptosis
(Zhou et al. 2007; Chen et al. 2006). It possesses free radical scavenging property
(Mitsui et al. 1992), acts as a reducing cofactor (Kuster et al. 2006), and can pro-
tect cells from H2O2-induced oxidative damage (Haendeler et al. 2004). Most of
the antioxidant functions of Trx-1 are mediated via thioredoxin peroxidases, which
belong to the antioxidant protein family peroxiredoxin. Thioredoxin peroxidases 1
and 2 possess antioxidant property, can scavenge ROS, and reduce apoptosis with
a mechanism distinct from that of Bcl-2 (Zhang et al. 1997). Thioredoxin perox-
idases are also present in red blood cells and are responsible for protecting them
from oxidant injury.

Trx-1 is induced in tissues or cells subjected to a wide variety of stresses includ-
ing oxidative stress, UV radiation, ionizing irradiation, heavy metals, and inflamma-
tion (Tanaka et al. 1997; Ohira et al. 1994). A recent study showed that pretreatment
of mice with a sublethal dose of LPS increased Trx concentrations that played an im-
portant role in the development of endotoxin tolerance via inhibition of ROS (Sano
et al. 2002). Trx is also induced in the tissues subjected to ischemia and reperfusion
or ischemic preconditioning (PC; Turoczi et al. 2003), while more recent study has
indicated PC-mediated phosphorylation of Akt and nuclear translocation of Trx-1
(Malik et al. 2006). Immunohistochemistry revealed that after translocating into the
nucleus, Trx-1 associates with Ref-1, resulting in the increased DNA binding of
transcription factor NFκB. PC-mediated phosphorylation of Akt and the activation
of NFκB were abolished when the expression of Trx 1 was abrogated by shRNA-
Trx-1, suggestng the essentiality of Trx-1 in mediating those effects.

Like thioredoxins, glutaredoxins (Grx) are also conserved in evolution and are in-
volved in the modulation of cellular redox. Glutaredoxins are thioltransferases and
mammals have two Grx genes, viz., Grx 1 and 2. Although Grx-1 was initially con-
sidered to be a cytosolic enzyme, recent results of immunolabeling experiments have
shown it to be present in the nucleus as well (Kaarteenaho-Wiik et al. 2004). The
second Grx gene, i.e., Grx 2, has recently been reported and it encodes two proteins
(resulting from alterative splicing); one is located in the mitochondria and the other
in the nucleus (Lundberg et al. 2001). Like Trx, Grx also catalyzes thiol/disulfide
exchange (Lillig et al. 2005). The active site of Grx [Cys-Pro-Tyr (Phe)-Cys] is ox-
idized during this process and is regenerated thereafter by the reducing equivalents
of GSH. The oxidized GSH is then recycled back to the reduced form by glutathione
reductase. Since GSH is the major intracellular nonprotein thiol, it forms the major-
ity of mixed disulfides under oxidative stress and Grx-1 plays a predominant role in
reversing this process (Beer et al. 2004).

In addition to its function in thiol/disulfide exchange, Grx-1 also serves as
an alternative electron donor to ribonucleotide reductase (Fernandes and Holm-
gren 2004), participates in deiodination of thyroxine to triiodothyronine (Takagi
et al. 1989), and acts as a dehydroascorbate reductase for regenerating ascorbic
acid (Washburn and Wells 1989). However, despite the potential role of Grx in
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antioxidant defense mechanism, studies on its antioxidant function have been excep-
tionally limited (Pimentel et al. 2006; Fernandes and Holmgren 2004). Recombinant
Grx is capable of protecting cultured cerebellar granule neurons from dopamine-
induced apoptosis, and the protection is mediated through the activation of the
Ras/PI3K/Ref-1/Akt/NFκB pathway (Daily et al. 2001a,b). Thus, it is tempting
to speculate that this Ras/PI3K/Ref-1/Akt/NFκB pathway may play an important
role in the redox regulation by Trx-1 and/or Grx. Although both Trx-1 and Grx-1
are involved in the regeneration of oxidatively damaged proteins, they have different
substrate preferences. While Grx-1 reactivates proteins containing mixed disulfides
(Prot-SS and Prot1-SS-Prot2) more efficiently, Trx-1 preferentially regenerates pro-
tein sulfenic or sulfinic acid (Yoshitake et al. 1994).

Thioredoxins and Glutaredoxins in Mammalian Hearts

Both the variants of Trx and Grx are present in mammalian hearts and it is believed
that they have similar but different roles in modulating cellular redox (Fernandes and
Holmgren 2004; Berndt et al. 2006). Recent studies have indicated a correlation be-
tween plasma thioredoxin concentrations and severity of heart failure (Jekell et al.
2004). In patients having myocarditis and cardiomyopathies with active necrotic
stage, myocardial expression of Trx is elevated in association with DNA damage
(Nimata et al. 2003). In another related study, increased Trx expression was found
in the skin biopsies (obtained during the cardiac catheterization) of 29 out of 35
patients with congestive heart failure, but none of the 8 control subjects (Miyamoto
et al. 2003). Overexpression of Trx-1 in heart attenuates adriamycin-induced car-
diotoxicity (Shioji et al. 2002). Also, treatment with recombinant human Trx-1
suppressed cardiomyocyte injury following adrenomycin treatment (Shioji et al.
2003).

Ventricular Remodeling with Thioredoxin

Myocardial infarction is followed by ventricular remodeling that includes both
structural and metabolic reorganization and cardiac hypertrophy (Brown et al. 2006;
Bujak and Frangogiannis 2007; Frangogiannis 2006). Although at early stages, ven-
tricular remodeling occurs as an adaptive response that is beneficial to the heart, at
a later stage it becomes maladaptive, leading to heart failure (Brown et al. 2006; Ho
and Seidman 2006). Cardiac hypertrophy is also induced by other pathological con-
ditions, under mechanical stress; and is accompanied by ventricular dysfunction and
extensive fibrosis (Ho and Seidman 2006). ROS has been attributed to both early and
sustained stages of hypertrophy and cardiac remodeling (Takimoto and Kass 2007;
Tsutsui et al. 2006). Antioxidant therapy following experimental myocardial infarc-
tion prevents ventricular remodeling and heart failure (Matsushima et al. 2006).
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As a general rule, a small amount of ROS elicits adaptive response while mas-
sive generation of ROS leads to myocyte loss and heart failure (Tsutsui et al. 2006;
Takimoto and Kass 2007). In agreement, recent studies have indicated that suppres-
sion of endogenous Trx-1 (by overexpression of dominant negative Trx-1) induces
cardiac hypertrophy and exacerbates hypertrophic response induced by thoracic aor-
tic constriction (Yamamoto et al. 2003). Also, in Tg-Trx-1 mice, aortic constriction
fails to induce hypertrophy (Yamamoto et al. 2003). The ability of Trx-1 to suppress
hypertrophy was due to the inhibition of RAS-MAPK signaling cascade. Another
recent study has indicated that Trx-1 attenuates metabolic remodeling by enhanc-
ing PPARγ coactivator-1α (PGC-1α), thereby protecting against hypertrophy (Ago
et al. 2006).

Trx and Grx being the key redox sensors, their functions are modulated by ROS.
While at a lower dose, ROS can induce their expression, thereby eliciting an adaptive
response; massive generation of ROS inactivates these proteins by posttranslational
modifications (Kondo et al. 2006). In heart failure patients, a significant correlation
between the serum concentration of Trx-1 and the severity of the disease has also
been documented (Jekell et al. 2004). The increased Trx-1 activity is likely to be
due to the adaptive response during the failure to compensate for the increased ROS
activities.

Thioredoxins/Glutaredoxins in Ischemia/Reperfusion Injury

Trx-1 is an important component of the defense against cardiac injury. Oxidized
thioredoxin is released into plasma of the patients undergoing cardiopulmonary by-
pass surgery (Nakamura et al. 1998). Nitrative inactivation of thioredoxin-1 has
been attributed to postischemic myocardial apoptosis (Tao et al. 2006b). Endurance
training by swimming is accompanied by a reduction of ischemia/reperfusion-
induced oxidative stress with a concomitant increase in thioredoxin reductase, re-
sulting in protection against myocardial ischemia/reperfusion injury (Kihlstrom
1990). Human thioredoxin attenuates hypoxia-reoxygenation injury of murine en-
dothelial cells in a thiol-free condition, suggesting a novel redox signaling pathway
in protecting the myocardium (Isowa et al. 2000). Recombinant human Trx-1 im-
proves lung function and reduces cellular injury of the lung subjected to ischemia
and reperfusion (Yokomise et al. 1996). Transgenic mice overexpressing Trx-1 in
brain showed smaller infarct after cerebral artery occlusion (Takagi et al. 1999). The
brains from the patients with Alzheimer’s disease demonstrated reduced amount of
Trx-1 with the concomitant increase in thioredoxin reductase (Lovell et al. 2000).
Increased Trx-1 expression was reported in the epidermal cells of the skin ex-
posed to sun (Sachi et al. 1995) and for the patients with HIV (Nakamura et al.
1996).

The protective role of Trx-1 in myocardial ischemia/reperfusion injury is fur-
ther substantiated from the observations that mouse hearts overexpressing Trx-1
were resistant to ischemic injury and ventricular fibrillation (Tao et al. 2006b; Das
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and Maulik 2003; Aota et al. 1996). Transgenic overexpression of Trx-1 leads to
reduced myocardial infarct size and improved left ventricular performance in the
postischemic myocardium. Measurements of plasma thioredoxin during open-heart
surgery demonstrated elevated levels of Trx in arterial plasma during reperfusion
of the postcardioplegic heart of the patients (Nakamura et al. 1998). Trx increases
during surgical preparation for cardiopulmonary bypass, but decreases during the
bypass due to the release of oxidized Trx into the plasma.

While ischemia/reperfusion reduces the amount of Trx-1, preconditioning in-
duces thioredoxin activity (Malik et al. 2006; Chiueh et al. 2005; Das and Maulik
2003). Increased expression of Trx-1 is due to the adaptive response triggered by
PC, as Trx-1 overexpression nicely corroborates with cardioprotective abilities of
adaptation. Consistent with these findings, inhibition of Trx-1 abolished cardiopro-
tective effects of PC with a concomitant increase in number of apoptotic myocytes
in the myocardium (Malik et al. 2006). These results were further corroborated with
the findings that Trx-1 inhibition also abolishes the oxidative stress lowering ability
of PC (Das 2004), suggesting a crucial role of Trx in PC-mediated redox signal-
ing. Thioredoxin also induces MnSOD and other antioxidants, which play a crucial
role in myocardial defense against ischemic reperfusion (Das and Maulik 2006; Das
et al. 1997). Taken together, it is hypothesized that Trx (and Grx) may regulate the
“redox switch,” which changes ischemia/reperfusion-induced “death signal” into
PC-mediated “survival signal (Das and Maulik 2003).

Thioredoxins in Diseased Hearts

Thioredoxin and Hypertension

Impaired expression of Trx-1 in spontaneously hypertensive (SHR) and stroke-
prone SHR (SHRSP) rat hearts have been documented (Tanito et al. 2004). Induc-
tion of thioredoxin was further reduced upon angiotensin II treatment of peripheral
blood mononuclear cells isolated from those animals as compared to control Wistar
Kyoto rats. Reduced expression of thioredoxin during hypoxia and reoxygenation
of cortical neurons isolated from stroke-prone spontaneously hypertensive rats has
also been reported (Yamagata et al. 2000). In another related study, serum Trx con-
centration in the hypertensive patients were found to be significantly higher than
that of normal patients (Miwa et al. 2005).

Thioredoxin and Diabetes

Several reports correlating levels of thioredoxin with diabetes also exist in the lit-
erature. According to one study, patients with glucose intolerance have high levels
of thioredoxin (Miyamoto et al. 2005). In another study, in patients with type 2
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diabetes, serum thioredoxin levels were elevated (Kakisaka et al. 2002). A more
recent study demonstrated that Trx-2 was suppressed in the aorta from rats with 2
weeks of diabetes, suggesting a novel role for Trx-2 in protecting cells against high
ambient glucose (Liang and Pietrusz 2007). When Trx-2 expression was knocked
down by siRNA in human umbilical vein endothelial cells, high ambient glucose
elicited substantial cellular damage, increased cytochrome c, lipid peroxidation, and
oxidized glutathione; whereas in the presence of Trx-2, such damages were signifi-
cantly lower. In another related study, after treatment with cisplatin, (a thioredoxin
inhibitor), severe hyperglycemic hyperosmolar derangement was observed in a pa-
tient without previous history of diabetic mellitus (Arnold et al. 2004). Diabetic rat
heart shows upregulation of thioredoxin along with significant reduction in thiore-
doxin reductase activity (Li et al. 2005).

Thioredoxin and Atherosclerosis

Recent studies have also suggested a correlation between thioredoxin and
atherosclerosis. Using DNA microarray analysis, Hagg et al. demonstrated that hu-
man macrophages respond to oxidized low-density lipoprotein (oxLDL) by acti-
vating thioredoxin systems—thioredoxin, thioredoxin reductase 1, and glutathione
reductase—suggesting that these enzymes might play a role in the cellular defense
against oxidized LDL and development of atherosclerosis (Hagg et al. 2006). Ac-
cording to another study, lack of antioxidant glutathione peroxidase-1 does not
increase atherosclerosis in mice fed a high-fat diet, but reduces the amount of
glutaredoxin-1 and increases glutaredoxin-2 (de Haan et al. 2006). Upregulation
of thioredoxin reductase in human atherosclerotic plaques has also been reported
(Furman et al. 2004).

Summary and Conclusion

Thioredoxin appears to play an important role in the diseased hearts by inducing its
own upregulation to compensate for the stress. Trx-1 suppresses cardiac hypertrophy
and heart failure and ameliorates myocardial ischemia reperfusion injury. Trx-1 also
moderates hypertension and diabetes. A recent study suggests that thioredoxin and
its interacting protein TXNIP are key components of biomechanical signal trans-
duction and potentially novel regulators of TNF signaling and inflammation in en-
dothelial cells (Yoshioka et al. 2006). Future studies using either Trx gene therapy
or an intervention to increase Trx protein will reveal the usefulness of Trx in the-
clinical arena.
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Chapter 8
Relationship Between Redox Regulation and
β-Adrenergic Responses in the Heart

Belma Turan

Abstract Catecholamines have physiologically important effects on the perfor-
mance of the heart through the activation of adrenergic receptors. In general, it
is known that sympathetic nervous system activation modulates the signaling path-
way that controls excitation–contraction coupling (ECC) in the heart. Coordinated
myocyte handling of Ca2+ is essential for efficient ECC in the heart. A growing
body of knowledge on cardiac β-adrenergic receptor (β-AR) signal transduction
demonstrates that the agonist-bound β-AR selectively interacts with the stimu-
latory G protein (Gs), which activates adenylyl cyclase (AC), catalyzing cAMP
formation. Subsequently, activation of cAMP-dependent protein kinase A (PKA)
leads to phosphorylation of regulatory proteins involved in cardiac ECC and en-
ergy metabolism. Published data have shown that the altered cardiac responses in
pathological conditions are closely related to the function of the β-AR system.
From the current literature it is clear that the β-AR system and its importance in
regulating cardiac function under both physiological and pathophysiological situa-
tions has attracted the attention of many investigators. Ca2+ functions as a critical
second messenger in mediating fast intracellular responses in all tissues through
signaling proteins to coordinate cell function with different intracellular mecha-
nisms. In addition, the identification of oxidatively sensitive proteins that modu-
late intracellular signaling mechanisms and the associated generation of reactive
oxygen species (ROS) are critical to understanding how cells respond to oxida-
tive stress. Therefore, any disturbance in the intracellular ionic homeostasis due to
the excess ROS, was shown to result in the occurrence of impaired cardiac con-
tractile activity. Since β-ARs and AC are known to participate in the regulation of
cardiac function, it is possible that the β-AR-linked signal transduction pathway is
also affected by ROS.

Introduction

Cardiovascular disease is the leading cause of death of most humans. However,
differences in age, heart size, physiological status, and other factors confound
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comparisons leading to variable and conflicting conclusions (see review by Chu
et al. 2005). Myocellular Ca2+ cycling is a primary determinant of normal cardiac
contractile function and any abnormality in this process is likely associated with car-
diac dysfunction and heart disease (Marks 2001; Chu et al. 2005; Wold et al. 2006).
Furthermore, it is well known that functional changes of heart have been associated
with altered expression and/or activity of Ca2+ handling proteins (Choi et al. 2002;
Eisner et al. 1998; Wehrens and Marks 2003; Yaras et al. 2005).

Contraction and relaxation of heart muscle cells are regulated by Ca2+ cycling
between the cytoplasm and sarcoplasmic reticulum (SR). Therefore, myocyte mis-
handling of Ca2+ is a central cause of both contractile dysfunction and arrhythmias
under pathological conditions (Pogwizd et al. 2001). β-Adrenergic stimulation is
a major physiological mechanism to meet increases in circulatory demand, act-
ing through positive inotropic and lusitropic effects. β-Adrenergic signaling and
myocellular Ca2+ homeostasis are importantly linked because β-adrenergic recep-
tor (β-AR) stimulation regulates the activity and expression of Ca2+ handling pro-
teins. Although the β-adrenergic signal transduction pathway in the heart is known
to participate in regulating cardiac performance by identifying, amplifying, and
transmitting the catecholamine-initiated signals, this system is impaired under both
chronic and acute pathological conditions (see review by Dhalla et al. 1997).

A large number of studies have demonstrated the role of reactive oxygen species
(ROS) in the pathogenesis of the cardiovascular diseases. The risk factors for car-
diovascular disease can widely depend on many factors such as contents of daily
diets and/or environmental conditions of the individuals. Most recently, these fac-
tors became important in the early prevention of cardiovascular diseases. Oxida-
tive stress, the imbalance between ROS production and breakdown by endogenous
antioxidants, has been implicated in the onset and progression of cardiovascular
diseases. Antioxidant therapy has shown promise in preventing the development of
several different heart diseases. Thus, this article will attempt to explain the relation-
ship between redox regulation and β-adrenergic responses in heart under oxidative
stress.

Heart and β-Adrenergic System

It is well documented that coordinated myocyte handling of Ca2+ is essential for
efficient excitation–contraction coupling in the heart. Since cardiac pump is able to
alter its function in response to any requirement in the body and the regulation of
contractile function of individual myocytes obtained by modulation of intracellular
Ca2+ signaling, the characteristics of regulation induced by adrenergic stimulations
are very important for maintaining the normal heart function in humans.

The sympathetic nervous system plays a central role in regulating heart func-
tion and response to most types of stress through β-AR stimulation. Binding of
β-adrenergic agonists to receptors in the heart activates adenylyl cyclase (AC) via a
stimulatory G protein. On the other hand, it is known that the altered responses of the
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diseased heart to catecholamines are associated with defects in one or more com-
ponents of this signal transduction system which include β-ARs, stimulatory and
inhibitory guanine nucleotide-binding proteins (Gs- and Gi-proteins), and AC (Das
et al. 1997). Published data have shown that the altered response of β-adrenoceptor-
linked pathway in pathological conditions is closely related to the expression and ac-
tivity of β-adrenergic receptor kinase (βARK) (Iaccarino et al. 1999). On the other
hand, it is recognized that the β-adrenergic system in chronic pathological condi-
tions is desensitized (Bristow et al. 1982) which is associated with downregulation
of β-ARs (Bohm 1995; Kaura et al. 1996), increased activity and expression of
βARK (Bohm and Lohse 1994), reduced efficiency of β-ARs coupled to G-proteins
(Kaura et al. 1996), decreased Gs-protein content and/or increased Gi-protein con-
tent in the myocardium (Kaura et al. 1996). Moreover, the β-adrenergic system is
generally sensitized under acute pathological conditions, which is characterized by
increased density of β-ARs (Strasser et al. 1990) and impaired Gi-protein function
(Hammond et al. 1993).

From the current literature it is clear that the β-AR system has attracted the atten-
tion of many investigators to establish its importance in regulating cardiac function
under both physiological and pathophysiological situations (Homcy et al. 1991).
Several studies have been carried out in the human heart, indicating some impor-
tant features of ARs (Brodde et al. 1992; Bristow et al. 1982). β-AR stimulation
is a physiological mechanism to cause increases in circulation through improv-
ing cardiac performance. β-AR-mediated activation of AC, and subsequent eleva-
tion of intracellular cAMP, stimulates PKA that phosphorylates Gs-protein-coupled
receptors. This kinase, in advance, provides a negative feedback regulation of β-AR
activity (Hausdorff et al. 1990).

The sympathetic nervous system is central for the neurohumoral regulation of
the cardiovascular system and largely involved in many cardiovascular diseases.
During the 1980s, the classification of β-ARs included two subtypes (β1 and β2)
(Lands et al. 1967). Thus, it is now known that three different subtypes, β1-, β2-,
and β3-AR subtypes, could at least participate in the regulation of cardiovascular
function (see review by Rozec and Gauthier 2006). Cardiac electrophysiological
effects of β3-AR stimulation have not been investigated extensively yet.

In human ventricle, the activation of Gi proteins did not appear to cause an inhibi-
tion of AC, but rather an activation of ROS such as nitric oxide (NO) pathway, which
is expressed both in ventricular cardiomyocytes and in endothelial cells (Schulz
et al. 2006). It has been demonstrated that the NO production produces an activation
of soluble guanylyl cyclase leading to an increase in intracellular cyclic guanosine
monophosphate (cGMP) in rat and canine cardiomyocytes which causes significant
decrease in L-type Ca2+-current through activating cGMP-dependent protein kinase
or downregulates the contractile response of myofilament proteins independently of
changes in Ca2+-transients (Zhang et al. 2005, Cheng et al. 2001). Alternativley,
it will be appropriate to give a general definition as any oxidant, similar to NO,
might regulate cardiac function in a cGMP-dependent and/or -independent manner
through different intracellular pathways. Consistent with these ideas, we found that
selenite, an oxyanion that reacts strongly with protein thiols (Björnstedt et al. 1995),
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Fig. 8.1 Effects of ATP (0.1 mM) (a) and ISO (0.1 µM) (b) pretreatments (10 min) on selenite-
induced (1 mM) contractures in papillary muscle preparations. The muscle strips were stimulated
with rectangular electrical pulses at a rate of 0.1 Hz and resting and developed forces were recorded
isometrically. The mean values (±SEM) represent the values at 25 min following selenite expo-
sures. The values with selenite only exposure (Se) without and with ATP or ISO pretreatments (+)

are given as % of the control values (without Se exposure). ∗ p < 0.05 with respect to control,
Θ p < 0.05 with respect to selenite only exposure. (Adapted from Ugur and Turan, 2001.)

caused significant inhibition in both Na+- and L-type Ca2+-currents of rat ventricu-
lar cardiomyocytes when it is applied extracellularly with a concentration of 1 mM
during a 5-min exposure and then a complete contracture in heart preparations (Ugur
et al. 2002; Ugur and Turan 2001; Turan et al. 1996). These effects were reversed
by the disulfide reducing agent dithiothreitol (DTT). Furthermore, we investigated
the effects of two types of agonists, ATP and isoproterenol (ISO), on the selenite-
induced contracture in the heart preparations (Figure 8.1). Our results demonstrated
that ATP, the naturally occurring ligand for all P2-type receptors, seemed to de-
lay the contracture when it was used as preexposure for 10 min (Ugur and Turan
2001). At the same time, we have shown that ISO had no effect on the selenite-
induced contracture in these heart preparations. Different types of agonist having
different effects in the same heart preparations provide reliable information indi-
cating that different signaling pathways in the cell could have possible cross-talk
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under pathophysiological conditions. This hypothesis is further supported by pub-
lished data on related subjects. For example, it is now well documented that ATP
is an agonist for both P2Y (G-protein-coupled) and P2X (ligand-gated ion chan-
nels) types of receptors and P2Y1,2,6 are known to be expressed in adult rat car-
diomyocytes (Webb et al. 1996). In addition, P2Y receptors are reported to stimulate
cAMP production in cardiac myocytes (Puceat et al. 1998), which is also a case of
β-ARs.

On the other hand, it has been shown that a variety of cardiac ion channels are
regulated by the signaling cascade initiated by the activation of β1-ARs (Hartzell
1988) and this type of regulation also involves the production of cAMP and sub-
sequent phosphorylation by PKA. Recalling that the above signaling pathways to-
gether with the pathway on tyrosine kinases can modulate the activity of cardiac
ion channels (Zhou et al. 1997), it is clear that there might be a cross-talk between
tyrosine kinases, β1-AR signaling, and regulation of cardiac function. Consistent
with this idea, Hool et al. (1998) demonstrated that a tyrosine kinase inhibitor could
increase the sensivity of cardiac ion channels to β1-AR stimulation. Results of sev-
eral other studies on this subject have suggested that the redox state of the cell is
an important factor affecting β-adrenergic regulation of cardiac function (Sims and
Harvey 2004; Turan et al. 1996).

Redox Regulation in the Heart

Contraction is initiated when a small amount of Ca2+ entering the cell following
membrane depolarization, triggers larger release of Ca2+ from SR. On the other
hand, it is not yet established that any alteration of Ca2+ signaling could be a main
source of cardiac dysfunction such as cardiomyopathy (Choi et al. 2002). Ca2+
functions as a critical second messenger in mediating fast intracellular responses in
all tissues through signaling proteins to coordinate cell function with different intra-
cellular mechanisms. The identification of oxidatively sensitive proteins that mod-
ulate intracellular signaling mechanisms and the associated generation of ROS are
critical to understanding how cells respond to oxidative stress. In another respect,
oxidant-induced functional losses of the Ca2+ regulatory proteins contribute to the
downregulation of cellular metabolism and the associated generation of ROS (see
review by Wold et al. 2005). Reduction in the rate of ROS generation, in turn, will
minimize protein oxidation and facilitate intracellular repair and degradative sys-
tems that function to eliminate damaged proteins (see review by Bigelow and Squier
2005). Shortly, oxidative stress, the imbalance between ROS production and break-
down by endogenous antioxidants, has been implicated in the onset and progression
of cardiovascular diseases. Thus, any kind of antioxidant therapy has shown to be
promising in preventing the development of heart complications (Quin et al. 2006;
Nishizawa et al. 2004; Ye et al. 2003).

We and other researchers have demonstrated previously that the oxidation of cel-
lular sulfhydryls can have both deleterious (Eley et al. 1991; Turan et al. 1996,



162 Belma Turan

1997; Ayaz et al. 2005) and potentially beneficial (Tatsumi and Fliss 1994; Ayaz
et al. 2004) effects in cardiac myocytes and endothelial cells. In an early study, Kaul
et al. (1993) have pointed out the roles of ROS and their products in damaging and
later causing dysfunction in the heart.

A large number of studies have led to the conclusion that ROS, acting as sig-
nal transducers, can regulate cellular function in a variety of organs including heart
tissues (Das et al. 2004; Nishizawa et al. 2004). ARs are known to function as sen-
sors for the neurotransmitter released from sympathetic nerve endings (Stiles and
Lefkowitz 1984). The regulatory mechanisms related to the AR system have been
studied extensively in the heart (Homcy et al. 1991). Alteration in the signal trans-
duction pathway has been detected in many pathological conditions of the heart
(Feldman 1993; Brodde et al. 1995). Dysfunction of cardiac contractility has been
linked to the excess release and/or excess production of ROS which are accumu-
lated in the myocardium. Thus, disturbances in the intracellular ionic homeostasis
due to the excess ROS, have been shown to result in the occurrence of intracellular
Ca2+ overload and the impairment of cardiac contractile force development (Eley
et al. 1991; Turan et al. 1996). Since β-ARs and AC are known to participate in
the regulation of cardiac function (Dhalla et al. 1982), it is possible that the β-AR-
linked signal transduction pathway is also affected by ROS. It has been pointed out
that β-AR-linked signal transduction mechanisms are impaired under pathological
conditions of the heart (Persad et al. 1997). Although ROS, which are formed in the
heart under pathologies, have been shown to alter characteristics of cardiac β-ARs
and AC, the role of ROS in these pathologies is still under investigation. It is gen-
erally accepted that β-AR stimulation of heart muscle cells results in an increase
in L-type Ca2+-channel current. Binding of β-AR agonists to receptors in the heart
activates AC via Gs. The resultant production of second messenger cAMP activates
PKA and the kinase phosphorylates cellular proteins including the α1c subunit of
this type of Ca2+ channels (Gao et al. 1997). Therefore, it is highly likely that any
type of involvement of oxidant stress in the heart will cause a defect in the β-AR sys-
tem and/or β-AR-linked signal transduction mechanism. Although selenium com-
pounds are known to play an antioxidant role in mammals, their effects are likely to
be concentration and tissue dependent, and the effects of sodium selenite on heart
function have yet to be characterized in detail. Experimental chronic selenium toxi-
city in animals affects the major organs; more particularly, sodium selenite has been
shown to cause cellular dysfunction in tissues via forming covalent linkages with
intracellular proteins (Lin-Shiau et al. 1989; Turan et al. 1996; Ugur et al. 2002).
On the other hand, most pathology associated with selenium deficiency appears to
be directly attributable to increased free-radical damage in tissues (Bettger 1993). It
is almost clear that while low concentrations of selenium are essential for the syn-
thesis of selenocysteine-containing enzymes (Koller and Exon 1986), an excess of
selenium is also toxic to both animals and man and many selenium compounds are
potent prooxidants and/or oxidants. So, the effects of selenium on functions of the
muscle are controversial yet.

Considering the importance of sodium selenite as a supplement in deficiency
and its possible specific effects in protein thiols, we investigated and compared the
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effects of dietary selenium on the mechanical activity and β-adrenergic responses
of rat heart. Weanling rats of both sexes were fed a selenium-deficient (Se−) diet, a
selenium-excess (Se+) diet, or a standard diet. The hearts of both the deficient group
and the excess group rats revealed some significant alterations in contractile perfor-
mance with increased heart rate and coronary perfusion pressure. Furthermore, the
maximal increases in the peak contractile force of papillary muscle obtained with
100 nM isoproterenol (ISO) were 26% in the deficient group and 34% in the excess
group when expressed as a percentage of the control (Turan et al. 1999). As can
be seen from Figure 8.2, the maximal response was obtained with 1 µM ISO in the
control group. However, the responses were somewhat different for the deficient and
excess groups. The highest concentration of ISO was applied alone, with no cumu-
lative doses to avoid desensitization. The mean values of EC50 of both the deficient
and the excess groups calculated from the dose–response curves were not signifi-
cantly different from the control group. On the other hand, the maximum responses
to ISO in these two groups were significantly less than the controls (Figure 8.2).

To further investigate the effects of both the deficiency and excess of selenium
on β-adrenergic responses in rat myocardium, in a later study, we focused on inves-
tigating molecular mechanisms that might underlie the changes in responsiveness
of cardiac cells to β-adrenergic stimulation. We have shown that the amplitudes of
L-type Ca2+-currents recorded in isolated cardiomyocytes from rats fed with the
deficient or the excess diet were not significantly different from those of the con-
trols (Figure 8.3a) (Sayar et al. 2000). The average current–voltage relationships
for peak ICaL are given in Figure 8.3b. It can be seen that both deficiency and ex-
cess of selenium in the diet caused a significant shift in the peak amplitude of ICaL.
In both experimental groups, threshold potentials for activations were significantly
lower than the controls, and potentials for maximum activations were higher than
the controls (Figure 8.3c). Furthermore, two inactivation time constants (slow and
fast) for these currents (estimated from the current induced by the voltage pulse from
−70 to 0 mV for 200 ms) of these groups were significantly shorter than the control
group (Sayar et al. 2000). In addition, the maximum current responses to ISO, when
compared to the control cells, were significantly less for both experimental groups
with no changes in EC50 values (Figure 8.4). These data are further supported by
our previous observation related to the depressed maximum responses to ISO in the
electrically stimulated papillary muscle preparations although the basal contractile
activity of these preparations did not differ from the corresponding control (Turan
et al. 1999). This observation could suggest that both Se deficiency and Se excess in
rats did not interfere directly with the contractile machinery itself, but instead could
affect the signal transduction pathway of the β-AR system including G-proteins,
AC, PKA, and also Ca2+-currents present in cardiac tissues and thus could depress
the ISO responses.

To provide further explanation for the underlying mechanisms on the depressed
β-adrenergic responses in both papillary muscle contractile activity and L-type
Ca2+-currents, we investigated the state of coupling between β-AR, AC, and the
density of β-ARs in the hearts of these Se groups. Basal AC activity of the mem-
branes from the deficient group was lower than the control group, but the activity
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Fig. 8.2 Effects of dietary selenium on mechanical cardiac function. (a) The coronary perfusion
pressures measured during the first 10 min were similar in the selenium-deficient (Se−), selenium-
excess (Se+), and control group rat hearts in Langendorff system measurements. Later (during
60 min) these values increased significantly (p < 0.05) with respect to the control while the heart
rates of both experimental groups increased from 200 ± 40 beats/min to 500 ± 40 beats/min.
(b) Isoproterenol (ISO) responses in the papillary muscle preparations recorded under isometric
conditions from Se− and Se+ group rats. The mean values of EC50 of both the deficient and
the excess groups calculated from the dose–response curves were not significantly different from
the control group. On the other hand, the maximum responses to ISO in these two groups were
significantly less than the controls. (Adapted from Turan et al. 1999.)

of the excess group was not significantly different from the control. Likewise, the
ISO- or forskolin-induced increase in AC activity was less in the deficient group
but did not differ in the excess group with respect to the control (Sayar et al. 2000).
Additionally, saturation binding experiments were performed in these membranes
to determine total numbers of β-ARs. We also measured the efficiency of receptor-
G-protein coupling in the same groups. Total numbers of β-ARs in cardiac tissues
and basal or stimulated AC activities were less only for the deficient group com-
pared to the control. However, in agonist competition experiments, GppNH induced
a significant shift in agonist IC50 in the excess group. Furthermore, we measured
Gs content of the membranes and found no significant differences between both
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Fig. 8.3 Effects of dietary selenium on β-adrenergic responses in rat heart. (a) L-type Ca2+ cur-
rents (ICaL) recorded from ventricular myocytes with depolarization from −70 mV to 0 mV, for
200 ms. Mean (±SEM) values of peak amplitudes of ICaL in both experimental and control groups.
The cell capacitances of these three groups of cardiomyocytes were similar. (b) Average current–
voltage relationships for peak ICaL (measured as the difference between the peak Ca2+ current
and the end of 200-ms depolarization). The maximums of ICaL of both experimental groups were
shifted to the right with respect to the control. (c) The threshold potentials were significantly more
negative and activation potentials were more positive in both experimental groups with respect to
the control. (Adapted from Sayar et al. 2000.)

Se groups compared to the control. When we interpreted our electrophysiological
results with biochemical data under known hypothesis related to the β-adrenergic
signal transduction pathway and redox regulation of cells in these groups, it is seen
that mostly they fit very well in our experimental animal models which have oxidant
stress in their hearts (Turan et al. 1999). That is, in cardiac cells, β-adrenergic ago-
nists increase cAMP production through stimulation of AC via Gs. cAMP which in
turn activates PKA that modulates Ca2+ channels. Ca2+ channels and PKA can be
the points, distal to the AC (Strasser et al. 1990).

The results of our studies indicated some common but also some different types
of alteration in the signaling pathway of β-ARs in both Se-deficient and Se-excess
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Fig. 8.4 Effects of ISO on the amplitude of ICaL. The ISO (10−7 and 10−6 M) responses of peak
ICaL recorded from both experimental groups were significantly less than the control while there
were no changes in EC50. The cell capacitances of all cardiomyocytes used in these measurements
were similar. (Adapted from Sayar et al. 2000.)

rat hearts. For instance, the impairments of both papillary muscle and L-type
Ca2+-current responses to β-adrenergic stimulation might be the result of a de-
fect in β-adrenoceptor-AC pathway while similar impairments in the excess group
appeared to have a different underlying mechanism. On the one hand, it is now well
documented that both Se deficiency, which is associated with an endemic disease,
known as Keshan disease (Li et al. 1985), as well as other type of cardiac diseases
(Salonen et al. 1985), and Se toxicity, which affects the function of several major
organs including heart via mainly reacting intracellularly with sulfhydryl groups of
the proteins (Björnstedt et al. 1995; Handel et al. 1995), can cause an imbalance
between prooxidants and antioxidants and consequently marked alterations in the
redox state of the cells. On the other hand, altered redox potentials can also pro-
foundly affect cell function by modifying the structure and function of proteins, in a
common way of sulfhydryl modification of amino acid side chains (redox-mediated
transduction mechanisms) (Oudit et al. 2001). Once oxidative stress occurs during
any type of overproduction of ROS or deficits in antioxidant defense mechanisms,
there is a shift in cell redox state, reflected by a decrease in the level of glutathione
(GSH). Supporting this hypothesis, a group of researchers showed the important
roles of cellular GSH level and its redox state in the regulation of heart function in
diseased states, particularly related to coordinated activation of phosphatidylinosi-
tol 3-kinase (PI 3-kinase) and mitogen-activated protein kinase (MAPK) (Xu et al.
2002; Rozanski et al. 1998). Furthermore, two different groups have shown that se-
lenium is a potent stimulator of tyrosyl phosphorylation and activator of MAPK and
S6 kinase via affecting the overall phosphorylation state of the cell (Stapleton et al.
1997).

Overall, selenium is recognized as both an essential mammalian nutrient to
maintain normal cardiac function and a hazardous element. Therefore, estimation
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of therapeutic and toxic doses of the element are very critical. Keeping in mind
this important point, recently we have shown that sodium selenite administration
(5 µmol/kg body weight/day) for 4 weeks to normal rats caused a slight but signif-
icant increase in blood glucose level, a significant decrease in plasma insulin level,
and significant alterations in ionic mechanisms of the cardiomyocytes together with
a significant shift in cell redox status and antioxidant defense system, even if there
were no apparent deleterious changes in the heart function (Ayaz et al. 2005) and
there were beneficial effects on both altered mechanical and electrical cardiac activ-
ities of diabetic rats (Ayaz et al. 2004). From these points, it can be concluded that
there is a very delicate border between antioxidant/prooxidant levels of the supple-
ments, which have important roles in the redox status of cardiomyocytes, when they
are used as supplements in normal human diets.

Regulation of the Heart Under Oxidative Stress by Antioxidants

Oxidant-induced functional losses of Ca2+ regulatory mechanisms contribute to
heart dysfunction in many diseases. The mechanisms of oxidatively sensitive
intracellular targets that modulate Ca2+ homeostasis and the associated generation
of ROS are critical to understanding how cells respond to oxidative stress. In this
latter respect, oxidant-induced functional losses of Ca2+ regulatory proteins con-
tribute to the downregulation of cellular metabolism and the associated generation
of ROS (see recent reviews by Bigelow and Squier 2005, Endoh 2006). Reduction
in the rate of ROS generation, in turn, will minimize protein oxidation and facili-
tate intracellular repair and degradative systems that function to eliminate damaged
proteins (Bigelow and Squier 2005). Generally, it is now accepted that the general
mechanisms underlying oxidant-dependent changes in cardiomyocyte function are
likely to be relevant to diverse pathologies in the heart.

Cells and tissues are routinely subjected to sublethal doses of various oxidants,
either exogenously or endogenously. An intense interest in research on antioxidants
has been stimulated by the discovery of a new regulatory function of ROS, that is, as
intracellular second messengers (Cruzado et al. 2005; see reviews by Das et al. 2004,
and Gopalakrisna and Jaken 2000). There is considerable evidence that the result-
ing oxidative stress increases activity of signaling pathways including growth fac-
tor signal transduction, adrenergic signal transduction pathway. Many proteins are
regulated by a redox environment through the reversible oxidation of their cysteine
residues. The amino acid cysteine combines catalytical activity with an extensive re-
dox chemistry and unique metal binding properties. Biologically, selenium can act
both as antioxidants and as pro-oxidants (Ayaz et al. 2004, 2005: Turan et al. 2005).
It is well documented that both selenium deficiency and selenium excess elicit ox-
idative stress (Turan et al. 1996, 1997, 1999; Sayar et al. 2000; Ugur et al. 2002).
Oxidant exposure also increases the activity of a variety of protein kinases (Schieke
et al. 1999). Moreover, oxidative stress has been shown to increase the activity of
transcription factors such as AP-1 and NF-κB (Sun and Oberley 1996). Thus, both
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the oxidant-induced increase in kinase activity and redox regulation are important
mechanisms for oxidant-induced changes in cellular responses to changes in redox
status.

A consequence of the cellular damaging effect of oxidants is that antioxidants
could have protective properties in the cells. Indeed, antioxidant micronutrients are
one of the body’s primary defenses against oxidants (Ayaz et al. 2004). Various
chemical forms of selenium and vitamin E have been found to have beneficial ef-
fects in the heart under different pathological conditions (Ayaz and Turan 2006;
Turan et al. 2005; Overcast et al. 2001). Similar to many other types of cardiovascu-
lar complications, chronic diabetes has been shown to be associated with a primary
defect in the contractile function of the heart (Fein et al. 1980). Recent experimental
data suggest that components of glucose mechanism are involved in reduced GSH
homeostasis (Le et al. 1995). Once oxidative stress occurs during diabetes, which is
proposed to result from deficits in antioxidant defense mechanisms, a marked shift
in cell redox state appears which is reflected by a decrease in the level of reduced
GSH. Additionally, Xu et al. (2002) and Li et al. (2003) reported that in vitro treat-
ment of cardiomyocytes from diabetic rats with GSH upregulated inhibited transient
K+-currents and insulin-signaling cascade could regulate GSH level in cardiomy-
ocytes by a coordinated activation of PI 3-kinase and MAPK. On the other hand, it
has been shown that selenium compounds and also other antioxidants can stimulate
glucose transport and have many beneficial effects on several different altered para-
meters of diabetic animals (Da Ros et al. 2004; Ye et al. 2003; Coppey et al. 2001;
Gocmen et al. 2000). Since selenium compounds can restore some metabolic pa-
rameters of diabetic heart, we were tempted to investigate whether these beneficial
effects extend to the diabetic rat cardiac function and cell redox status. We treated
streptozotocin-induced diabetic rats with sodium selenite for 4 weeks and demon-
strated that prolongation in both action potential duration and twitch duration of pap-
illary muscle as well as the diminished amplitudes of the K+ currents were reversed
significantly (Ayaz et al. 2004). We also showed significant augmentation in the lev-
els of soluble sulfhydryls, which were significantly lower in diabetics compared to
the controls, with sodium selenite treatment. In experiments with the same setup, we
have also demonstrated that sodium selenite treatment prevented diabetes-induced
increases of intracellular Ca2+ and Zn2+ concentrations of rat heart (Ayaz and
Turan 2006). In addition, this treatment markedly restored the increased levels of
lipid peroxidation and NO products as well as decreased levels of metallothionein
and reduced glutathione and depressed activities of superoxide dismutase, glu-
tathione reductase, and glutathione peroxidase in the diabetic hearts (Table 8.1).
Therefore, our data suggested that the beneficial effects of sodium selenite on the de-
pressed heart function under diabetes appeared to be partially related to the restora-
tion of the cell GSH redox cycle. Several previously published findings are also in
line with our results. Epstein and colleagues showed that type 1 diabetic cardiomy-
opathy and ROS production could be prevented when the antioxidant metalloth-
ionein was overexpressed specifically in the heart (Ye et al. 2003).

One major intracellular target of oxidative stress is nuclear factor-κB (NF-κB),
which can be activated by a variety of exogenous and endogenous stimuli, including
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Table 8.1 Effects of selenium treatment on the biochemical parameters of rat hearts

Untreated
Control

Treated
Control

Untreated
Diabetic

Treated
Diabetic

LPO (µM/g tissue) 0.49 ± 0.03 0.49 ± 0.07 0.82 ± 0.18∗ 0.48 ± 0.07
NOPs (µM/g tissue) 1.35 ± 0.19 1.29 ± 0.23 1.98 ± 0.34∗ 1.30 ± 0.25
SOD (mU/mg protein) 0.67 ± 0.04 0.70 ± 0.18 0.48 ± 0.06∗ 0.72 ± 0.15
GSH (µM/g tissue) 68.17 ± 0.39 59.67 ± 0.29 47.56 ± 1.19∗ 57.07 ± 4.09
GSSG (µM/g tissue) 3.17 ± 1.03 5.40 ± 0.85∗ 8.67 ± 1.68∗ 5.18 ± 1.37
GR (mU/mg protein) 2.58 ± 0.15 2.94 ± 0.16 1.88 ± 0.16∗ 2.9 ± 0.32
GSHPx (mU/mg protein) 1.25 ± 0.14 1.61 ± 0.20 2.22 ± 0.37∗ 1.34 ± 0.20
MT (µg/g tissue) 39.0 ± 1.8 37.7 ± 6.9 4.4 ± 4.0∗ 43.2 ± 7.0

Values are mean ± SEM. LPO: lipid peroxidation; NOPs: nitric oxide products; SOD: superoxide
dismutase; GSH: reduced glutathione; GSSG: oxidized glutathione; GR: glutathione reductase;
GSHPx: glutathione peroxidase; MT: metallothionein. ∗ p < 0.05 versus untreated control group.
(Adapted from Ayaz and Turan, 2006.)

ROS, hyperglycemia, and elevated free fatty acids (Mohamed et al. 1999) and
alterations in NF-κB signaling are associated with a number of heart diseases.
On the other hand, accumulation of ROS is considered an important mediator of
ischemia/reperfusion-induced cardiac dysfunction that occurs following certain sur-
gical procedures (Dhalla et al. 1999). In view of the importance of ROS in the acti-
vation of NF-κB, a redox-sensitive transcription factor for the regulation of different
cellular processes (Valen et al. 2001), it has been suggested that ROS might enhance
NF-κB activation by modifying the activity of one or more of the kinases responsible
for NF-κB activation by changing the cellular redox state (Bowie and O’Neill 2000).
Furthermore, the activation of NF-κB has been shown to be induced by pro-oxidants
and several stimuli eliciting oxidative stress (Cargnoni et al. 2002). In fact, different
antioxidants were found to inhibit this activation (Cargnoni et al. 2002). Thus, it
would be interesting in explaning the critical roles of oxidative stress and activation
of NF-κB in ischemia/reperfusion-mediated cardiac dysfunction. Furthermore, cell
culture studies have revealed that sodium selenite inhibited the binding of NF-κB to
nuclear responsive elements with a substantial increase in the activity of glutathione
peroxidase and a significant inhibition in the activity of inducible nitric oxide
(Kim and Stadtman 1997). Although the beneficial effects of selenium com-
pounds have been demonstrated in ischemia/reperfusion-induced injury in the heart
(Poltronieri et al. 1992), the mechanisms of such protection have not been elu-
cidated. Therefore, we studied the effects of selenium in ischemia/reperfusion-
induced hearts and showed the link with the level of phosphorylated ischemia/
reperfusion-induced, as well as the subcellular distribution of NF-κB (Turan et al.
2005).

Sodium selenite, at nanomolar concentrations, improved the depressed car-
diac performance of the isolated heart subjected to ischemia/reperfusion injury.
As ischemia/reperfusion-mediated cardiac function has been reported to occur
mainly due to the development of oxidative stress and intracellular Ca2+ over-
load (Bolli and Marban 1999), it is likely that selenium could protect the heart
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Table 8.2 Effects of sodium selenite (Se) on mechanical performance of hearts under is-
chemia/reperfusion (I/R), or perfused with xanthine plus xanthine oxidase (X + XO), or hydrogen
peroxide (H2O2), or subjected to Ca2+ paradox model

Groups LVDP LVEDP
(% of preexposure) (mm Hg)

I/R 18.7 ± 2.7 85.3 ± 12.1
I/R + Se 95.2 ± 1.8∗ 16.7 ± 1.9∗
X + XO 14.5 ± 3.7 91.7 ± 8.9
X + XO + Se 32.3 ± 1.9∗ 58.4 ± 6.2∗
H2O2 11.6 ± 3.2 85.9 ± 10.2
H2O2 + Se 38.2 ± 5.2∗ 62.2 ± 8.2∗
Ca2+ Paradox 10.2 ± 2.2 95.2 ± 12.7
Ca2+ Paradox + Se 82.1 ± 6.3∗ 12.4 ± 4.7∗

The hearts were exposed to 75 nM sodium selenite (Se) 10 min before ischemia (or perfusions
with X + XO or H2O2 or subjected to Ca2+ paradox) and 30 min during reperfusion (or 30 min
perfusion with the Ca2+-containing solution). LVDP: left ventricular developed pressure; LVEDP:
left ventricular end developed pressure. Data represent means (±SEM). ∗ p < 0.05 versus I/R.
(Adapted from Turan et al. 2005.)

against ischemia/reperfusion injury by attenuating the magnitude of both oxidative
stress and Ca2+ overload. In this regard, we tested whether selenium has protec-
tive effects against depressed left ventricular developed pressure during both H2O2-
perfused heart and hearts subjected to Ca2+ paradox. As can be seen from Table 8.2,
the effects of selenium in preventing the ischemia/reperfusion-induced alterations
in cardiac performance appear to be similar to those of H2O2-perfused hearts or
hearts subjected to Ca2+ paradox. These effects of selenium regarding changes
in different pathologic heart models seemed to be due to its antioxidant property.
Sodium selenite treatment of the hearts partially, but significantly, attenuated the
ischemia/reperfusion-induced changes in both MDA and reduced GSH/oxidized
GSH levels, which are excellent markers of the redox state of the cells (Table 8.3).

Table 8.3 Effects of selenium treatment on ischemia/reperfused (I/R) cardiac tissue contents of
malondialdehyde (MDA), reduced glutathione (GSH), oxidized glutathione (GSSG), and total and
phospho nuclear factor kappa B (NF-κB)

Groups Control I/R I/R + Se

MDA (nmol/g wet wt) 48.7 ± 2.7 68.1 ± 3.6∗ 60.7 ± 2.9∗
GSH/GSSG ratio 6.1 ± 0.8 2.7 ± 1.2∗ 4.2 ± 1.9∗†

Total NF-κB in particulate (% of control) 100 65 ± 3∗ 90 ± 5∗
Total NF-κB in cytosolic (% of control) 100.0 45 ± 3∗ 70 ± 5∗
Phospho-NF-κB/total NF-κB (in homogenate) 0.0 20 ± 4∗ 3 ± 2

Values are mean (±SEM) in each group. Control, I/R, and I/R + Se groups represent 60 min per-
fused hearts, 30 min global ischemia plus 30 min reperfused hearts, and 10 min selenium (Se) per-
fusion prior to I plus 30 min global I plus 30 min R (with Se) hearts, respectively. ∗ p < 0.05 versus
control. (Adapted from Turan et al. 2005.)



8 β-Adrenergic Responses in Heart 171

Since oxidative stress has been reported to produce subcellular redistribution and
activation of NF-κB, we measured total NF-κB content in cytosolic and particulate
fractions of the hearts subjected to ischemia/reperfusion. In another set of experi-
ments, the activation of NF-κB protein was studied by measuring the total NF-κB
and phospho-NF-κB in the heart homogenate. Elevated ratios of NF-κB in particu-
late versus cytosolic fraction and of phospho-NF-κB and total NF-κB in the hearts
subjected to ischemia/reperfusion were reduced by selenium. As oxidative stress
has been reported to produce subcellular redistribution and activation of NF-κB and
antioxidants have been shown to prevent this alteration (Cargnoni et al. 2002), it
is possible that our observation on selenium-induced NF-κB translocation might
be due to its antioxidant action. It should be noted that since selenium treatment
could reduce the tumor necrosis factor-α (TNF-α)-mediated activation of NF-κB
(Kim and Stadtman 1997), it suggests a possible involvement of a reduction in the
formation of TNF-α in the hearts subjected to ischemia/reperfusion by selenium.

Conclusion

Several lines of evidence demonstrate the roles of regulation of β-adrenergic signal-
ing in β-adrenergic responses in the heart. Furthermore, redox modification of this
link contributes new events due to redox-mediated new signaling pathways. Dys-
function of cardiac contractility has been linked to the excess amount of ROS in the
myocardium. Therefore, any disturbance in the intracellular ionic homeostasis due
to the excess ROS has been shown to result in impaired cardiac contractile activity.
Since β-ARs and AC are known to participate in the regulation of cardiac function,
it is possible that the β-AR-linked signal transduction pathway is also affected by
ROS. Although ROS, which are formed in the heart under pathologies, have been
shown to alter characteristics of cardiac β-ARs and AC, the role of ROS in these
pathologies is still under investigation. Thus, antioxidants similar to β-blockers may
counteract the effects of oxidants on β-adrenergic responses in the heart. Although
studies with antioxidants firmly established that the protective effects on the de-
pressed heart function under pathological conditions appeared to be partially related
to the restoration of the cell GSH redox cycle, their relevance as well as their relation
to β-adrenergic signaling pathway for human health have not been identified. Thus,
redox regulation of cardiomyocytes may have an important role in the regulation of
β-adrenergic signaling, and, therefore, in β-adrenergic responses of the heart, par-
ticularly under disease states. Further understanding the relationship between redox
regulation and β-adrenergic responses in the heart may help to develop effective
therapeutic agents to prevent heart dysfunctions.
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Chapter 9
Role of Hyperglycemia and Redox-Induced
Signaling in Vascular Complications of Diabetes

Ashok K. Srivastava and Madhu B. Anand-Srivastava

Abstract Vascular complications including impaired contractility and increased
cell proliferation are the most common complications associated with diabetes.
Chronic hyperglycemia appears to be an important contributing factor in this
process. Various signaling pathways are implicated in diabetes/hyperglycemia-
induced impaired vascular functions. Increased oxidative stress, nonenzymatic gly-
cation, enhanced production of diacylglycerol, increased activity of protein kinase
C, mitogen-activated protein kinases (MAPK), and other signaling pathways have
been proposed to explain the adverse effects of hyperglycemia on vascular smooth
muscle cells. Hyperglycemia-induced stimulation of the L-type Ca2+ channel via
G-protein-coupled adenylyl cyclase/cAMP and phospholipase C/protein kinase C
(PKC) pathways has also been shown. In addition, hyperglycemia has been re-
ported to decrease the availability of nitric oxide and increase the formation of
peroxynitrite which may contribute to all of the hemodynamic and physiological
changes occurring in diabetes. G-protein/adenylyl cyclase signaling that plays an
important role in the regulation of cardiovascular functions has also been reported
to be impaired in diabetes and under hyperglycemic conditions. In this review, we
have highlighted some key signaling pathways, including PKC, MAPK, and G-
protein/adenylyl cyclase, which are altered in diabetes, and in response to hyper-
glycemia/oxidative stress, and discussed their contributions in the development of
vascular complications.

Introduction

Cardiovascular disease represents a major secondary complication of diabetes and
the evidence generated in recent years has suggested a strong correlation between
hyperglycemia and vascular disease (Singh and Jialal 2006; Pyorala et al. 1987;
Laakso 1999; Reaven et al. 2004). Although the precise mechanism by which hy-
perglycemia contributes to vascular disorders in diabetes remains poorly defined,
a potential role of excessive generation of reactive oxygen species (ROS) in this
process has been suggested (Chiasson et al. 2006) based on studies showing that
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both chronic hyperglycemia as well as spiking postprandial hyperglycemia are as-
sociated with enhanced production of ROS (Monnier et al. 2006). Further sup-
port for a role of hyperglycemia-induced ROS generation as a mediator of diabetic
complications has been provided by several studies in which use of antioxidants was
shown to improve cardiovascular complications of diabetes (Davi et al. 1999; Singh
and Jialal 2006; Chiasson et al. 2006). Thus, there is a lot of interest to define the
mechanism by which hyperglycemia contributes to ROS generation.

Multiple mechanisms for hyperglycemia-induced ROS generation have been sug-
gested, which include increased polyol pathway, enhanced production of advanced
glycation end products (AGE), and increased levels of diacylglycerol (DAG) and
PKC activities (Brownlee 2001; Koya and King 1998). PKC-dependent activation
of NAD(P)H oxidase has been suggested as a major source of ROS generation in
response to hyperglycemia (Singh and Jialal 2006; Lee et al. 1999).

Diabetes and hyperglycemia also induce an increase in expression levels of
endothelin-1 (ET-1) in several tissues (Khan and Chakrabarti 2003; Farhangkhoee
et al. 2006). Similarly, hyperglycemia also increases the formation of angiotensin
II (Ang II) (Koka et al. 2006; Lavrentyev et al. 2007). Both ET-1 and Ang II also
enhance NAD(P)H oxidase activity and ROS generation (Lee et al. 2003). Thus,
diabetes-induced ET-1 and Ang II generation and associated increase in ROS and
upregulation of several key signaling systems have been implicated in the pathogen-
esis of aberrant vascular function. The aim of this article is to provide an overview on
some of the key signal transduction pathways, most notably PKC, mitogen-activated
protein kinases (MAPK), and G-protein/adenylyl cyclase systems, which are regu-
lated by hyperglycemia and ROS.

Hyperglycemia, ROS, and PKC

PKC is a serine/threonine protein kinase comprised of at least 11 isozymic forms
(Nishizuka 1995; Liu and Heckman 1998). These isozymic forms have been
classified as atypical, classical, and novel. Classical PKCs (α, βI, βII, and γ) are
activated by Ca2+, DAG, phosphatidylserine (PS), and the tumor promoter phorbol
12-myristate 13-acetate (PMA). Novel PKCs (δ, ε, η, µ, and θ) are activated
by DAG, PS, and unsaturated fatty acids, while atypical PKCs (ζ, λ, and ι) are
insensitive to DAG but are activated by PS and phosphatidylinositides (reviewed in
Liu and Heckman 1998; Newton and Johnson 1998; Nakanishi et al. 1993). PKCs
have been implicated in a wide variety of cellular responses, including growth,
differentiation, gene expression, angiogenesis, contractility, and vesicle trafficking
(Nishizuka 1995).

Both PKC-βII and PKC-δ isoforms have been shown to be activated in aortic
and vascular smooth muscle cells (VSMC) from diabetic rats, as well as in response
to hyperglycemia (Koya and King 1998; Craven and DeRubertis 1989; Inoguchi
et al. 1992; Kunisaki et al. 1994; Lee et al. 1999). Treatment of VSMCs with 22 mM
glucose for 3 days increased the levels of DAG as well as PKC-βII by 50 and 110%,
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respectively, compared to VSMC incubated with 5.5 mM glucose (Kunisaki et al.
1994). Under these conditions, no changes in PKC-α levels were detected (Kunisaki
et al. 1994). Interestingly, α-tocopherol treatment of diabetic animals or incubation
of VSMC with α-tocopherol prevented the DAG and PKC elevation due to diabetes
or hyperglycemia (Kunisaki et al. 1994).

Hyperglycemia has also been found to activate total PKC activity in particulate
fractions of VSMC, which was almost completely blocked by pretreatment of cells
with the antioxidants probucol and D-α-tocopherol (Yasunari et al. 1999). The con-
tribution of DAG–PKC that activates NADPH oxidase in the enhanced production of
ROS has been reported in diabetic tissues (Inoguchi et al. 2003) and in cultured en-
dothelial as well as in aortic VSMC exposed to high glucose (Inoguchi et al. 2000).
In addition, expression of NADPH oxidase components was shown to be upregu-
lated in vascular tissues and kidney from animal models of diabetes as well as in
micro- and macrovascular tissues in diabetic patients and obese subjects (Inoguchi
et al. 2000, 2003; Inoguchi and Nawata 2005). The increased levels of various
vasoactive peptides including Ang II and endothelin in diabetes and under hyper-
glycemic conditions (Hargrove et al. 2000; Park et al. 2000; Sodhi et al. 2003) may
contribute to the enhanced oxidative stress, because these peptides have been shown
to increase oxidative stress by activating NADPH oxidase (Touyz et al. 2004). In this
regard, we have recently reported that Ang II treatment of VSMC increased the pro-
duction of O2

− and the expression of Nox4 and p47phox—two subunits of NADPH
oxidase (Li et al. 2007). Furthermore, AT1 receptor blocker candesartan and ACE in-
hibitor quinapril have been shown to attenuate the enhanced expression of p47phox in
kidney from STZ-diabetic rats, implicating Ang II in diabetes-induced increased ox-
idative stress (Onozato et al. 2002). An increase of total cellular PKC in cultured hu-
man VSMC has also been demonstrated in response to high glucose (Williams et al.
1997). Results showing that an orally active inhibitor of PKC-β, LY33353, reversed
some of the vascular abnormalities in diabetic rats have strengthened the proposed
role of PKC as a mediator of diabetic vascular complications (Ishii et al. 1996).

Hyperglycemia, ROS, and MAPK

MAPK are serine/threonine protein kinases, which are activated in response to
a variety of external stimuli, including growth factors, hormones, and stress.
MAPK have been classified into several subfamilies: MAPK ERK 1/2 (extracel-
lular signal-regulated kinases 1 and 2), p38mapk, JNK/SAPK (c-Jun NH2-terminal
kinase/stress-activated protein kinase), ERK 3/4, ERK 5 (reviewed in Seger and
Krebs 1995; Widmann et al. 1999). MAPK are activated by dual phosphorylation
on both tyrosine and threonine residues by dual-specificity protein kinases known
as MAPKK or MEK (mitogen extracellular signal-regulated kinase kinase) (Seger
and Krebs 1995). The sequential upstream signaling molecules to MEK are Raf, ser-
ine/threonine kinase, and ras, a small GTP-binding protein (Widmann et al. 1999).
MAPK phosphorylate downstream cytosolic and nuclear substrate/transcription
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factors, such as p90rsk, and many transcription factors, such as c-Jun, ATF-2, Elk-
1, CHOP, CREB, and MEF-2 (Widmann et al. 1999; Ip and Davis 1998; Force
and Bonventre 1998; Davis 1993; Denton and Tavare 1995; Tan et al. 1996; Wang
and Ron 1996; Gupta et al. 1995; Zinck et al. 1995). P90rsk phosphorylates ribo-
somal proteins and participates in protein synthesis (Frodin and Gammeltoft 1999),
whereas the phosphorylation of transcription factors by MAPK leads to activation
of several genes involved in growth and differentiation (Widmann et al. 1999). Thus,
activation of the MAPK pathway can potentially result in increased growth, gene ex-
pression, and proliferation of VSMC in response to hyperglycemia. Hyperglycemia
has been shown to activate several members of the MAPK family. For example, in
porcine VSMC, hyperglycemia (25 mM glucose) markedly stimulated the activation
state of ERK 1/2, JNK/SAPK as well as p38mapk (Natarajan et al. 1999). The im-
pact of hyperglycemia on ERK and JNK/SAPK activation was detectable within 1
hour of treatment of VSMCs whereas at least 3-hour exposure with high glucose
was required to elicit any stimulatory effect on p38mapk activity (Natarajan et al.
1999). A similar effect of hyperglycemia on ERK 1/2 and p38mapk activity in rat
aortic VSMC (Igarashi et al. 1999) has been reported, where high glucose caused a
3- to 4-fold increase in p38mapk phosphorylation, as compared to cells treated with
low glucose (Igarashi et al. 1999). A general inhibitor of PKC suppressed p38mapk

activation, suggesting an involvement of PKC in the response (Igarashi et al. 1999).
More recently, an increase in the total, as well as phosphorylated forms of ERK
1/2, JNK-1, and p38mapk were shown to be significantly elevated in aorta isolated
from STZ-diabetic rats (Igarashi et al. 2007). In these studies, VSMCs cultured from
diabetic aorta exhibited a heightened phosphorylation of ERK 1/2 and p38mapk in
response to inflammatory cytokines, such as interleukin-1β and TNF-α (Igarashi
et al. 2007).

In the last few years, many reports have documented ROS-induced activation
of the MAPK pathway in different cell types, including Rat-2 fibroblasts (Esposito
et al. 2003), rabbit renal proximal tubular cells (Zhuang and Schnellmann 2004),
Chinese hamster ovary (CHO) cells (Mehdi et al. 2005), rat cardiomyocytes and
heart fibroblasts (Purdom and Chen 2005) as well as VSMCs (Blanc et al. 2003,
2004; Tabet et al. 2005). Moreover, ROS generation was shown to be critical in the
activation of MAPK by Ang II (Ushio-Fukai et al. 1998; Touyz et al. 2004) and
ET-1 (Daou and Srivastava 2004; Touyz et al. 2004) in VSMCs.

Several lines of evidence have indicated that an aberrant activation of MAPK
is often associated with vascular remodeling in cardiovascular diseases. For exam-
ple, the enhanced activation of vascular MAPK has been demonstrated in different
models of vascular disease (Xu et al. 1996; Touyz et al. 2002) and a heightened ac-
tivation of MAPK has been implicated in vascular remodeling, which is a hallmark
of vascular disease. MAPK are also activated by ROS, such as H2O2 or O2

− in a va-
riety of cell types, including VSMCs and cardiomyocytes (Azar et al. 2006, 2007).
It may thus be suggested that diabetes/hyperglycemia-induced upregulation of Ang
II/ET-1 as well as an enhanced generation of ROS, and resultant activation of PKC
and MAPK pathways contributes to abnormal vascular functions due to heightened
growth, migration, and proliferation of VSMC (Figure 9.1).
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AngII \ET-1 Reactive  Oxygen Species
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Vascular cell growth, migration, proliferation, hypertrophy 

Vascular dysfunction 

Vascular Complications
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Fig. 9.1 Schematic model depicting the key events which mediate diabetes-associated vascular
complications. Diabetes/hyperglycemia augments the levels of vasoactive peptides including Ang
II/ET-1 that enhance the generation of reactive oxygen species (ROS). ROS-induced activation of
growth-promoting signaling pathways, such as PKC and MAPK, contributes to aberrant vascular
functions.

Hyperglycemia/Diabetes, ROS, and G-protein/Adenylyl
Cyclase System

In addition to PKC and MAPK pathways, the adenylyl cyclase/cAMP system is also
modified in diabetes and in response to hyperglycemia. The adenylyl cyclase/cAMP
is one of the signal transduction systems implicated in the regulation of cardio-
vascular functions including arterial tone, reactivity, and cell proliferation. The
hormone-sensitive adenylyl cyclase system is composed of three components: re-
ceptor, catalytic subunit, and G-proteins—stimulatory (Gs) and inhibitory (Gi)—
which mediate the stimulatory and inhibitory responses of hormones on adenylyl cy-
clase respectively (Gilman 1984; Stryer and Bourne 1986; Spiegel 1987). G-proteins
are heterotrimeric proteins composed of α, β, and γ subunits, and the specificity of
G-proteins is attributed to α-subunits (Stryer and Bourne 1986). Four different
forms of Gsα and three distinct forms of Giα—Giα-1, Giα-2, and Giα-3—have
been identified. All three forms of Giα are implicated in adenylyl cyclase inhibi-
tion (Wong et al. 1992). Both the Gα and Gβγ mediate G-protein signaling. Five
different β-ubunits of 35–36 kDa and seven γ-subunits of 8–10 kDa have been iden-
tified by molecular cloning (Strathmann et al. 1989; Cali et al. 1992). The effectors
regulated by Gβγ include K+ channels, phospholipase C-β, and adenylyl cyclase
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(Strathmann et al. 1989; Tang and Gilman 1991; Wickman et al. 1994) Of the nine
types of adenylyl cyclase that have been cloned and expressed (Ishikawa and Homcy
1997) only two types, types V and VI, have been identified in heart, aorta, and brain
(Katsushika et al. 1992; Premont et al. 1992). Adenylyl cyclase types II and IV are
activated by Gβγ in the presence of Gsα, type I is inhibited by Gβγ, and types III,
V, and VI do not appear to be directly regulated by Gβγ (Toro et al. 1987; Taussig
et al. 1993).

Diabetes, G-proteins, and Adenylyl Cyclase Signaling

Several abnormalities in G-protein expression and adenylyl cyclase activity have
been shown in various pathophysiological conditions including diabetes (Lynch
et al. 1989). The decreased expression of Giα proteins has been reported in hepato-
cytes from human diabetics and STZ-diabetic rats (Bushfield et al. 1990; Caro et al.
1994), whereas an increase in the levels and functions of Giα was shown in diabetic
adipocytes from a genetic model of diabetes (Strassheim et al. 1991). Livingstone
et al. (1991) have shown a decreased expression of Giα proteins in platelets from
diabetic subjects as compared to nondiabetic subjects. In addition, diabetic retina
has been shown to exhibit decreased levels and functions of Giα (Hadjiconstanti-
nou et al. 1988). Hattori et al. (2000) have also reported a similar decrease in Gi
protein in aorta from long-term diabetic rats; however, these investigators did not
examine adenylyl cyclase Gi-protein signaling in their studies. However, Weber and
McLeod (1997) were unable to observe any changes in the levels of Giα proteins in
aorta or caudal artery from 12- to 14-week STZ-diabetic rats as compared to control
rats. Further support and involvement of Giα-2 protein in the pathogenesis of dia-
betes has been provided by studies showing that the overexpression of constitutively
activated Giα-2 ameliorates STZ-induced diabetes in rats (Zheng et al. 1998). In ad-
dition, a complete knockout of the Giα-2 gene that has been reported to produce a
metabolic state resembling type II diabetes suggests the relationship between the
decreased levels of Giα protein and diabetes (Moxham and Malbon 1996). How-
ever, Hashim et al. (2002) have recently shown that the aorta from STZ-diabetic rats
exhibited decreased expression of Giα-2 and Giα-3 but not of Gsα proteins. An
unaltered expression of Gsα in hearts from STZ-induced diabetic rats has also been
reported (Griffiths et al. 1990; Hashim et al. 2002). A relationship between the de-
velopment of diabetes and Giα protein expression was also demonstrated (Hashim
et al. 2002). The rats treated with STZ showed enhanced blood glucose levels within
2 days after injection with a concurrent decrease in the levels of Giα proteins, sug-
gesting that the decrease in the levels of Giα proteins is associated with the devel-
opment of diabetes. Subsequent increase in the levels of blood glucose through day
5 resulted in further decrease in the levels of Giα proteins, suggesting a close rela-
tionship between decreased levels of Giα proteins and severity of diabetes (Hashim
et al. 2002). The decreased levels of Giα proteins were reflected in decreased Gi
functions, i.e., the inhibitory effect of GTPγS on FSK-stimulated adenylyl cyclase
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activity was attenuated (Hashim et al. 2002). In addition, the inhibitory effect of
Ang II, oxotremorine, and C-ANP4–23 on adenylyl cyclase activity was completely
abolished (Hashim et al. 2002). On the other hand, the Gsα-mediated stimulatory
effects of hormones as well as of FSK and NaF on adenylyl cyclase were aug-
mented in STZ-aorta as compared to control aorta resulting in enhanced levels of
cAMP, whereas the basal cAMP levels were reduced in diabetic aorta (Hashim et al.
2002).

Hyperglycemia, G-proteins, and Adenylyl Cyclase Signaling

We have further shown that aorta as well as A10 VSMC exposed to high glucose
(26 mM) that simulate diabetic state also exhibited decreased levels of Giα-2 and
Giα-3 proteins, whereas the levels of Gsα were not altered (Hashim et al. 2004).
The decreased expression of Giα proteins was concentration and time dependent.
A significant decrease was observed at 20 mM glucose; below that concentration,
the levels of Giα proteins were not altered. However, VSMC exposed to higher
concentration of glucose (52 mM) or treated for a longer period of time (96 hours)
resulted in further decrease in the levels of Giα proteins, whereas the levels of Gsα
were not altered under these conditions (Hashim et al. 2004). These data indicate a
correlation between the levels of glucose (in vivo and in vitro) and decreased expres-
sion of Giα proteins and suggest that hyperglycemia may be a contributing factor in
diabetes-induced decreased expression of Giα proteins. In addition, aortic VSMC
from STZ-diabetic rats have also been shown to exhibit decreased expression of Giα
proteins (Li et al. 2008), suggesting that aortic VSMC cultured from STZ-diabetic
rats retained the diabetic phenotype.

Hyperglycemia was also shown to stimulate adenylyl cyclase activity in bovine
aortic endothelial cells which causes an inhibition of glucose-6-phosphate dehydro-
genase and thereby results in decreased levels of NADPH that may be responsible
for hyperglycemia-induced apoptosis (Zhang et al. 2000). In addition, an increased
stimulation of cAMP levels by OP-1206 alpha-CD, an analog of prostaglandin
E1 (PGE1), was reported in sciatic nerve from STZ-diabetic rats that were shown
to increase Na+/K+ ATPase activity (Yasuda et al. 1994). In support of these stud-
ies, Hashim et al. (2004) have recently reported an increased stimulation of adeny-
lyl cyclase activity by isoproterenol and glucagon in A10 vascular smooth muscle
cells exposed to high glucose (26 mM) as compared to the cells exposed to normal
glucose (5.5 mM). These enhanced stimulations were shown to be attributed to the
decreased expression of Giα-2 and Giα-3 levels and not to increased levels of Gsα
proteins, because the levels of Gsα proteins were not altered in hyperglycemia cells.
Taken together, it can be suggested that hyperglycemic may be a contributing fac-
tor in diabetes-induced decreased expression of Giα proteins. However, Mancusi
et al. (1996) were unable to show any changes in Gi protein expression in human
umbilical vein endothelial cells (HUVEC) exposed to high glucose for 15 days.
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High-glucose-induced decreased expression of Giα proteins was shown to be
reflected in decreased Gi functions (Hashim et al. 2006). For example, Ang II, ox-
otremorine (Oxo), and C-ANP4–23 (a ring-deleted peptide of ANP) which inhibit
adenylyl cyclase activity through Gi proteins (Tucek et al. 2001; Anand-Srivastava
et al. 1987; Anand-Srivastava 1989) inhibited the enzyme activity by about 20, 40,
and 25%, respectively, in control cells. However, the exposure of these cells to high
glucose eliminated the inhibitory effect of Ang II and C-ANP4–23, whereas Oxo-
mediated inhibition was only diminished by 50%. In addition, GTPγS inhibited
FSK-stimulated activity (receptor-independent functions of Giα) in a concentration-
dependent manner in control cells, which was almost completely abolished in cells
exposed to high glucose, suggesting a correlation between decreased levels of Giα
proteins. Thus, it appears that about 50–60% decrease in Giα-2 and Giα-3 pro-
teins by high glucose may be sufficient to inhibit Gi functions and to uncouple the
hormone receptors from the adenylyl cyclase system, or alternatively, some other
mechanisms at the receptor level, such as receptor downregulation, may also be re-
sponsible for a complete attenuation of inhibitory responses on adenylyl cyclase.
In this context, acute hyperglycemia induced by STZ or alloxan has been shown to
decrease the levels of vascular ANP-C, AT1, and arginine-vasopressin (AVP) recep-
tors (Kook et al. 2002; Williams et al. 1992). Hyperglycemia has also been shown
to impair voltage-gated K+-channel current in rat small coronary VSMC (Liu et al.
2001). Since Giα proteins are implicated in the activation of K+ channels, it may
be possible that the impairment of K+-channel activity is the result of decreased
levels of Giα protein induced by high glucose. On the other hand, basal adenylyl
cyclase activity was significantly decreased in A10 VSMC or aorta exposed to high
glucose (Hashim et al. 2004). Since decreased cAMP levels have been shown to aug-
ment cell proliferation (Hayashi et al. 2000), it may be possible that the decreased
basal adenylyl cyclase activity and thereby decreased cAMP levels induced by high
glucose is a contributing factor in increased cell proliferation observed under hyper-
glycemic conditions and diabetes (Fujita et al. 2002).

Hyperglycemia, Oxidative/Nitrosative Stress, and
G-protein/Adenylyl Cyclase Signaling

Hyperglycemia-induced enhanced oxidative stress has also been reported in cul-
tured VSMC and different tissues from STZ-diabetic rats (Baynes and Thorpe
1999; Baynes 1991; Cai and Harrison 2000). In addition, the contribution of en-
hanced production of superoxide anion (O2

−) in the decreased expression of
Giα proteins has recently been reported in aortic VSMC from STZ-diabetic rats
and A10 cells exposed to high glucose (Li et al. 2008). Antioxidants such as
α-tocopherol and NAC—scavengers of O2

−—and DPI (an inhibitor of NADPH
oxidase) that restored the enhanced levels of O2

− induced by hyperglycemia also
restored the hyperglycemia-induced decreased expression of Giα-2 and Giα-3 to
control levels (Li et al. 2008). These studies implicate NADPH oxidase/O2

− in
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hyperglycemia-evoked decreased expression of Giα proteins. We also showed that
antioxidants that restored the hyperglycemia-induced decreased expression of Giα
proteins to control levels also restored to control levels the decreased Gi-mediated
functions (receptor-dependent and -independent), as demonstrated by the restora-
tion of decreased inhibition of adenylyl cyclase by Ang II, C-ANP4–23, and ox-
otremorine to control levels (Li et al. 2008). In addition, GTPγS-mediated decreased
inhibition of forskolin-stimulated adenylyl cyclase activity (receptor-independent
functions of Giα proteins) as well as enhanced stimulation of adenylyl cyclase by
GTPγS and stimulatory hormones such as isoproterenol and glucagon in hyper-
glycemic cells were also restored to control levels by DPI (Li et al. 2008).

Hyperglycemia-induced decreased expression of Giα proteins was shown to
be attributed to the increased levels of peroxynitrite because scavengers of
peroxynitrite—uric acid and MnTBAP—were able to restore the hyperglycemia-
induced decreased expression of Giα proteins to control level (Li et al. 2008).The
implication of peroxynitrite in NO-induced decreased expression of Giα proteins in
aortic and A10 VSMC has recently been reported (Bassil and Anand-Srivastava
2006b). In addition, the treatment of VSMC with peroxynitrite has also been
reported to result in decreased expression of Giα proteins (Bassil and Anand-
Srivastava 2006a). There is accumulating evidence supporting the hypothesis that
diabetes is associated with increased nitrosative stress and peroxynitrite formation

Diabetes /Hyperglycemia

O2
•

SOD H2O2
Catalase H2O+O2

ONOO-

Gi proteins

Adenylyl cyclase inhibition

Vascular complications

NO

MnTBAP
Uric Acid

Antioxidants:
DPI, NAC, a-tocophorol

AngII \ET-1

Fig. 9.2 Schematic diagram depicting the possible mechanisms by which hyperglycemia/diabetes
decreases the expression of Giα proteins and adenylyl cyclase signaling. Diabetes/hyperglycemia
augments the levels of vasoactive peptides including Ang II/ET-1 that enhance the oxidative stress
by increasing the levels of superoxide anion (O2

−) and peroxynitrite (ONOO−). O2
− and ONOO−

decrease the levels of Gi proteins.The treatment with antioxidants and ONOO− scavengers reverses
the hyperglycemia-induced decreased expression of Giα proteins and adenylyl cyclase signaling.
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in several tissues both in experimental animals and in humans (Pacher et al. 2005).
The increased level of nitrotyrosine, a relatively specific marker of peroxynitrite
formation, has been shown in different tissues from STZ-diabetic rats and diabetic
subjects (Pacher and Szabo 2006). For example, increased nitrotyrosine plasma
levels were shown in type 2 diabetic patients (Cerillo et al. 2001) and iNOs-
dependent peroxynitrite production was shown to be increased in platelets from
diabetic individuals (Tannous et al. 1999). In addition, hyperglycemia has also been
reported to induce increased nitrotyrosine formation in the artery wall of monkeys
(Pennathur et al. 2001). It thus may be possible that hyperglycemia-induced en-
hanced levels of peroxynitrite, formed by the interaction of NO and O2

−, may con-
tribute to hyperglycemia-induced decreased expression of Giα proteins in VSMC.
Taken together, diabetes/hyperglycemia was associated with a decreased expression
of Giα proteins and associated adenylyl cyclase signaling which may be attributed
to the augmented levels of vasoactive peptides such as Ang II and ET-1 that enhance
the oxidative stress by increasing the levels of O2

− and ONOO− (Figure 9.2). The
ability of antioxidants to reverse the hyperglycemia-induced decreased expression
of Giα proteins and adenylyl cyclase signaling to control levels suggests a key role
of ROS generation in this process.

Conclusion

Diabetes is associated with alterations in the activation of several signaling events
which play a key role in mediating cell growth, hypertrophy, migration, prolifera-
tion, and contractility. Many of these signaling components that include PKC, MAP
kinase, G-proteins, and adenylyl cyclases are also activated in response to hyper-
glycemia and ROS. Dysregulation of these pathways has been linked to the cardio-
vascular complications associated with diabetes and could serve as potential targets
in pharmacotherapy of the disease.
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Chapter 10
Methylglyoxal and Insulin Resistance

Lingyun Wu

Summary

Insulin resistance leads to a number of pathophysiological situations such as type 2
diabetes mellitus and hypertension. All of these clinical manifestations are associ-
ated with increased cardiovascular risks. Currently, the causes and mechanisms of
insulin resistance remain poorly understood. Methylglyoxal (MG) is a highly reac-
tive metabolite of sugar. Increased MG levels and MG-related advanced glycation
endproducts have been reported in different insulin resistance states. MG increases
oxidative stress and activates inflammatory genes including NF-κB p65. The cor-
relation between enhanced MG formation and development of insulin resistance as
well as the possible underlying mechanisms are discussed and future research direc-
tions in this regard foreseen.

Introduction

Insulin Resistance

Insulin resistance is a state in which increased concentrations of insulin are required
to produce a given biological response (Rett 1999). Abnormalities of this action of
insulin can lead to a number of important clinical and pathophysiological outcomes.
Insulin resistance syndrome has been used as a common denominator to cluster high
blood pressure, glucose intolerance, hyperinsulinemia, high triglyceride, low high-
density lipoproteins (HDL)-cholesterol, and both central and overall obesity (Rett
1999). Other terms used to describe this cluster include “metabolic syndrome” and
“syndrome X” (Rett 1999). Type 2 diabetes mellitus (T2DM) is characterized by
varying degrees of impaired insulin secretion and insulin resistance (Martin et al.
1992). It is generally agreed that insulin resistance is a key pathogenetic factor for
T2DM although the underlying mechanisms are not clear. It has also been noticed
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that about 85% of T2DM patients (Stumvoll and Haring 2001) are obese. Interest-
ingly, epidemiological, clinical, and experimental studies have now indicated that
essential hypertension is an insulin-resistant state even in the absence of T2DM or
obesity (Rocchini 1995). In addition to its effect on glucose metabolism, insulin
is also a potent vasodilator. Some evidence showed that insulin-mediated vasodila-
tion was impaired in insulin resistance syndrome (Heise et al. 1998), which might
contribute to vascular dysfunction in insulin resistance syndrome.

Causes and Mechanisms for Insulin Resistance

Excess body fat is generally accepted as the strongest determinant of insulin re-
sistance. Several factors have been identified through which obesity is thought to
cause insulin resistance. These factors include free fatty acids (FFAs) (Fisher and
Kahn 2003), tumor necrosis factor-α (TNF-α) (Galgani and Diaz 2000), and resistin
(Steppan et al. 2001). In obese individuals, release of FFAs into plasma is propor-
tional to adipose tissue mass. It has been suggested that FFAs inhibit muscle glyco-
gen synthesis (Stumvoll and Haring 2001), which might cause insulin resistance. In-
terestingly, increased FFA oxidation accelerates endogenous glucose production by
stimulation of gluconeogenesis (Randle et al. 1994). Obese humans express 2.5-fold
more TNF-α in fat tissue than do lean control individuals (Hotamisligil et al. 1997)
and expression level of this cytokine is correlated with degree of insulin resistance.
Resistin is a new protein added to a panoply of factors involved in the cross-talk be-
tween adipose tissue and insulin-sensitive tissues (Steppan et al. 2001). At present,
however, convincing evidence for an important role of TNF-α or resistin in devel-
opment of insulin resistance associated with human obesity is still scarce (Hube
and Hauner 1999). Although different knockout mouse models such as those lack-
ing insulin receptor or insulin receptor substrates, or those lacking PI-3-kinase have
been used in the studies of insulin resistance (Kadowaki 2000; Kulkarni et al. 1999),
whether or how insulin resistance is determined genetically is still open for debate.

Currently, the cause and mechanisms of insulin resistance remain poorly un-
derstood. Both genetic and environmental factors may be involved (Alzaid 1996).
Searching for the causes and mechanisms of insulin resistance is crucial for pre-
vention and treatment of different insulin resistance states including T2DM and
hypertension.

Methylglyoxal (MG) and Insulin Resistance

MG Formation and Degradation

MG Formation

The main source of MG in mammals is anaerobic glycolysis, i.e., nonenzymatic
and enzymatic elimination of phosphate from glyceraldehyde-3-phosphate and
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dihydroxyacetone phosphate (Figure 10.1). MG synthase catalyzes dihydroxyace-
tone to form MG and this enzyme has been purified from goat liver (Ray and Ray
1981). Other sources of MG in mammalian metabolism are acetone catalyzed by
acetol monooxygenase (AMO) (Casazza et al. 1984) and aminoacetone catalyzed
by semicarbazide-sensitive amine oxidase (SSAO) (Yu 1998) (Figure 10.1). SSAO
is found in high amounts within vascular smooth muscle cells (VSMC) and in hu-
man plasma (Ekblom 1998). It has been suggested that plasma SSAO might be
secreted from VSMC (Blaschko 1974).

MG Degradation

MG is metabolized by the glyoxalase system. This system is present in the cytosol
of all mammalian cells, expressed during embryogenesis and through maturation,
adult life, and senescence. The glyoxalase system is comprised of two enzymes,
glyoxalase-I and glyoxalase-II, and one cofactor, glutathione (GSH) (Chang and
Wu 2006) (Figure 10.1). The main substrates for this system are MG and glyoxal
formed from lipid peroxidation and glycation reactions (Thornalley 1996). MG is
first converted irreversibly by glyoxalase-I to S-D-lactoylglutathione in the presence
of reduced GSH as the cofactor, and then to D-lactate by glyoxalase-II. MG can
also be converted to AGE precursor acetol catalyzed by aldose reductase, which has
a 40-fold lower enzyme activity than glyoxalase-I (Thornalley 1996).
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GSH is an important cofactor for metabolizing MG, thus decreasing AGE for-
mation. Normal metabolism of MG is largely dependent on availability of cellular
GSH and function of the GSH pathway. This pathway is composed of GSH, GSH-
peroxidase (GSH-Px), GSH-reductase (GSH-Red), GSH-S-transferase (GST), and
L-γ-glutamyl-L-cysteine synthase (GCS). GSH is used to form a conjugate with its
targets, catalyzed by GST, to eliminate harmful electrophilic compounds including
o-hydroquinone precursor of the redox cycler aminochrome (Kalapos 1999). GSH
is also essential in scavenging many free radicals, including hydrogen peroxide, or-
ganic peroxide, and vitamin E radicals (Juurlink and Paterson 1998).

MG-Induced Protein Glycation

MG is very electrophilic and tends to interact readily with certain arginine or ly-
sine residues in proteins, leading to glycation of proteins and therefore yield of
irreversible advanced glycated endproducts (AGEs). In comparison with glucose-
induced glycation that undergoes a reversible Maillard reaction with N-terminal
amino groups or lysyl chains to form fructosamine, an early glycation adduct
(Kalapos 1999), MG induces glycation through an oxidation process and gener-
ates irreversible end glycation adducts. MG is the most reactive AGE precursor.
The irreversible reaction of MG with arginine residues of protein forms argpyrim-
idine (Ahmed et al. 2002), while reaction of MG with lysine residues of protein
forms Nε-carboxymethyl-lysine (CML) and Nε-carboxyethyl-lysine (CEL). Sub-
sequently, these proteins crosslink to form MG-derived lysine dimers, imidazolysin
(MOLD) (Ahmed et al. 2002). Antibodies raised against some of these epitopes,
such as mAB3C and mAb6B for argpyrimidine, have helped to identify these spe-
cific dicarbonyl modified proteins both in arterial tissues and in plasma (Uchida
et al. 1997). Using immunofluorescence staining with a specific monoclonal anti-
bodies against MG-induced CEL or CML, MG-induced glycation of lysine residue
of proteins are also successfully identified in different tissues (Wang et al. 2004,
2005, 2006). It is worth noting that this glycation is selective depending on struc-
tural configuration and/or physical locations of the modified proteins that govern
which residue(s) is glycated. In support of this scheme, recent studies on human
peripheral blood lymphocytes or on plasma proteins from different animals (rat,
mouse, and monkey) show that only a limited number of proteins undergo glycation
(Jana et al. 2002).

Formation of AGEs in many cases results in reduced or abolished function of
enzymes, receptors, carriers and structural proteins. For example, MG induces gly-
cation of arginine residue of glutathione reductase, thus inactivating this enzyme
and decreasing its scavenging ability for free radicals (Vander Jagt et al. 1997). MG
and related AGEs such as CEL have been recognized as indicators of carbonyl over-
load in vivo (Baynes and Thorpe 1999), and are correlated with age (Li et al. 1996).
AGEs can affect cellular metabolism in several ways. One is by alteration of cellular
protein functions such as glycosylation of GSH reductase, inactivating this enzyme
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(Blakytny and Harding 1992). Another is by interaction with the receptor of AGE
(RAGE), which is present in endothelial cells, VSMC and mononuclear phagocytes
(Kranzhofer et al. 1999). In addition to modifying free amino of proteins, MG also
tends to interact with guanyl residues of nucleic acids (Thornalley 1996). Reaction
of MG with guanyl residues in DNA and RNA results in transcriptional changes.
MG may also directly affect contractile functions and proliferation of VSMC. How-
ever, study in this area is limited.

Increased MG Level in Insulin Resistance Syndromes

As mentioned earlier, MG is formed during various metabolic processes includ-
ing metabolism of acetone from lipolysis and metabolism of threonine from pro-
tein catabolism (Yu 1998). Increased MG formation may occur due to an increased
availability of its precursors such as increased plasma glucose, or administration of
ethanol or threonine (Ma et al. 1989). Interestingly, there is a linkage between most
obese subjects and their life style with over-consumption of food containing carbo-
hydrates and fat and/or overdrinking beverages containing high levels of ethanol.
This may not come as a surprise since MG is ubiquitous in beverages or coffee. Ac-
cumulation of glucose, fat or ethanol in vivo provides available precursors for MG
generation and eventually causes an overproduction of MG, which may contribute
to development of insulin resistance. On the other hand, MG levels are dependent
on the balance between its synthesis and catabolism. When formation of MG ex-
ceeds its degradation, accumulation of MG occurs even with normal glucose levels
or other MG precursors (Figure 10.1). By the same token, accumulation of MG may
occur when degradation ability of the glyoxalase system is suppressed even with a
normal cellular flux of glucose. An increased cellular MG concentration has been
observed after application of glyoxalase-I inhibitors. Using Northern blot analysis,
our previous study from human astroglial cells has demonstrated significant de-
crease in activity of glyoxalase-I and increase in AGE formation, which resulted
from downregulation of glyoxalase-I expression (Wu et al. 2001).

Increased MG Level in Diabetes

Generally, physiological concentration of plasma MG in rats is approximately 5 µM
(Nagaraj et al. 2002). Plasma level of MG increased from 1.4 µM in healthy hu-
mans to 3.6 µM in patients with type 1 diabetes mellitus (T1DM) (McLellan et al.
1994). Cultured cells may produce more MG since MG concentration up to 310 µM
was detected in cultured Chinese hamster ovary cells (Chaplen et al. 1998). On the
other hand, lower concentrations of plasma MG have been reported. For example,
McLellan et al. (1994) detected plasma MG level at 470.7 pmole/g (about 0.47 µM)
in insulin-dependent patients versus 79.8 pmole/g in control subjects (McLellan
et al. 1994). Low levels of plasma MG, less than 0.2 µM, were also reported in
normal and diabetic patients (Beisswenger et al. 1999). The reason for the reported
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difference in plasma MG levels is not clear and it can be partially ascribed to the use
of different MG measurement methods. Since MG is mainly formed during glycol-
ysis, it is likely that intracellular MG concentration would be considerably higher
than circulating level (Shinohara et al. 1998).

It has been reported that formation of MG in cultured human red blood cells
or bovine endothelial cells is increased under hyperglycemic conditions or by the
addition of precursors of MG including fructose, D-glyceraldehyde, dihydroxyace-
tone, acetone, and hydroxyacetone (Shinohara et al. 1998; H. Wang et al. 2006; Wu
2006). Obviously, hyperglycemia even for a short period of time is sufficient to in-
crease MG concentrations in vivo. Cellular MG level is dependent on the balance
between its synthesis and catabolism. It has been shown that serum concentration of
MG increases 5- to 6-fold in patients with T1DM and 2- to 3-fold in patients with
T2DM (McLellan et al. 1994). Significantly increased activities of glyoxalase-I in
red blood cells were observed in both types of diabetes patients (McLellan et al.
1994). Increased circulating MG in these patients may be largely due to increased
activities of plasma SSAO (Ekblom 1998) and plasma AMO (Ekblom 1998). Bio-
chemical and clinical evidence suggests that increased formation of MG in diabetes
mellitus is linked to the development of diabetic complications such as microvascu-
lar damage in the eyes or kidneys (retinopathy or nephropathy), but the exact role of
this dicarbonyl in this process remains largely unknown (Wu and Juurlink 2002).

Increased MG in Hypertension

High MG levels may also play an important role in other insulin resistance states
such as hypertension. For instance, characteristic protein modification induced by
MG has been found in the aorta of stroke-prone spontaneously hypertensive rats
(SHRsp) (Mizutani et al. 1999b). Vasdev et al. (1998b) reported that the systolic
blood pressure was significantly increased 1 week after Wistar Kyoto (WKY) rats
were treated with high fructose (4%) or MG (0.2–0.8%) in drinking water. In ad-
dition, increased aldehyde conjugates and microvascular damage were observed in
the kidney but not in other tested tissues such as the heart, liver, and muscle (Vasdev
et al. 1998b). Two mechanisms have been proposed for MG-induced hypertension.
One is nephropathy due to a large amount of MG or fructose that flowed through the
kidney (Vasdev et al. 1998a). The other is oxidative stress induced by extracellular
MG (Vasdev et al. 1998b). Unfortunately, this study did not measure plasma or cel-
lular levels of MG after MG oral uptake treatment. Artificially increasing extracellu-
lar MG level most likely simulates the condition of diabetes with increased plasma
MG or MG precursors with developed microvascular damage, but it is unlikely that
this maneuver represents what happens in essential hypertension. No difference has
been reported in plasma glucose level among WKY rats, spontaneously hyperten-
sive rats (SHR) and SHRsp at the age of 12 weeks, although a significant elevation
in blood pressure had developed in both SHR and SHRsp (Mizutani et al. 1999a).

We observed a significant increase in blood pressure coinciding with elevated
MG level in plasma and aorta of SHR in an age-dependent fashion compared to



10 MG and Insulin Resistance 199

Table 10.1 MG levels in plasma, aorta, and kidney from WKY rats and SHR at different ages

Rats 5 weeks 8 weeks 13 weeks 20 weeks

BP (mm Hg) WKY 123 ± 1 121 ± 1 121 ± 1 119 ± 1
SHR 130 ± 2 168 ± 1∗∗ 204 ± 1∗∗ 202 ± 1∗∗

MG levels in plasma
(nmol/ml)

WKY 11.2 ± 0.4 9.1 ± 0.8 18.5 ± 2.7 14.2 ± 3.5
SHR 11.3 ± 0.6 13.8 ± 0.7∗ 30.3 ± 2.0∗ 33.6 ± 2.1∗

MG levels in aorta
(nmol/mg protein)

WKY 0.93 ± 0.12 0.75 ± 0.09 0.83 ± 0.01 1.38 ± 0.25
SHR 0.92 ± 0.12 1.06 ± 0.1∗ 1.2 ± 0.11∗ 2.57 ± 0.2∗

MG levels in kidney
(nmol/mg protein)

WKY 0.67 ± 0.15 0.79 ± 0.20 0.71 ± 0.06 0.22 ± 0.04
SHR 0.67 ± 0.12 0.82 ± 0.10 0.91 ± 0.09∗ 0.30 ± 0.06∗

∗ p < 0.05, ∗∗ p < 0.001 for SHR versus WKY rats of the same age group, n = 3–5 for each
group. (Reproduced with permission from Wang et al., 2005. J. Hypertens. 23:1565–1573; and
Wang et al., 2004. Kidney Int. 66:2315–2321.)

age-matched WKY rats (Table 10.1). No difference was observed in blood glucose
levels between these two strains (Chen et al. 1994). More interestingly, there was a
significant increase of MG level in plasma and aorta, but not in kidney or heart, in
SHR at an early age of 8 weeks (Wang et al. 2004, 2005). Our findings suggest that,
in addition to diabetes/hyperglycemic or hyperlipidemic conditions, accumulation
of MG in blood vessel wall plays an important role in development of hypertension
or its complications even in the absence of diabetes. Using immunofluorescence
staining with specific monoclonal antibodies against MG-induced CEL and CML,
we also showed a strong association of MG and its AGE products, CML and CEL,
with hypertension in SHR. The blood pressure of SHR was not different from that
of WKY rats at 5 weeks of age. From 8 weeks onwards, blood pressure of SHR
was significantly elevated compared to age-matched WKY rats. Importantly, this
increase was associated with a progressively increased MG and MG-induced CML
and CEL in kidney and aorta of SHR, compared to age-matched WKY rats (Wang
et al. 2004, 2005). Our study suggests that increased MG and related AGEs may be
causative for hypertension development.

Normal catabolism of MG is largely dependent on availability of cellular GSH
and activities of GSH-related enzymes, including GSH-Px and GSH-Red. Malfunc-
tion of the GSH system could potentially evoke cellular damage. For instance, treat-
ing normotensive rats with buthionine sulfoximine (BSO) for 2 weeks has been
reported to decrease cellular GSH by 70% and to induce hypertension (Vaziri et al.
2000). In addition, reduction of intracellular GSH level by BSO resulted in sustained
and reversible narrowing of rat femoral arteries (Zhou et al. 1996). We showed in-
creased MG level with decreased GSH and lower activities of GSH-Red and GSH-
Px in aortic VSMC from 13-week-old SHR compared to those from normotensive
WKY rats (Wu and Juurlink 2002). The question that remains to be answered is
whether increased cellular MG level is the key link between an impaired GSH
pathway and essential hypertension. We recently observed elevated levels of MG
in plasma or the aorta and MG-induced CEL and CML in the aorta of SHR as early
as 8 weeks of age. These changes preceded decreased GSH level (Table 10.2) and
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Table 10.2 GSH levels in plasma, aorta and kidney from WKY rats and SHR at different ages

Rats 5 weeks 8 weeks 13 weeks 20 weeks

GSH levels in plasma
(nmol/ml)

WKY 35.06 ± 0.6 32.96 ± 0.9 32.93 ± 1.3
SHY 35.18 ± 1.2 32.04 ± 0.3 30.86 ± 1

GSH levels in aorta
(nmol/mg protein)

WKY 0.66 ± 0.14 1.05 ± 0.14 2.72 ± 0.1∗
SHR 0.96 ± 0.21 1.03 ± 0.1 1.80 ± 0.2

GSH levels in kidney
(nmol/mg protein)

WKY 95.8 ± 10 82.5 ± 6.2 75.3 ± 11.4 60.7 ± 3
SHR 94.6 ± 6.1 76.5 ± 8.7 67.4 ± 11.1 50.1 ± 4.3∗

∗ p < 0.05 for SHR versus WKY rats of the same age group, n = 3–5 for each group. (Reproduced
with permission from Wang et al., 2005. J. Hypertens. 23:1565–1573; and Wang et al., 2004.
Kidney Int. 66:2315–2321.)

suppressed activities of GSH-Px and GSH-Red in the aorta of SHR, which appeared
at the age of 13 weeks. Delayed decrease of GSH in SHR indicates that the primary
reason for early onset of MG increase could be an abnormally increased MG pro-
duction rather than dysfunctional MG degradation.

Mechanisms for Role of MG in Development
of Insulin Resistance

MG and ROS/RNS

Reactive oxygen species (ROS) have been linked to pathological processes of in-
sulin resistance (Wu and de Champlain 1999). ROS including O2

− and H2O2
are constantly generated under normal conditions as a consequence of aerobic
metabolism. Increased production of O2

− and H2O2 has been observed in different
cardiovascular diseases such as hypertension (Wu and Juurlink 2001). Nitric oxide
(NO), one of the reactive nitrogen species (RNS), is closely linked to the ROS fam-
ily (Chang et al. 2005). NO plays a crucial role in regulation of vasomotor tone and
blood flow. Endothelial cells (ECs) generate NO in response to different stimuli in-
cluding acetylcholine (ACh) or insulin (Moncada et al. 1991). NO, in turn, diffuses
to neighboring smooth muscle cells, thereby stimulating soluble guanylyl cyclase
(sGC), leading to cGMP formation and vasorelaxation (Furchgott and Zawadzki
1980). This gasotransmitter is unique in that it rapidly reacts with O2

− to form per-
oxynitrite (ONOO−). ONOO− can cross cell membranes freely and is an extremely
strong and reactive oxidant. Obviously, formation of ONOO− results in alteration
of the biological function of NO. Reduction of NO with decreased expression of
eNOS has been observed in animal models of hypertension (Govers and Rabelink
2001).

Recently, it was shown that MG induces H2O2 in neutrophils (Ward and McLeish
2004). In the presence of thrombin, MG induces platelet H2O2 accumulation and
aggregation (Leoncini and Poggi 1996). Our previous studies also showed that MG
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increased oxidative stress in rat VSMC (Chang et al. 2005; Wu and Juurlink 2002).
These observations have been obtained using the DCFH assay. This assay detects
oxidation of DCFH2 inside cells by H2O2 or ONOO− (Kooy et al. 1997) to form
oxidized DCF in the cytosol. This is the reason why inhibitors of NOS have been
used for differentiation of ONOO− from H2O2 when detecting oxidized-DCF for-
mation (Kooy et al. 1997). However, it remains unclear which type of ROS is in-
duced by MG in VSMC or ECs of blood vessels and whether MG induces ONOO−
generation. Our most recent study showed that MG significantly increased O2

− pro-
duction, which was markedly reduced by O2

− scavenger SOD or NAD(P)H oxidase
inhibitor DPI in VSMC. In the presence of NOS inhibitor L-NAME, SOD, or DPI,
MG-induced oxidized DCF is significantly inhibited. This provides evidence that
MG can induce not only O2

− and H2O2 but also ONOO− in VSMC.
Moreover, ROS can induce cell proliferation. From this point of view, MG and

oxidative stress are inextricably and insidiously linked. Considering the importance
of ROS/RNS in cell signaling pathways (Maulik and Das 2002), especially in redox
cell signaling, it is tempting to portray MG as a linker between glucose metabolism
and cellular signal transductions, or a regulator in redox tone and redox cell signal-
ing, rather than a simple toxic by-product. Overproduction of MG and MG-induced
ROS will eventually impair vascular function and cause insulin resistance.

MG and Calcium Homeostasis

Extensive evidence from clinical and basic research has demonstrated enhanced vas-
cular contractility or impaired endothelial-dependent vascular relaxation in insulin
resistance syndromes (Girouard et al. 2003). Both extracellular calcium entry and
intracellular calcium release contribute to changes in intracellular free calcium con-
centration in VSMC, thus contraction of these cells. Altered calcium homeostasis in
VSMC and ECs in insulin resistance has also been reported (Pogan et al. 2001).
Because of its electrophilic nature, MG could directly interact with free amino
acid residues such as sulfhydryl groups of proteins, altering biological functions
of VSMC or ECs in blood vessel walls and causing increased peripheral resistance.
Chronic treatment of normal rats with oral MG elevated resting intracellular calcium
level in platelets (Vasdev et al. 1998a). Whether calcium level in VSMC was also
changed by this treatment was not studied. Another study showed that application
of MG to isolated rat pancreatic beta-cells increased intracellular Ca2+ and depo-
larized membrane within 5 min in a reversible manner (Cook et al. 1998). Growing
evidence shows that PKA- or PKG-induced phosphorylation of sulfhydryl groups
of IP3 receptors and L-type Ca2+ channels (Opie 1998) would decrease intracel-
lular calcium release from IP3 sensitive pool and inhibit calcium influx across cell
membrane. Conversely, interaction of MG with sulfhydryl groups of IP3 receptors
or L-type Ca2+ channels might increase calcium release and/or influx, resulting in
increased cellular Ca2+ and enhanced vascular contractility. This possibility has not
been examined in VSMC.
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Recently, the role of oxidative stress in modifying different signal transduction
pathways has received much attention. Enhanced cellular ROS formation such as
GSSG with tert-butyl hydroperoxide induced an increase in calcium-induced cal-
cium release in hepatocytes (Elliott and Koliwad 1997). Treatment of endothelial
cells with GSSG leads to increased IP3 receptor activity and depleted IP3-sensitive
Ca2+ stores, attenuating intracellular Ca2+ response to agonist stimulation (Elliott
and Koliwad 1995). Decreased cellular GSH level with increased GSSG would lead
to decreased activity of the glyoxalase system and enhanced cellular MG, which
might play a role in GSSG-induced alteration in intracellular Ca2+ homeostasis.
It has been reported that ONOO− impairs the sarcoplasmic reticulum Ca2+ pump
in pig coronary artery smooth muscle (Schmidt et al. 2004) and triggers apopto-
sis of cultured rat aortic VSMC (Li et al. 2003). Increased production of O2

− in
SHR reduces NO function and leads to altered blood vessel tone (Cuzzocrea et al.
2004). Formation of ONOO− affects endothelial integrity and results in endothe-
lial cell dysfunction (Cuzzocrea et al. 2004). The in vitro study showed that MG
could directly react with hydrogen peroxide to form several new compounds, in-
cluding acetic acid that potently acetylated amino groups of guanosine and induced
mutagenicity (Nukaya et al. 1993). The mutagenicity of MG was enhanced about
30 times in the presence of hydrogen peroxide (Ferro and Webb 1997). Interest-
ingly, hydrogen peroxide is also formed as a side-product in deamination reaction
mediated by all amine oxidases. For instance, when aminoacetone is deaminated
by SSAO, MG is generated and hydrogen peroxide is also formed from this reac-
tion (Ekblom 1998). How interaction of MG with ROS affects calcium handling by
VSMC and vascular contractility in vascular tissues from insulin resistance such as
diabetes and hypertension has been unknown.

MG and Vascular Proliferation

MG and NF-κB

In quiescent cells, NF-κB is held inactive within the cytoplasm by interaction with
inhibitor κB (IκBα) or other IκB family members (Beg and Baldwin 1993). Af-
ter stimulation with tumor necrosis factor-α (TNF-α), lipopolysaccharide (LPS),
or IL-1, IκBα undergoes rapid phosphorylation on serine residues 32 and 36; this
signals proteolytic degradation of IκBα in proteasomes (Brown et al. 1995). Dis-
sociation of IκBα from NF-κB exposes the nuclear localization signal (Jans and
Hubner 1996) on NF-κB, which directs translocation of transcription factor to
the nucleus to promote expression of genes that mediate inflammatory reactions.
Superoxide-induced activation of NF-κB is due to phosphorylation of IκBα (Ogata
et al. 2000). H2O2-induced activation of NF-κB is not associated with IκBα degra-
dation and may involve tyrosine phosphorylation since H2O2-induced activation of
NF-κB cannot be blocked by IκBα inhibitor MG-115, but is potentiated by inhibi-
tion of tyrosine phosphatases (Canty et al. 1999). Activation of NF-κB and induc-
tion of the associated genes have been suggested to be responsible for inflammatory
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and proliferative vascular response (Hoare et al. 1999). Proinflammatory cytokines
(TNF-α and IL-1) and platelet-derived growth factor (PDGF) activated NF-κB in di-
abetes and atherosclerosis (Marumo et al. 1997). Increased activation of NF-κB has
been observed in macrophages from DOCA-salt hypertensive rats, a secondary hy-
pertension model (Beswick et al. 2001). Our previous study demonstrated increased
activation of NF-κB in kidney of stroke-prone SHR. This increased expression of
NF-κB can be significantly inhibited by antioxidant sulforaphane, a compound ex-
tracted from broccoli (Wu et al. 2004). We also observed that treatment with MG
activated NF-κB p65 in cultured VSMC from aorta (Wu and Juurlink 2002) and
mesenteric artery (Wu 2005). MG-induced oxidative stress might play an important
role in activation of NF-κB since H2O2 activates NF-κB p65 with degradation of
IκBα in SHR VSMC (Wu and Juurlink 2002). Activation of NF-κB by O2

− and
H2O2 in human ECs (Canty et al. 1999; Ogata et al. 2000) and by ONOO− in ECs
(Cooke and Davidge 2002) has also been observed.

Activation of NF-κB has been demonstrated to be essential for proliferation of
VSMC (Cooke and Davidge 2002). Recent studies suggest that NF-κB may func-
tion more generally as a central regulator of stress responses. NF-κB blocks cell
apoptosis in several cell types including hepatocyte (Li et al. 1999). It is quite in-
triguing that many signals that initiate apoptosis also activate NF-κB, which sup-
presses apoptosis. This seemingly contradictory phenomenon has manifested itself
in the case of the TNF pathway since NF-κB induces a group of gene products
that function cooperatively at the earliest checkpoint to suppress TNF-α-mediated
apoptosis (Wang et al. 1996). It is likely that MG plays an important role in activa-
tion of NF-κB, contributing to vascular proliferation during development of insulin
resistance.

MG and MAPK

Mitogen-activated protein kinases (MAPK), including ERK1/2, JNK, and p38, are
a group of enzymes that phosphorylate serine/threonine residues of proteins (Force
et al. 1996). Activator protein-1 (AP-1), a transcription factor that can be acti-
vated by MAPK, is also involved in a variety of cellular response (Shaulian and
Karin 2001). Activation of ERK, JNK, p38, and AP-1 can induce cell prolifer-
ation or growth but JNK, p38, and AP-1 can also induce apoptosis (Kim and
Iwao 2003). Increased activation of MAPK and AP-1 in aorta or kidney of an-
giotensin II-induced hypertensive rats or stroke-prone SHR has been reported (Kim
and Iwao 2003). Some MAPK can be activated by tyrosine kinase-linked receptors
(Hollenberg 1994) and others by G-protein-coupled receptors (Alberts et al. 1994).
It has been shown that growth factors and phorbol myristate acetate strongly activate
ERK1/2 and weakly activate JNK and p38 kinases (Cano et al. 1994). TNF-α is a
strong stimulus for p38 and ROS are potent activators for JNK (Devary et al. 1992).
PDGF and angiotensin II are powerful activators of ERK1/2 (Liao et al. 1996). In
rat aortic VSMC, MG induced expression of heparin-binding epidermal growth fac-
tor (HB-EGF) (Che et al. 1997). A recent study reported that MG inhibited cellular
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response to human insulinlike growth factor-1 through an MEK/ERK-dependent
pathway in a cultured human embryonic kidney cell line (HEK293) and mouse fi-
broblast cell line (NIH3T3) (Du et al. 2003).

Conclusions and Perspectives

Increased generation of MG and MG-related AGEs in diabetes and hypertension
has been observed. These findings suggest an important role of MG in development
of insulin resistance. Among putative mechanisms for MG-induced insulin resis-
tance are MG-induced glycoxidation of critical proteins, overproduction of ROS,
increased vascular tone, and vascular proliferation and remodeling. Role of MG in
insulin resistance development and the underlying mechanisms should be continu-
ously investigated. For example, correlation of MG metabolism with obesity has not
been addressed either in animal models or in patients. The possibility that MG con-
tributes to etiology of insulin resistance is appealing as it may lead to discovery of
new mechanisms and methods for management and prevention of insulin resistance
syndromes.
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Chapter 11
Role of Growth Factor Receptor Transactivation
in Vasoactive Peptide-Induced Signaling
Pathways in Vascular Smooth Muscle Cells

Ali Bouallegue and Ashok K. Srivastava

Abstract Vasoactive peptides, such as endothelin-1 (ET-1) and angiotensin II
(AngII), are believed to contribute to the pathogenesis of vascular abnormalities
such as hypertension, atherosclerosis, hypertrophy, and restenosis. These peptides
elicit their biological effects through the activation of transmembrane guanine
nucleotide-binding protein-coupled receptors (GPCRs). GPCR activation results in
the stimulation of several signaling pathways including mitogen-activated protein
kinases (MAPKs), phosphatidylinositol 3-kinase (PI3-K), and protein kinase B.
During the last several years, the concept of transactivation of growth factor re-
ceptors such as EGF-R, PDGF-R, and IGF-1R in triggering vasoactive peptide sig-
naling has gained much recognition. Activation of these pathways is intimately
linked to the regulation of cellular hypertrophy, growth, proliferation, migration,
and cell survival. In this chapter, we provide an overview on the role of growth
factor receptor transactivation in mediating AngII and ET-1-induced signaling
events in vascular smooth muscle cells and their potential implication in vascular
pathophysiology.

Introduction

Aberrant vascular smooth muscle cell (VSMC) growth, migration, and proliferation
is believed to contribute to abnormal vascular functions associated with vascular
diseases. It is widely recognized that vasoactive peptides such as angiotensin II
(AngII) and endothelin-1 (ET-1), in addition to modulating the smooth muscle
contractility, also act as growth factors and modulate migratory and proliferative
responses in VSMC (Bouallegue et al. 2007a; Touyz and Schiffrin 2000). How-
ever, in contrast to receptors of the growth factors which possess an intrinsic
protein tyrosine kinase (PTK) activity, the receptors for vasoactive peptides are
coupled through heterotrimeric G-protein-coupled receptors (GPCR) (Bouallegue
et al. 2007a). Nonetheless, the activation of vasoactive peptide receptors stimulates
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intracellular signaling pathways similar to those activated by growth factor recep-
tors (R) that possess intrinsic PTK activity, and GPCR have been shown to enhance
the activity of many R-PTKs (Bouallegue et al. 2007a). The process through which
ligands of GPCR activate R-PTK has been termed “transactivation.” This process
was first identified by Daub and colleagues who showed that ET-1, lysophospha-
tidic acid, and thrombin enhanced the tyrosine phosphorylation of the epidermal
growth factor (EGF) receptor (EGF-R) (Daub et al. 1996). Since then, transac-
tivation of other R-PTK such as insulinlike growth factor-1 receptor (IGF-1R),
and platelet-derived growth factor receptor (PDGF-R) has been documented in
response to several GPCR agonists in a variety of cell types (Hua et al. 2003;
Kodama et al. 2002). Although earlier work focused on the transactivation of
EGF-R, recent studies have shown that transactivation of other R-PTK also par-
ticipates in transducing vasoactive peptide-induced signaling events. This review
will examine the role and mechanism of growth factor receptor transactivation in
triggering vasoactive peptide signaling in VSMC with a focus on the extracellu-
lar signal regulated kinase 1/2 (ERK1/2) and protein kinase B (PKB) signaling
pathways.

ERK1/2 Pathway

In VSMC, both AngII and ET-1 have been shown to activate the MAPK pathway
(Daou and Srivastava 2004; Liao et al. 1996). ERK1/2 is an important member of
the mitogen-activated protein kinase (MAPK) family of serine/threonine protein ki-
nases which are classically associated with cell growth, proliferation, differentia-
tion, and death (Kyosseva 2004; Pearson et al. 2001). MAPK are activated in re-
sponse to a variety of external stimuli such as growth factors, hormones, stress,
and vasoactive peptides. ERK1/2 is activated by sequential activation of several
upstream signaling components in this cascade (Figure 11.1). The first compo-
nent in this cascade is Ras, a member of small GTP-binding protein family. Ras
cycles between an active GTP-bound conformation and an inactive GDP-bound
form (Kyriakis and Avruch 2001). Once activated, Ras binds to membrane and re-
cruits Raf, which in turn phosphorylates MEK in specific serine/threonine residues.
MEK is a dual-specificity protein kinase and phosphorylates ERK1/2 in threonine
(Thr) and tyrosine (Tyr) residues. Activation of ERK1/2 leads to the phosphory-
lation of downstream cytosolic regulatory proteins, such as p90rsk which phos-
phorylates ribosomal proteins and participates in protein synthesis (Frodin and
Gammeltoft 1999). Also, ERK1/2 and other MAPK family members are translo-
cated from the cytosol to the nucleus (Lenormand et al. 1993; Widmann et al.
1999) and phosphorylate many transcription factors which lead to activation of
genes involved in growth and differentiation (Chen et al. 1992; Widmann et al.
1999) (Figure 11.1).
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Fig. 11.1 Activation of MAPK pathway by AngII and ET-1 in VSMC. Stimulation of AngII and
ET-1 receptors through Gq/11 activation enhances the activity of PLCβ. Activated PLCβ con-
verts PIP2 to IP3 and diacylglycerol (DAG). IP3 elevates the concentration of intracellular calcium
and DAG activates PKC. PKC and/or Ca2+/calmodulin (CaM)-dependent protein kinases (CaMK)
activate nonreceptor (NR) and/or receptor (R) protein tyrosine kinases. Activation of these com-
ponents signals the stimulation of Ras/Raf/MEK/ERK1/2 and p70 s6k. ERK1/2 and p70 s6k are
translocated to nucleus and regulate nuclear events by activating transcription factors through phos-
phorylation.
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The PI3-K/PKB Pathway

The PI3-K/PKB pathway is another key cellular signaling pathway that plays
an important role in cell growth, survival, proliferation, and gene expression.
PKB, also known as Akt, exists in three isoforms: PKBα/Akt1, PKBβ/Akt2,
and PKBγ/Akt3; each isoform possesses an amino-terminal PH domain, a kinase
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Fig. 11.2 AngII- and ET-1-induced PI3-K/PKB signaling pathway. Stimulation of AngII and ET-1
receptors through Gq/11 activation enhances the activity of PLCβ. Activated PLCβ converts PIP2
to IP3 and diacylglycerol (DAG). IP3 elevates the concentration of intracellular calcium and DAG
activates PKC. PKC and/or Ca2+/calmodulin (CaM)-dependent protein kinases (CaMK) activate
nonreceptor (NR) and/or receptor (R) protein tyrosine kinases. Activation of these components sig-
nals the stimulation of PI3-K. The activation of PI3-K leads to the production of PI(3,4,5) P3 from
PI (3,4) P2, which results in the activation of PKB. PKB has several effectors such as forkhead
box transcription factors (FOXO), Bcl-XL antagonist causing cell death (BAD), glycogen synthase
kinase 3 (GSK-3), caspases, mammalian target of rapamycin (mTOR), and 70-kDa ribosomal pro-
tein S6 kinase (P70S6K). These signaling intermediates participate in a variety of cellular processes
including protein synthesis, cell growth, survival, and gene transcription.
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domain, and a carboxy-terminal regulatory domain. PKB is activated in response to
insulin (Farese et al. 2005; van der Heide et al. 2005), AngII (Saward and Zahradka
1997), ET-1 (Daou and Srivastava 2004), and many other growth factors (Markadieu
et al. 2005; Zaka et al. 2005) in a PI3-K-dependent manner (Figure 11.2).

PI3-K is a heterodimeric lipid kinase, composed of an 85-kDa (p85) regulatory
subunit and a 110-kDa (p110) catalytic subunit. The p85 subunit contains the src
homology-2 (SH-2) domain and interacts with phosphorylated tyrosine residues on
receptor or other docking proteins, leading to stimulation of catalytic activity of
its 110-kDa catalytic subunit. p110 catalyzes the phosphorylation of phosphatidyli-
nositol (PI), PI 4-phosphate, and PI 4,5-biphosphate in the 3′ position of the in-
ositol ring. This reaction promotes the generation of PI 3′-P, PI 3,4-biphosphate
(PI-3, 4-P2), and PI-3,4,5-triphosphate (PIP3) (Bouallegue et al. 2007a; Leevers
et al. 1999) (Figure 11.2).

Binding of PIP3 to PKB recruits it to the plasma membrane for phosphorylation
by phosphoinositide-dependent kinases 1 (PDK-1) and 2 (PDK-2). PDK-1 phospho-
rylates PKB at Thr308 in the catalytic domain while putative PDK-2 phosphorylates
it at Ser473 in the C-terminal regulatory domain of PKB (reviewed in Whiteman
et al. 2002)). Activated PKB phosphorylates several downstream substrates, such as
glycogen synthase kinase-3β (GSK-3β), Forkhead transcription factor (FKHR, also
termed FOXO), Bcl-2/Bcl-XL antagonist, causing cell death (BAD), Caspase 9,
mammalian target of rapamycin (mTOR), nuclear factor-κB (NF-κB), and endothe-
lial nitric oxide synthase (eNOS) (reviewed in Song et al. 2005; Whiteman et al.
2002). The phosphorylated form of these substrates regulates diverse cellular func-
tions, such as glucose transport, cell growth, gene expression, cell survival and death
as well as protein synthesis (Saward and Zahradka 1997) (reviewed in Datta et al.
1999) (Figure 11.2).

It has been shown that vasoactive peptides enhance the phosphorylation of PKB
in many cell types. For example, ET-1 has been shown to increase PKB activation
in cardiomyocytes (Pham et al., 2001), myofibroblasts (Shi-Wen et al. 2004), hu-
man umbilical vein endothelial cells (Dong et al. 2005) as well as in A-10 VSMC
(Bouallegue et al. 2007b; Daou and Srivastava 2004). Similar to ET-1, AngII also
induces PKB activation in mesangial cells (Gorin et al. 2003), epidermal cells
(Kippenberger et al. 2005), brain neurons (Yang et al. 2002), and VSMC (Takahashi
et al. 1999). Recent evidence has suggested that ET-1 and AngII receptor activa-
tion couples with transactivation of R-PTK and thereby mediates the ERK1/2 and
PKB signaling events. The main growth factor receptors that have been implicated
in triggering ET-1- and AngII-induced activation of ERK1/2 and PKB are EGF-R,
IGF-1R, and PDGF-R.

EGF-R Transactivation in AngII and ET-1 Signaling

The EGF-R is an R-PTK that is ubiquitously expressed in a variety of cell
types, with the most abundant expression in epithelial cells and many cancer cells
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(Carpenter 2000; Mendelson 2000; Prenzel et al. 2001). It contains an extracellular
ligand binding domain, a single transmembrane domain, and a cytoplasmic tyrosine
kinase autophosphorylation and regulatory domain (reviewed in Normanno et al.
2005). EGF-R undergoes dimerization to induce autophosphorylation of tyrosine
residues in its tyrosine kinase domain in response to ligand binding (Mendelson
2000; Schlessinger 2002). 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 the adaptor protein Grb2, leading to
the activation of the Ras/ERK1/2 pathway.

AngII has been shown to induce the tyrosine phosphorylation of EGF-R in many
cell types, including VSMC (Eguchi et al. 1999a,b), cardiofibroblasts (Moriguchi
et al. 1999), intestinal epithelial cells (Chiu et al. 2005), preglomerular VSMC
(Andresen et al. 2003), C9 cells (Shah and Catt 2002), and pancreatic stellate cells
(Hama et al. 2004). This increase in EGF-R phosphorylation or transactivation is
believed to be caused by the binding of AngII to AT1 receptors (Bokemeyer et al.
2000). Use of specific pharmacological inhibitors of EGF-R PTK such as AG1478
and PD153035 has suggested a role of EGF-R transactivation in AngII-induced
growth, hypertrophy, and proliferation in VSMC (Bokemeyer et al. 2000; Eguchi
et al. 1999a; Ohtsu et al. 2006b) and in other cell types (Chiu et al. 2005; Hama et al.
2004). AngII-induced activation of many key signaling events including ERK1/2
and PKB was also found to be dependent on EGF-R transactivation. For example,
AG1478 attenuated activation of ERK1/2 and p38MAPK induced by AngII (Eguchi
et al. 2001). Also, in endothelial and pancreatic cells, a requirement of EGF-R trans-
activation for ERK1/2 activation induced by AngII has been demonstrated using a
similar approach (Hama et al. 2004; Li et al. 1998). Furthermore, in rat aorta VSMC
(Li and Malik 2005) and in intestinal epithelial IEC-18 cells, AngII-stimulated PKB
phosphorylation was associated with EGF-R transactivation (Chiu et al. 2005).

Similar to AngII, ET-1 has also been shown to transactivate EGF-R by tyrosine
phosphorylation in many cell types (Iwasaki et al. 1998; Kodama et al. 2002), and
a critical role of this transactivation in mediating ET-1-induced ERK1/2 activation
has been suggested (Iwasaki et al. 1998). 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, another EGF-R PTK inhibitor, blocked ERK1/2 phos-
phorylation in these studies (Kodama et al. 2002). An involvement of ET-1-induced
EGF-R transactivation has been implicated in protein and DNA synthesis and c-Fox
gene transcription in VSMC (Iwasaki et al. 1998, 1999). In contrast to the results
of Iwasaki et al. showing that ET-1-induced protein synthesis could be blocked by
AG1478, in vivo studies have failed to show any inhibitory effect of this inhibitor on
total protein synthesis in small mesenteric arteries (Beaucage and Moreau 2004).
However, these investigators did not examine the effect of AG1478 on EGF-R
phosphorylation. A requirement of EGF-R transactivation in ET-1-induced vascu-
lar contraction has also been shown in rabbit basilary artery rings (Kawanabe et al.
2004) and in mouse aortic ring segments (Flamant et al. 2003). This contractile
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response was dependent on ERK1/2 activation because pharmacological block-
ade of this pathway inhibited ET-1-induced contraction in basilary artery rings
(Kawanabe et al. 2004). Although several studies in VSMC have suggested an in-
volvement of ETA receptor in ET-1-induced EGF-R transactivation, recently, by
using either the full-length ETB receptor or one N-terminally truncated, a role of
ETB receptor in this process has also been suggested (Grantcharova et al. 2006).

It thus appears that EGF-R transactivation plays a role not only in growth-
promoting/hypertrophic responses of AngII and ET-1, but also in mediating the
contractile events induced by these two vasoactive peptides. Further support for a
potential role of EGF-R transactivation in cardiovascular pathophysiology is pro-
vided by the finding that the use of antisense oligonucleotides of EGF-R was shown
to attenuate AngII-induced cardiac hypertrophy in spontaneously hypertensive rat
model (Kagiyama et al. 2002, 2003).

IGF-1R Transactivation in AngII and ET-1 Signaling

The IGF-1R is also an R-PTK that shares structural and functional homology with
the insulin receptor. The mature receptor is a tetramer consisting of two extracellu-
lar α-chains and two intracellular β-chains (Hernandez-Sanchez et al. 1997). The
β-chains include an intracellular tyrosine kinase domain that is believed to be es-
sential for most of the receptor’s biologic effects (Delafontaine 1995). Binding of
IGF-1 or insulin (at very high concentrations) induces the activation of the PTK
domain of IGF-1Rβ subunit which in turn activates the autophosphorylation of the
receptor (reviewed in Adams et al. 2000). One of the earliest steps in signal trans-
duction initiated by the IGF-1R is the phosphorylation of adaptor/docking proteins
such as insulin receptor substrate (IRS-1 or IRS-2) and Shc (LeRoith et al. 1995;
White 1998). IRS-1, an important substrate for both the insulin and the IGF-1 re-
ceptor, 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) (LeRoith
et al. 1995). Of these, the binding of Grb2/Sos to tyrosine-phosphorylated IRS-1 ac-
tivates Ras, which then stimulates the Raf-1/MAPK cascade (Rozakis-Adcock et al.
1992). Shc can also interact directly with IGF-1R (Giorgetti et al. 1994). After ty-
rosine phosphorylation of Shc, it recruits the Grb2/Sos complex and activates the
Ras/Raf-1/MEK/ERK pathway (Rozakis-Adcock et al. 1992). The activated IGF-
1R also triggers the activation of PI3-K and its downstream targets PKB and p70s6k
(Oldham and Hafen 2003; Zheng and Clemmons 1998).

In addition to the well-studied role of EGF-R transactivation in mediating AngII-
and ET-1-induced signaling, there are several reports suggesting a role of IGF-1R
in triggering the responses of AngII. In fact, a stimulatory effect of AngII on the
tyrosine phosphorylation of IGF-1R β-subunit as well as on IRS-1 was reported in
rat aortic VSMC a decade ago (Du et al. 1996). However, a requirement of IGF-1R
activation in AngII-induced downstream signaling has been demonstrated relatively
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recently (Touyz et al. 2003). It was found that in VSMC isolated from mesenteric
vascular bed, AG1024, a selective pharmacological inhibitor of IGF-1R-PTK activ-
ity, partially reduced AngII-induced phosphorylation of ERK1/2, p38MAPK, and
ERK5 (Cruzado et al. 2005; Touyz et al. 2003). Zahradka and colleagues also re-
ported an enhanced tyrosine phosphorylation of the β-subunit of IGF-1R in response
to AngII treatment (Zahradka et al. 2004). However, in contrast to the studies of
Cruzado et al. and Touyz et al., pharmacological blockade of IGF-1R failed to atten-
uate AngII-induced ERK1/2 activation in these studies whereas it inhibited AngII-
induced phosphorylation of the p85 subunit of PI3-K and p70s6k was significantly
attenuated by AG1024 (Zahradka et al. 2004).

It was recently demonstrated that AngII transactivates both EGF-R and IGF-1R
which participate in the activation of hypoxia-inducible factor-1 (HIF-1) in VSMC
(Lauzier et al. 2007). It thus appears that IGF-1R transactivation may also be essen-
tial in triggering AngII- and ET-1 induced signaling events in a tissue/cell-specific
or signaling component-specific fashion. In fact, recent evidence indicating that
transactivation of EGF-R mediates the responses of IGF-1R in some cell types sug-
gests the existence of a cross-talk between IGF-R and EGF-R transactivation (Meng
et al. 2007). Moreover, studies showing that dominant negative or antisense oligonu-
cleotides of IGF-1R are able to attenuate neointima formation in an injured carotid
artery model in rats (Lim et al. 2004) and reduce AT1 receptor expression and func-
tion in spontaneously hypertensive rats (Nguyen et al. 2006) support a potential
pathogenic role of upregulated IGF-1R signaling in vascular disease.

PDGF-R Transactivation in AngII and ET-1 Signaling

The PDGF-R is also an R-PTK expressed in many cell types. It exists in two iso-
forms: PDGF-Rα and PDGF-Rβ that display affinity for the different isoforms of
the PDGF family—PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC, and PDGF-DD
(reviewed in Board and Jayson 2005). Tissue culture and in vivo mouse model stud-
ies have suggested that PDGF-Rα and PDGF-Rβ activate distinct signaling path-
ways. Downstream targets of PDGF-Rβ include ERK1/2, PKB, and small G pro-
teins including Rho and Rac-1, which ultimately mediate PDGF-induced responses
such as cell cycle progression, migration, and survival (reviewed in Rosenkranz
and Kazlauskas 1999). Similar to EGF, binding of PDGF to its receptor on the cell
surface induces its dimerization and autophosphorylation of the tyrosine kinase do-
main, which in turn recruits and activates SH2 domain-containing proteins such as
Grb2, Src, p85 subunit of PI3-K, and phospholipase C γ (PLCγ). Tyr751 in the ki-
nase domain of PDGF-Rβ is the docking site for PI3-K. Tyr740 is also important
for the activation of PI3-K by PDGF-Rβ, while PDGF-stimulated PLCγ signaling
is dependent on the phosphorylation at the two sites Tyr1009 and Tyr1021 (reviewed
in Board and Jayson 2005).

Several studies have shown that PDGF-R undergoes tyrosine phosphorylation in
response to AngII in vitro in various cell types such as in human mesanglial cells
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(Mondorf et al. 2000), and in vivo in VSMC (Heeneman et al. 2000). In the case of
VSMC this phosphorylation was sensitive to inhibition by PDGF-R-PTK inhibitor
AG1296 as well as antioxidants such as N -acetylcysteine and Tiron (Heeneman
et al. 2000). In contrast to these studies, however, Bokemeyer et al. were unable to
detect any increase in PDGF-R phosphorylation in AngII-treated VSMC isolated
from adult rat thoracic aorta (Bokemeyer et al. 2000). Furthermore, in these studies,
AngII-induced ERK1/2 phosphorylation was insensitive to inhibition by AG1296
whereas AG1478 almost completely blocked the ERK1/2 phosphorylation. It should
be noted that AngII was recently found to induce the tyrosine phosphorylation of an
ectodomain-truncated PDGF-R having a molecular size of 70 kDa (Gao et al. 2006).
Upon phosphorylation, this truncated PDGF-R interacts with the p85 subunit of PI3-
K, and mediates downstream AngII signaling; however, its tyrosine phosphorylation
induced by AngII is insensitive to inhibition by AG1296 (Gao et al. 2006). Further
studies, in intact mesenteric arteries, that utilized another pharmacological blocker
of PDGF-R-PTK, RPR 101511A, as well as PDGF-R antibodies provided evidence
to support an involvement of PDGF-R activation in AngII-, as well as pressure-
induced ERK1/2 phosphorylation (Eskildsen-Helmond and Mulvany 2003). Addi-
tional studies showing that in vivo infusion of AngII in Sprague-Dawley rats resulted
in an increase in PDGF-R beta tyrosine phosphorylation and PKB phosphorylation
in isolated mesenteric arteries (Kelly et al. 2004) substantiated a role of PDGF-R in
AngII-induced responses. Notably, Kelly et al. also demonstrated that inhibition
of PDGF-R signaling by using imatinib mesylate, a highly selective inhibitor of
PDGF-R-PTK, significantly improved vascular remodelling in mesenteric arteries
of AngII-treated animals (Kelly et al. 2004). An increase in PDGF-R phosphory-
lation has also been reported in balloon-injured arteries and in the aorta of stroke-
prone spontaneously hypertensive rats (Abe et al. 1997; Eskildsen-Helmond and
Mulvany 2003). The fact that ACE inhibitors or AngII, AT1 receptor antagonist re-
duced the exaggerated PDGF-R phosphorylation and the intimal thickening in these
models points toward a vasculotrophic effect of AngII-induced PDGF-R transacti-
vation (Eskildsen-Helmond and Mulvany 2003; Kim et al. 2000). In contrast to the
studies showing an important role of PDGF-R in mediating the responses of AngII,
a similar role of PDGF-R transactivation in ET-1 action has not been reported as yet.

Mechanism of Receptor Transactivation by AngII and ET-1

Although the mechanism by which vasoactive peptides transactivate growth factor
receptors is not fully understood, several possible mechanisms have been suggested.
The first mechanism involves metalloproteinase-induced cleavage of proheparin-
binding EGF (proHB-EGF) to HB-EGF which binds to the ectodomain of EGF-R,
and activates downstream signaling events (Prenzel et al. 1999). Both ET-1- and
AngII-induced EGF-R transactivation have been found to be sensitive to inhibition
by a series of metalloproteinase inhibitors such as GM6001, doxycycline, and bati-
mastat (Chansel et al. 2006; Prenzel et al. 1999). These inhibitors were also shown
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to block downstream signaling induced by ET-1 and AngII in VSMC (Chansel et al.
2006; Yang et al. 2005). Several matrix metalloproteinases have been identified and
some of these have been implicated in cardiovascular pathophysiology. For exam-
ple, an involvement of MMP2/9, a member of the MMP family, in the development
of pressure-induced enhanced myogenic tone in mouse resistance artery has been
reported (Lucchesi et al. 2004). A role of ADAM 17, also known as tumor necro-
sis factor (TNF) alpha-converting enzyme (TACE), in mediating AngII-induced
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Fig. 11.3 Potential mechanism of EGF-R transactivation by AngII and ET-1. AngII and ET-1
receptor activation through PLCβ and/or other signaling pathways causes generation of reactive
oxygen species (ROS) via NADPH oxidase activation. ROS-dependent or -independent matrix
metalloproteinase such as MMP2/9 and/or ADAMs leads to transformation of proheparin-binding
(HB) EGF to HB-EGF. Interaction of HB-EGF with EGF-R leads to activation of Ras/Raf/MEK
and ERK1/2 as well as PI3-K/PKB cascade. ROS production also inhibits the PTPase which in-
creases the EGF-R phosphorylation and thereby activates the Ras and PI3-K signaling cascade.
These signaling intermediates participate in a variety of cellular processes including protein syn-
thesis, cell growth, survival, and gene transcription.
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leads to an increase in reactive oxygen species (ROS) generation, via NADPH oxidase activation.
ROS inhibits PTPases which enhances the phosphorylation of PDGF-R and IGF-1R. The resul-
tant activation of the PTK activity of these receptors phosphorylates several downstream substrates
(e.g., IRSs, in case of IGF-1R) which promotes assembly of signaling components leading to the
activation of Ras/Raf/MEK and ERK1/2 as well as PI3-K/PKB cascade. These signaling intermedi-
ates participate in a variety of cellular processes including protein synthesis, cell growth, survival,
and gene transcription.

VSMC hypertrophy and EGF-R transactivation was recently demonstrated (Ohtsu
et al. 2006b). Interestingly, another ADAM family member, ADAM 10, was shown
to have no role in AngII-induced EGFR transactivation in this system (Ohtsu et al.
2006b), whereas a requirement of ADAM 12 in AngII-induced cardiac hypertro-
phy and HB-EGF release was demonstrated (Asakura et al. 2002) (Figure 11.3). It
seems that the 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 EGF-R transactivation, a similar role of MMPs in PDGF-R or IGF-1R
transactivation remains to be established.

In VSMC, AngII, ET-1, and other vasoactive peptides mediate their responses
through the generation of reactive oxygen species (ROS) (Daou and Srivastava
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2004; Touyz et al. 2004). ROS have been suggested to serve as critical signaling
molecules (Rhee 2006), and it may be possible that ROS generation could be among
the mechanisms by which vasoactive peptides transactivate EGF-R. In fact, by using
different antioxidants, a requirement of ROS generation in AngII- and ET-1-induced
phosphorylation of EGF-R has been demonstrated (Ushio-Fukai et al. 2001). There
is also some suggestion for a role of ROS generation in MMP activation (Ohtsu et al.
2006a).

The precise mechanism by which ROS contributes to the transactivation of
growth factor receptor-PTKs is still unclear. However, in view of the ability of ROS
to inhibit PTPases, such as PTP-1B (Lee et al. 1998) and SH-2 domain-containing
tyrosine phosphatase-2 (SHP-2) (Chen et al. 2006; Meng et al. 2002), 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 (Azar et al. 2006, 2007; Mehdi et al. 2005). The activated PTKs can thus
promote the assembly of signaling components essential to trigger the ERK1/2 and
PKB signaling pathways (Figure 11.4). It should be noted that a potential role of
several nonreceptor PTKs, such as Src and Pyk-2, in inducing AngII-induced EGF-
R transactivation has also been demonstrated (Eguchi et al. 1999b; Ushio-Fukai
et al. 2001). In addition, several laboratories have reported that PTEN, which cat-
alyzes PIP3 dephosphorylation, is a direct target of H2O2 and becomes inactivated
by H2O2 treatment (Lee et al. 2002). Inactivation of PTEN, which results in an in-
crease of PIP3 levels, has been attributed to PKB activation in response to several
agents known to generate ROS (Seo et al. 2005).

Conclusion

There is an increasing body of evidence to suggest an important role of growth factor
receptor transactivation in mediating vasoactive peptide-induced signaling pathways
in VSMC. Among various growth factor receptors, the transactivation of EGF-R has
been studied in great detail in response to AngII. However, transactivation of other
growth factor receptors, such as PDGF-R and IGF-1R, in triggering the responses of
both AngII and ET-1 has been recognized recently. Although the precise mechanism
by which vasoactive peptides transactivate various growth factor receptors is un-
clear at present, a large body of evidence has suggested a role of metalloproteinase-
induced generation of HB-EGF in the transactivation of EGF-R. Activation of va-
soactive peptide receptors generates ROS, which, by their ability to oxidize the
catalytic cysteine residues in many enzymes, can also contribute to growth factor
receptor transactivation. PTPase are among this group of enzymes whose inhibition
by ROS has been attributed to receptor transactivation and enhanced PTK activity of
several receptor and nonreceptor PTK in response to vasoactive peptides. A poten-
tial role of ROS in MMP activation has also been suggested. Furthermore, studies
showing that blockade of growth factor receptor transactivation by pharmacologi-
cal or genetic approaches resulting in improved cardiovascular pathophysiology in
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animal models suggest that upregulation of growth factor R-PTK may be an impor-
tant contributor in this process.
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Chapter 12
Identifying the Cellular and Molecular Events
Associated with the Divergent Phenotypes
of Cardiac Hypertrophy

Angelino Calderone

Abstract Following the imposition of a hemodynamic load, the primary adaptive
response of the heart involves an increase in size of individual cardiac myocytes in
the absence of cell division. This process is characterized as cardiac hypertrophy
and the pattern of individual myocyte growth is directly influenced by the nature
of the hemodynamic load. Cardiac hypertrophy can be classified as either phys-
iological or pathological and their disparate phenotypes are related in part to a
divergent pattern of peptide growth factor expression. Gq-mediated recruitment of
Ca2+- and PKC-dependent signaling pathways may primarily be implicated in the
progression of pathological hypertrophy characterized by a concentric pattern of
remodeling. By contrast, recruitment of the phosphatidylinositol 3-kinase isoform
p110α may selectively participate in the physiological growth of cardiac myocytes.
However, there exists evidence to suggest that Ca2+-dependent pathways may also
play a supporting role in physiological cardiac hypertrophy. Thus, this review will
provide a comprehensive analysis of the morphological, cellular, and molecular
phenotypes of physiological and pathological cardiac hypertrophy and explore the
relative contribution of Gq- and phosphatidylinositol 3-kinase-dependent pathways.

Introduction

The Frank-Starling mechanism represents an inherent feature of the heart to nor-
malize cardiac output in response to acute changes in pressure or volume. How-
ever, sustained or progressive pressure- or volume-overload on the heart induces
a response of cardiac hypertrophy that constitutes the basic adaptive mechanism
for preserving cardiac function. Since the adult myocyte is terminally differenti-
ated and no longer possesses the capacity to proliferate, cardiac hypertrophy con-
stitutes an increase in cell size without a concomitant increase in cell number. The
distinguishing features of hypertrophic growth consist of an overall increase in my-
ocyte RNA and protein synthesis, an increase in contractile protein content, and the
synthesis of new sarcomeres. However, depending on the nature of the initiating
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mechanical stimuli, there are important qualitative differences in the phenotype of
the hypertrophic myocyte. These phenotypic differences have been delineated at the
morphological, cellular, and molecular level. Despite these observations, a primor-
dial issue that remains unresolved is the identity of the signaling pathway(s) that
translates a mechanical stimulus to a specific hypertrophic phenotype. This review
will attempt to address this issue by describing the qualitative differences between
pathological and physiological cardiac hypertrophy and focus primarily on the role
of Gq-dependent signaling pathways and phosphatidylinositol 3-kinase in the diver-
gent hypertrophic phenotypes.

Cellular and Morphological Adaptations of Pathological
and Physiological Cardiac Hypertrophy

When the primary stimulus to hypertrophy is either aortic stenosis or hyperten-
sion, the resultant pressure overload will lead to an increase in systolic wall stress
(Grossman et al. 1975). Elevated systolic wall stress has been defined as the primary
signal promoting a parallel pattern of sarcomere assembly leading to an increase
in myocyte cell width (Figure 12.1) (Morkin 1970; Grossman et al. 1975; Marino
et al. 1985; Anversa et al. 1986). Morphologically, this cellular adaptation causes
significant ventricular wall thickening and a reduction in chamber radius resulting
in a “concentric” pattern of left ventricular hypertrophy (Figure 12.1). Grossman
and colleagues observed that systolic wall stress was within normal limits in pa-
tients with chronic pressure-overload, supporting the thesis that concentric hyper-
trophy represents an adaptive mechanism to normalize elevated systolic wall stress
(Grossman et al. 1975). It was further postulated that the normalization of systolic
wall stress represents a negative feedback mechanism inhibiting further sarcomere
synthesis (Braunwald 1992).

When the primary stimulus to hypertrophy is either mitral or aortic regurgitation,
or secondary to arteriovenous shunting, the resultant volume overload will lead to an
increase in diastolic wall stress (Grossman et al. 1975; Gerdes et al. 1988). Elevated
diastolic wall stress represents the primary signal promoting an in series pattern
of sarcomere assembly leading to an increase in myocyte cell length (Figure 12.1)
(Grossman et al. 1975; Marino et al. 1985; Anversa et al. 1986; Braunwald 1992).
Morphologically, the elongation of cardiac myocytes leads to chamber enlargement
and an “eccentric” pattern of cardiac hypertrophy (Figure 12.1). However, the in-
crease in chamber radius that accompanies eccentric remodeling will lead to a mod-
est elevation of systolic wall stress thereby initiating the assembly of newly synthe-
sized sarcomeres in a parallel fashion leading to wall thickening (Braunwald 1992).
Thus, eccentric remodeling of the heart is associated with a modest increase in ven-
tricular wall thickness that attempts to normalize elevated systolic wall stress. By
contrast, the eccentric hypertrophic response is unable to normalize elevated dias-
tolic wall stress (Grossman et al. 1975; Braunwald 1992).

When the primary stimulus to hypertrophy is exercise, the intermittent diastolic
load imposed on the heart leads to an “eccentric” pattern of cardiac hypertrophy
with enhanced cardiac function (Anversa et al. 1983, 1986; Moore et al. 1993; Jin
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Fig. 12.1 Concentric and eccentric cardiac remodeling. In response to a systolic load, newly
formed sarcomeres will be assembled in a parallel fashion leading to an increase in myocyte cell
width. This mode of sarcomere assembly will result in a concentric pattern of cardiac hypertrophy
characterized by an increase in wall thickness and reduction in chamber volume. In contrast, in
response to a diastolic load, newly formed sarcomeres will be assembled in an in series pattern
leading to an increase in myocyte cell length. This mode of sarcomere assembly will promote an
eccentric pattern of cardiac hypertrophy characterized primarily by an increase in chamber volume.
However, a modest increase in wall thickness will also occur because of the secondary increase in
systolic wall stress associated with eccentric remodeling.

et al. 2000). Furthermore, despite similar morphological phenotypes between phys-
iological and pathological eccentric cardiac hypertrophy, important qualitative dif-
ferences exist at the cellular and molecular levels that distinguish these two forms
of hypertrophy.

Molecular Phenotypes of Concentric and Eccentric
Cardiac Hypertrophy

Concentric Hypertrophy

During the maturation process of the heart, the proliferative capacity of cardiac my-
ocytes is lost, and important qualitative changes in the expression of cardiac-specific
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genes are evident (Zak 1974; Nadal-Ginard and Mahdavi 1989). Depending on the
species, there is the selective downregulation of genes encoding fetal contractile
proteins (e.g., skeletal α-actin and β-myosin heavy chain) and the decreased ex-
pression of atrial natriuretic peptide (ANP) mRNA in the ventricular myocardium
(Nadal-Ginard and Mahdavi 1989). In the adult rat, aortic constriction (pressure
overload) promotes an increase in cardiac mass and the induction of a program of
genes reminiscent of the embryonic heart, including the reexpression of cardiac fetal
contractile genes and the upregulation of ventricular ANP mRNA (Mercadier et al.
1981; Izumo et al. 1988; Schiaffino et al. 1989; Black et al. 1991). Coincident with
these changes is downregulation of the adult-specific gene sarcoplasmic reticulum
Ca2+-ATPase (SERCA2) (de la Bastie et al. 1990).

In the pressure-overloaded rat heart, the α- → β-myosin heavy chain isoform
switching leads to a diminished myosin ATPase activity (V3 myosin isoform; ββ)
and is in part responsible for the decreased contractile response of the heart (Mer-
cadier et al. 1981). Albeit, this phenotypic alteration may in part represent an adap-
tive response since the lower intrinsic ATPase activity reduces utilization of ATP
in the presence of a greater work load and oxygen demand (Katz 1990). Presently,
the functional or structural consequence of skeletal α-actin mRNA expression in
the adult rat heart is unknown. By contrast, the increased expression of ventricular
ANP mRNA levels following a hemodynamic overload may represent a counter-
regulatory mechanism influencing the magnitude of the hypertrophic response. Both
in vivo and in vitro studies have reported an antihypertrophic and antifibrotic ac-
tion of natriuretic peptides (Calderone et al. 1998; Ellmers et al. 2002). Lastly, the
downregulation of SERCA2 mRNA levels is in part responsible for abnormal sar-
coplasmic reticulum Ca2+ handling and subsequent impairment of myocardial re-
laxation observed in concentric hypertrophy of both experimental animal models
and patients with cardiac disease (de la Bastie et al. 1990; Masashi et al. 1994).

Eccentric Hypertrophy (Pathological Stimulus)

In the ventricular myocardium of rats with volume overload due to an arteriovenous
fistula, increased ANP mRNA expression has been documented (Calderone et al.
1995). Therefore, despite the apparent differences in the morphological and cellular
phenotypes of volume and pressure overload, the reexpression of ANP mRNA repre-
sents a conserved molecular event of pathological cardiac hypertrophy. By contrast,
during the early phase of left ventricular hypertrophy secondary to an arteriovenous
fistula and despite a similar degree of left ventricular hypertrophy as that observed in
response to suprarenal aortic constriction, volume-overload-induced cardiac hyper-
trophy was not associated with either the increased expression of β-myosin heavy
chain, skeletal α-actin or the reciprocal downregulation of SERCA2 (Calderone
et al. 1995). These data demonstrate the development of volume- and pressure-
overload cardiac hypertrophy in response to a pathological stimulus is associated
with distinct molecular phenotypes. Second, ANP, skeletal α-actin, and β-myosin



12 Signaling and Hypertrophy 233

heavy chain have been generally viewed as a conserved feature of pressure-induced
cardiac hypertrophy. However, the discordant pattern of fetal cardiac gene expres-
sion observed in volume-induced cardiac hypertrophy suggests that at least at the
mRNA level, these genes can be independently regulated in response to different
mechanical stimuli. Thus, the increased expression of ANP mRNA in response to
divergent pathological stimuli suggests that its reexpression represents a secondary
event dependent on the hypertrophic growth of cardiac myocytes. By contrast, the
regulation of skeletal α-actin, β-myosin heavy chain, and SERCA2 mRNA appear
to be less conserved events of the hypertrophic process and more stimulus specific
(pressure versus volume).

Eccentric Hypertrophy (Physiological)

An intermittent diastolic load associated with exercise leads to an eccentric pattern
of cardiac hypertrophy with enhanced ventricular function (Anversa et al. 1983,
1986; Moore et al. 1993; Jin et al. 2000). The preponderance of studies have reported
either no change or decreased expression of ventricular ANP mRNA in response to
a physiological stimulus (Jin et al. 2000; Calderone et al. 2001; Diffee et al. 2003).
Thus, the pattern of ventricular ANP mRNA expression represents a seminal fea-
ture distinguishing physiological and pathological eccentric cardiac hypertrophy.
The underlying mechanism attributed to the latter paradigm may be related in part
to the intensity and duration of the diastolic load in response to a pathological versus
a physiological stimulus. Furthermore, swimming-induced physiological ventricu-
lar hypertrophy was not associated with either the upregulation of cardiac contrac-
tile fetal genes or the downregulation of SERCA2 thereby further reaffirming the
concept that the pattern of gene expression is stimulus specific (McMullen et al.
2003).

Peptide Growth Factor Expression in Response
to Cardiac Hypertrophy

Pathological Cardiac Hypertrophy

The increased expression of peptide growth factors in the adult heart in response to a
hemodynamic load or following an ischemic insult has suggested that these proteins
may initiate and/or modulate ventricular remodeling. In the surviving myocardium
of the infarcted rat heart, transforming growth factor-β1 (TGF-β1) and insulinlike
growth factor-1 (IGF-1) mRNA levels were increased and TGF-β1, TGF-β3, and
IGF-1 mRNA levels were upregulated in the hypertrophied left ventricle secondary
to aortic constriction (Thompson et al. 1988; Calderone et al. 1995; Matthews et al.
1999). Further analysis revealed that the increased expression of peptide growth
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factors in response to pressure overload occurred exclusively in cardiac myocytes
(Thompson et al. 1988; Calderone et al. 1995; Matthews et al. 1999). Analogous to
that observed secondary to aortic constriction, TGF-β1 mRNA levels were upregu-
lated in the hearts exposed to a chronic volume overload and increased expression
was detected in cardiac myocytes (Calderone et al. 1995). By contrast, TGF-β3 and
IGF mRNA levels were unchanged in the myocyte fraction of rats secondary to an
arteriovenous fistula (Calderone et al. 1995). However, in the porcine heart, IGF-1
mRNA levels were increased in myocytes following an arteriovenous fistula and
in the hypertrophied heart of patients with aortic regurgitation (Serneri et al. 1999;
Modesti et al. 2000). Thus, regardless of the species, the cardiac myocyte appears
to play a primary role in detecting the mechanical stimuli. Stimulus-specific expres-
sion was also reported for ET-1, as a selective upregulation of prepro-ET-1 mRNA
in cardiac myocytes was observed following aortic constriction in the pig, whereas
mRNA levels remained unchanged secondary to arteriovenous fistula (Modesti et al.
2000). Likewise, increased prepro-ET-1 mRNA levels were reported in the hyper-
trophied heart of patients with aortic stenosis whereas no change was detected in the
hypertrophied heart of patients with aortic regurgitation (Serneri et al. 1999). Lastly,
several studies have identified a hypertrophic role of AII in response to patholog-
ical stimuli and further demonstrated that cardiac myocytes contain the requisite
machinery (e.g., angiotensinogen, renin, ACE) to synthesize the peptide (Ruzicka
et al. 1995; Malhotra et al. 1999; Lijnen and Petrov 1999). In general, these data
demonstrate a discordant pattern of regulation among a panel of peptide growth fac-
tors between pressure- and volume-overload induced left ventricular hypertrophy
and highlight a stimulus-specific regulation. However, it would appear that the con-
served expression of at least TGF-β1, IGF-1, and AII, regardless of the pathological
stimulus, suggests that their induction may represent an integral and/or adaptive
response required to initiate and/or sustain the hypertrophic growth of individual
myocytes.

Physiological Cardiac Hypertrophy

In response to swimming, myocardial IGF-1 expression was reported significantly
increased (Scheinowitz et al. 2003). Likewise, in trained endurance athletes docu-
mented with eccentric physiological cardiac hypertrophy and enhanced ventricular
function, increased cardiac IGF-1 synthesis was detected (Serneri et al. 2001). These
data suggest that IGF-1 may participate in the development of physiological cardiac
hypertrophy. However, the overexpression of IGF-1 receptor in the mouse heart does
not faithfully reproduce the established phenotype of eccentric physiological hyper-
trophy, as an increase in ventricular wall thickness and concomitant reduction of
chamber volume were reported (McMullen et al. 2004). Second, consistent with
the morphological pattern of remodeling, cardiac myocyte length was unchanged
whereas myocyte width was increased, indicative of a parallel pattern of sarcomere
assembly. Lastly, a panel of cardiac fetal genes was induced in hearts overexpressing



12 Signaling and Hypertrophy 235

the IGF-1 receptor. The authors argue that enhanced systolic function and the lack
of fibrosis in transgenic mice overexpressing the IGF-1 receptor in the heart repre-
sent more accurate markers of physiological hypertrophy rather than cardiac fetal
gene reexpression. However, the authors failed to consider that increased systolic
function in their transgenic model may be directly related to the positive inotropic
action of IGF-1 (Redaelli et al. 1998; Kinugawa et al. 1999; von Lewinski et al.
2003). By contrast, in the study by Delaughter et al. (1999), a physiological hyper-
trophic response was initially observed in the mouse heart persistently expressing
IGF-1. However, the latter hypertrophy progressed to a pathological condition char-
acterized by depressed ventricular function, extensive fibrosis, and morphologically
resembled concentric remodeling (Delaughter et al. 1999). Thus, it would appear
that the chronic and sustained activation of the IGF-1 axis leads to the recruitment
of signaling events coupled to pathological remodeling. By contrast, the tightly con-
trolled regulation of IGF-1 synthesis by an intermittent diastolic load that accompa-
nies physical training would appear to avert the pathological effects of the peptide
growth factor. Despite these findings, the documented increase of cardiac IGF-1 in
response to both physiological and pathological stimuli suggests that the peptide
growth factor represents a conserved event of hypertrophy.

ET-1 synthesis was not detected in the heart of either endurance trained athletes
or the hypertrophic rat heart following a swimming regiment (Iemitsu et al. 2001;
Serneri et al. 2001). Furthermore, despite the apparent contribution of angiotensin
II (AII) in pathological cardiac hypertrophy, the administration of an AT1 receptor
antagonist failed to inhibit exercise-induced cardiac hypertrophy in the rat (Geenen
et al. 1996). By contrast, TGF-β1 mRNA levels were increased in the hypertrophic
heart of voluntary exercised female rats whereas no change in TGF-β3 mRNA ex-
pression was observed (Calderone et al. 2001). Likewise, TGF-β3 mRNA was not
induced in the hypertrophied heart of rats following an exercise regimen of swim-
ming (McMullen et al. 2003). Thus, similar to IGF-1, TGF-β1 mRNA induction
in response to both pathological and physiological stimuli appears to represent a
conserved event of the hypertrophic response.

The Contribution of Peptide Growth Factors
to the Divergent Phenotypes of Pathological and
Physiological Cardiac Hypertrophy

The Role of ET-1 and AII

In vitro studies have demonstrated that the exposure of cardiac myocytes to either
ET-1 or AII promoted hypertrophy, the reexpression of cardiac fetal genes, and the
downregulation of SERCA2 mRNA (Shubeita et al. 1990; Sadoshima and Izumo
1993; Calderone et al. 2000; Strait et al. 2001). In the pressure-overloaded heart,
myocardial ET-1 expression was increased and the pharmacological antagonism of
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the ETa receptor attenuated the hypertrophic response, thereby reaffirming the role
of the peptide in concentric remodeling (Ito et al. 1994). By contrast, increased
cardiac ET-1 expression was not observed during the progression of pathological
eccentric cardiac hypertrophy, and its lack of induction was consistent with the
absence of either skeletal α-actin or β-myosin heavy chain mRNA reexpression
(Calderone et al. 1995; Serneri et al. 1999; Modesti et al. 2000). Consistent in part
with the in vitro findings, the in vivo infusion of AII, a transgenic approach to in-
crease the production of AII in the heart, or the cardiac-specific overexpression
of the AT1 receptor promoted cardiac hypertrophy (Mazzolai et al. 1998; Paradis
et al. 2000; Schultz et al. 2002; Kee et al. 2006). Albeit, employing a pharmaco-
logical approach, a putative role of AII in concentric remodeling remains ambigu-
ous (Mohabir et al. 1994; Rockman et al. 1994; Weinberg et al. 1997). Despite the
equivocal role in pressure-overloaded rat hearts, AII contributed to the hypertrophic
response in volume-overloaded hearts. Following the creation of an arteriovenous
fistula in the rat, plasma and cardiac AII levels were increased at 7 days and ei-
ther enalapril (e.g., ACE inhibitor) or losartan (AII receptor blocker) therapy at-
tenuated the hypertrophic response (Ruzicka et al. 1994, 1995). Consequently, the
AII-mediated hypertrophic response secondary to an arteriovenous fistula can be
segregated from the recapitulation cardiac fetal contractile genes documented in
vitro. The latter paradigm was likewise observed following the infusion of a sub-
pressor dose of AII in mice, as the modest hypertrophic response and concomitant
reexpression of ANP mRNA was not associated with the reexpression of β-myosin
heavy chain mRNA (Schultz et al. 2002). Collectively, these data suggest that in
response to a pathological stimulus, AII may preferentially contribute to the growth
of individual cardiac myocytes and the reexpression of ventricular ANP mRNA,
rather than the recapitulation of cardiac fetal contractile genes. Lastly, neither AII
nor ET-1 was implicated in the growth response of cardiac myocytes in response to a
physiological stimulus (Geenen et al. 1996; Iemitsu et al. 2001; Serneri et al. 2001).

The Role of IGF-1 and TGF-β1

There is increasing evidence to suggest that IGF-1 plays an integral role in physio-
logical cardiac hypertrophy. However, its conserved upregulation in both physiolog-
ical and pathological stimuli suggests that IGF-1 may be required to initiate and/or
sustain the hypertrophic growth of individual myocytes and preserve cardiac func-
tion. The latter premise is supported by the well-established physiological effects
of IGF-1 which include the stimulation of cardiac myocyte hypertrophy, protec-
tion against apoptosis, and enhancing contractility (Li et al. 1997; Delaughter et al.
1999; Redaelli et al. 1998; Kinugawa et al. 1999; Huang et al. 2002; von Lewinski
et al. 2003; McMullen et al. 2004). With regard to TGF-β1, in vitro studies have
revealed that the treatment of neonatal rat ventricular myocytes promoted hypertro-
phy and the reexpression of a panel of fetal cardiac genes and AII stimulation of
cardiac myocytes increased peptide growth factor expression (Parker et al. 1990;
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Sadoshima and Izumo 1993). These data support the premise that TGF-β1 was a
candidate mediator for the cardiac remodeling initiated by AII and may play an
integral role in concentric cardiac remodeling. However, secondary to an arteriove-
nous fistula, eccentric cardiac remodeling was likewise associated with increased
cardiac AII and TGF-β1 expression. Based on the latter observations, neither AII
nor TGF-β1 can be directly implicated in either the in series or parallel pattern of
sarcomere assembly. In addition, these data have demonstrated that the upregulation
of AII and TGF-β1 in the volume-overloaded heart were not sufficient to promote
the reexpression of cardiac contractile fetal genes and reciprocal downregulation
of SERCA2 mRNA. Nonetheless, the conserved increased expression of TGF-β1 to
disparate pathological stimuli suggests that the peptide growth factor may contribute
preferentially to the hypertrophic growth of individual cardiac myocytes in response
to AII. Support for this premise was demonstrated in TGF-β1-deficient transgenic
mice, as both AII-mediated cardiac hypertrophy and ANP mRNA expression were
inhibited (Schultz et al. 2002). Lastly, the increased expression of TGF-β1 mRNA
levels in the heart of voluntary exercised female rats further supports the premise
that the peptide growth factor may contribute to the physiological growth of cardiac
myocytes (Calderone et al. 2001).

A Synopsis of the Cellular and Molecular Events
of Cardiac Hypertrophy and Potential Contribution
of Peptide Growth Factors

A review of the literature has clearly demonstrated that pathological and physio-
logical cardiac hypertrophies are associated with distinct morphological, cellular,
and molecular patterns of adaptation. Furthermore, additional differences including
the pattern of peptide growth factor expression were prevalent between pathological
eccentric and concentric cardiac hypertrophy. Collectively, these findings have pro-
vided the framework to generate the following hypothetical models to address the
establishment of the divergent phenotypes of hypertrophy. First, the disparate mor-
phological and cellular phenotypes associated with volume- and pressure-overload
induced pathological cardiac hypertrophy suggest that recruitment of distinct pri-
mordial signaling events was implicated in the assembly of sarcomeres in either an
in series or parallel fashion (Figure 12.2). Second, ANP mRNA induction represents
a conserved event of pathological hypertrophy, regardless of the initiating mechani-
cal stimulus (Figure 12.2). Thus, ANP mRNA expression in response to chronic vol-
ume and pressure overload most likely occurred via the recruitment of a common
signaling event. Third, the conserved upregulation of AII, TGF-β1, and IGF-1 in
pathological cardiac hypertrophy may collectively facilitate the hypertrophic growth
response of cardiac myocytes (Figure 12.2). However, the increased expression of
these latter stimuli in response to both pressure and volume overload suggests that
these peptide growth factors do not directly contribute to the distinct pattern of sar-
comere assembly associated with these disparate forms of hypertrophy. Fourth, AII,
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Fig. 12.2 Peptide growth factor expression and potential role in pathological and physiological
cardiac hypertrophy. In volume- and pressure-overload induced cardiac hypertrophy, the induction
of ANP mRNA represents a conserved event. Furthermore, the increased expression of IGF-1,
TGF-β1, and AII in both pathological models supports their involvement in the hypertrophic
growth of cardiac myocytes. The selective upregulation of ET-1 in pressure-overloaded hearts may
represent an integral event promoting the recapitulation of cardiac contractile fetal genes (β-MHC:
β-myosin heavy chain; Sk α-actin: skeletal α-actin) and the downregulation of SERCA2. By con-
trast, exercise-induced cardiac hypertrophy was not associated with the recapitulation of cardiac
fetal genes and neither AII nor ET-1 was implicated in physiological growth. However, the upreg-
ulation of both IGF-1 and TGF-β1 in response to exercise further supports their conserved role in
the hypertrophic growth of cardiac myocytes, regardless of the initiating stimulus.

acting directly or indirectly via TGF-β1, may further promote the reexpression of
ventricular ANP mRNA in response to a pathological stimulus (Figure 12.2). Lastly,
the upregulation of cardiac contractile fetal genes and downregulation of SERCA2
represents a stimulus-specific response to pressure overload (Figure 12.2). Conse-
quently, the latter pattern of gene expression reflects either the recruitment of an
additional signaling event and/or stimulus-specific induction of the peptide growth
factor ET-1 in the pressure-overloaded heart (Figure 12.2). The lack of ANP mRNA
expression in response to exercise demonstrates that induction of the cardiac fe-
tal gene can be segregated from a physiological hypertrophic growth of individ-
ual myocytes (Figure 12.2). The disparate regulation of ANP mRNA expression
between eccentric physiological and pathological cardiac hypertrophy could be re-
lated at least in part to the intensity and duration of the diastolic load imposed on the
heart and/or the selective increase of AII in chronically volume-overloaded hearts
(Figure 12.2). Alternatively, exercise training may repress the recruitment of signal-
ing event(s) coupled to a pathological pattern of molecular remodeling. Lastly, the
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upregulation of cardiac IGF-1 and TGF-β1 in both concentric and eccentric remod-
eling may proceed via a common pathway and further supports the thesis that these
peptides may preferentially facilitate a physiological adaptive growth response of
cardiac myocytes, regardless of the nature (e.g., pathological versus physiological)
of the initiating stimulus.

Signaling Events Coupled to the Divergent Phenotypes
of Cardiac Hypertrophy; Gq- and Phosphatidylinositol
3-Kinase-Dependent Pathways

Gq- and phosphatidylinositol 3-kinase-dependent signaling pathways have been
linked to the hypertrophic growth of cardiac myocytes. Data highlighting their in-
volvement were reported in numerous in vivo and in vitro studies employing both
pharmacological and transgenic approaches. The following section will attempt to
summarize their relative role in eccentric and concentric cardiac hypertrophy.

The Role of PKC and Calcium in Gq-Dependent Induction
of Concentric Cardiac Hypertrophy

The cardiac-specific overexpression of Gq induced a hypertrophic response asso-
ciated with the upregulation of a panel of cardiac fetal genes in the absence of a
hemodynamic overload (Adams et al. 1998). Furthermore, the magnitude of cardiac-
specific Gq overexpression either led to a predominant hypertrophic response or pro-
gressed to heart failure characterized by marked cardiac myocyte apoptosis (Adams
et al. 1998). The downstream signaling events implicated in Gq-dependent cardiac
hypertrophy include protein kinase C (PKC) and Ca2+. In the myocardium, the
Ca2+/DAG-dependent PKCα is the most abundant isoform and a partial inhibition
of phorbol ester-mediated growth was observed in neonatal rat cardiac myocytes
transfected with an adenovirus containing a dominant negative PKCα construct
(Vijayan et al. 2004). By contrast, the hypertrophic response secondary to trans-
verse aortic constriction was unaffected in PKCα-deficient mice suggesting that this
isoform does not play an obligatory role in pressure-overload induced cardiac my-
ocyte growth (Braz et al. 2004). In contrast to PKCα, a hypertrophic role in vivo has
been described for the Ca2+-insensitive DAG-dependent novel isoform PKCε. The
cardiac-specific overexpression of PKCε resulted in increased wall thickness and
the recapitulation of the cardiac fetal contractile genes β-myosin heavy chain and
skeletal α-actin—characteristic features of concentric hypertrophy (Takeishi et al.
2000). Furthermore, PKCε-overexpressing mice did not progress to overt heart fail-
ure but were associated with normal left ventricular function (Takeishi et al. 2000).

A primary target of intracellular Ca2+ is calmodulin and the Ca2+/calmodulin
complex in turn promotes the concomitant activation of the calmodulin-dependent
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serine/threonine kinase CaMKII and the serine/threonine phosphatase calcineurin
(Colomer and Means 2000; Obata et al. 2005). Their respective role in cardiac hy-
pertrophy was reported in vitro as the pharmacological inhibition of either calmod-
ulin with W7, CaMKII with KN-62, or calcineurin with cyclosporine attenuated
cardiac myocyte hypertrophy following the activation of Gq-coupled receptors
(Molkentin et al. 1998; Calderone et al. 2000; Zhu et al. 2000). Employing a trans-
genic approach, the overexpression of CaMKII δB isoform in the myocardium was
highly concentrated to the nucleus and associated with the reexpression of car-
diac fetal genes and hypertrophy (Zhang et al. 2002). Furthermore, a transition to
a dilated cardiomyopathy with ventricular dysfunction was observed in CaMKII
δB-overexpressing mice (Zhang et al. 2002). A hypertrophic role was also demon-
strated for the CaMKII δC isoform as either a low or high copy of expression in the
heart was associated with the recapitulation of the panel of cardiac fetal genes and
the reciprocal downregulation of adult-specific genes (Zhang et al. 2003). Further-
more, in mice with a medium to high copy number of the transgene, survival was
severely compromised and associated with marked ventricular contractile dysfunc-
tion. These data have demonstrated that the overexpression of CaMKII isoforms
led to a concentric pattern of cardiac remodeling and can further initiate a transi-
tion from compensated to decompensated cardiac hypertrophy and subsequent heart
failure.

α-Myosin heavy chain-driven expression of a constitutively active form of the
calcineurin catalytic subunit led to an increase in ventricular wall thickness and
the reexpression of cardiac fetal genes—a pattern consistent with concentric car-
diac remodeling (Molkentin et al. 1998). The hypertrophic action of calcineurin
occurred via the recruitment of the transcriptional factor NFAT (Molkentin et al.
1998). Furthermore, in constitutively active calcineurin-expressing transgenic mice,
ventricular dilation was observed with increasing age and reactive fibrosis was ev-
ident (Molkentin et al. 1998). These data support the premise that the increased
expression and activity of calcineurin reported in the heart secondary aortic band-
ing in the rat may play an important role in the development of concentric car-
diac hypertrophy (Lim et al. 2000). Thus, Gq-dependent recruitment of calcineurin,
CaMKII, and PKC signaling events may act in a coordinated fashion to facilitate
concentric cardiac hypertrophy. However, sustained calcineurin as well as CaMKII
activity secondary to abnormal intracellular calcium homeostasis may represent
precipitating events facilitating the transition from hypertrophy to decompensated
hypertrophy.

Ca2+ – Dependent Pathways and Physiological
Cardiac Hypertrophy

Elevated CaMKII activity was reported in the heart following voluntary running,
albeit its direct role in physiological hypertrophy remains undefined (Konhilas et al.
2004). By contrast, indirect evidence of a role for calcineurin in physiological
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cardiac hypertrophy was demonstrated by Eto et al. (2000) as cyclosporine ad-
ministration to voluntary exercised rats attenuated the increase in heart size. In
contrast, cyclosporine treatment failed to inhibit the hypertrophic response in rats
exposed to a swimming regimen (Hainsey et al. 2002). An alternative approach
to assess the role of calcineurin in physiological cardiac hypertrophy involves the
cardiac-specific overexpression of myocyte-enriched calcineurin interacting pro-
tein (MCIP)—endogenous inhibitors of calcineurin (Rothermel et al. 2000, 2001).
The inhibitory action of MCIP1 was confirmed in vivo as its forced expression
completely inhibited the hypertrophic response and recapitulation of cardiac fetal
genes in transgenic mice expressing constitutively active calcineurin in the heart
(Rothermel et al. 2001). In response to voluntary exercise, the cardiac-specific over-
expression of MCIP1 in mice attenuated but did not abolish the hypertrophic re-
sponse (Rothermel et al. 2001). These data suggest that calcineurin may contribute
to the hypertrophic growth of cardiac myocytes in mice following voluntary ex-
ercise, but at least an additional pathway is required to initiate the full response.
Furthermore, calcineurin-mediated growth of individual cardiac myocytes follow-
ing voluntary exercise can be segregated from the recapitulation of cardiac fetal
genes. Thus, it would appear that calcineurin may directly contribute to the growth
of cardiac myocytes in both concentric and physiological eccentric hypertrophy but
not to the disparate pattern of sarcomere assembly.

Phosphatidylinositol 3-Kinase (PI3-K)-Dependent Pathways
and Cardiac Hypertrophy

Increased PI3-K activity was demonstrated in the heart of pressure-overloaded mice
and attributed to the selective recruitment of the class IB p110γ isoform (Naga
Prasad et al. 2000). In contrast, activity of the class IA p110α isoform remained
unchanged despite a sustained pressure overload (Naga Prasad et al. 2000). A trans-
genic approach was used to assess the role of the class IA PI3-K family as the
cardiac-specific expression of a constitutively active p110α kinase led to an increase
in heart size, normal contractile function and histology (e.g., absence of fibrosis)
(Shioi et al. 2000). The hypertrophic response was attributed to an increase in in-
dividual cardiac myocyte cell length and a modest increase in cell width, thereby
supporting a role for the p110α kinase in an in series pattern of sarcomere assem-
bly. Consistent with these data, the cardiac-specific overexpression of a catalytically
inactive p110α kinase (dominant negative) was associated with smaller hearts at-
tributed to a decrease in myocyte cell size (Shioi et al. 2000). The latter findings
were reaffirmed in transgenic mice lacking expression of the p110α regulatory sub-
units: p85α and p85β (Luo et al. 2005). Thus, it would appear that the class IA fam-
ily of PI3-K participates in postnatal physiological growth of cardiac myocytes. Fur-
thermore, the exposure of either dominant negative p110α or p85α/p85β-deficient
mice to a swimming regimen was associated with a reduced hypertrophic response
(McMullen et al. 2003; Luo et al. 2005). Additional in vivo evidence supporting
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a role of the class IA PI3-K family in physiological cardiac hypertrophy was pro-
vided by the study of Crackower et al. (2002) in a transgenic mouse lacking the
tumor suppressor PTEN (phosphatase and tensin homologue on chromosome ten).
Collectively, these data support the premise that the class IA PI3-K family repre-
sents an integral signaling event coupled to physiological cardiac hypertrophy and
may directly or indirectly facilitate the in series pattern of sarcomere assembly.

Conclusion

Important qualitative differences between pathological and physiological cardiac
hypertrophy have been reported at the morphological, cellular, and molecular level.
These differences may be related in part to the stimulus-specific regulation of a
panel of peptide growth factors. It would appear that the recapitulation of cardiac
fetal genes is stimulus specific as ANP mRNA induction can be dissociated from
β-myosin heavy chain and skeletal α-actin mRNA expression. Furthermore, since
physiological cardiac hypertrophy can occur in the absence of ANP mRNA expres-
sion, these events are not intimately linked. Numerous studies have demonstrated
that Gq-dependent generation of concentric cardiac hypertrophy may involve the
concerted effort of PKC and Ca2+-dependent signaling events. Further dissection of
these latter pathways demonstrated that the chronic activation of Ca2+-dependent
signaling events leads to decompensated cardiac hypertrophy and subsequent heart
failure. In contrast, several studies strongly suggest that the p110α subunit of the
class IA PI3-K family represents an integral event in the induction of physiological
cardiac hypertrophy. There also exists evidence to support a potential role of cal-
cineurin in exercise-induced cardiac hypertrophy. It is tempting to speculate that the
physiological activation of calcineurin in response to an intermittent physiological
stimulus could contribute to the overall growth response of the cardiac myocyte in
the absence of ANP mRNA expression, since these two events can be dissociated.
However, it is important to note that since eccentric and concentric remodeling are
morphologically distinct, calcineurin would not be directly implicated in sarcomere
assembly. What remains is an important, albeit daunting challenge to utilize these
findings as a platform to pharmacologically target signaling events in the hearts of
patients that may lead to maladaptive remodeling and progression to heart failure.
To achieve this goal, it is essential that the various hypertrophic signaling events
identified in experimental models are likewise recruited in the hypertrophied human
heart and exert a similar phenotype.
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Chapter 13
Regulatory Role of TGF-β in Cardiac
Myofibroblast Function and Post-MI Cardiac
Fibrosis: Key Roles of Smad7 and c-Ski

Ian M.C. Dixon, Baiqiu Wang, Kristen M. Bedosky, Ryan H. Cunnington,
Sunil G. Rattan, and Ahmed Almaqrhi

Abstract The molecular pathways that couple increased hemodynamic load to car-
diac hypertrophy, cardiac fibrosis, and heart failure are incompletely understood.
Cardiac fibrosis is recognized as a major disease modifier and as such is impor-
tant in the pathogenesis of heart failure of most etiologies. This review is focused
on R-Smad signaling in cardiac myofibroblasts and their role in remodeling the
extracellular matrix of the failing myocardium after myocardial infarction (MI). As
major mediators of TGF-β1 signaling in cardiac fibroblasts and myofibroblasts as
well as myocytic cells, Smad proteins are emerging as an important postreceptor
class in post-MI heart failure. How cytosolic c-Ski and C184M proteins influence
R-Smads (and possibly Smad7 itself) in cardiac myofibroblasts, and how c-Ski ex-
pression influences cardiac myofibroblast function are largely unknown. We sug-
gest that decreased Smad7 expression and altered intracellular c-Ski expression
and/or distribution may contribute to chronic imbalance of R-Smad activation in
classic TGF-β1 signaling in the context of cardiac myofibroblast function. Thus,
reduced and insufficient expression and activation of c-Ski and Smad7 may con-
tribute to abnormal stimulation of collagen synthesis by these cells. Exploitation of
Smad7 and c-Ski in the modulation of cardiac myofibroblast function may provide
the experimental basis for the development of highly specific drugs for treating
heart failure with attendant cardiac fibrosis. Future studies to identify and char-
acterize Smad-associated factors responsible for induction of pathological cardiac
hypertrophy are warranted.

Introduction

The molecular pathways that couple increased hemodynamic load to cardiac hy-
pertrophy, cardiac fibrosis, and heart failure are multiplex and incompletely under-
stood, despite intense recent investigation (Hunter and Chien 1999; MacLellan and
Schneider 2000). Although TGF-β1 initiates multiple modes of signal activation,
including the recently discovered TβRII/TAK1 pathway (Watkins et al. 2006),
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this review focuses on proteins that inhibit the canonical TGF-β1/TβRI kinase-
mediated phosphorylation of R-Smads in cardiac myofibroblasts and their role in
remodeling the extracellular matrix (ECM or matrix) of the failing myocardium af-
ter myocardial infarction (MI).

TGF-β1 is a well-known profibrotic stimulator of matrix secretion and depo-
sition by primary fibroblasts and myofibroblasts (Butt et al. 1995) while inhibitory
Smad7 (Smad7) is an endogenous inhibitor of TGF-β1 signaling (Park 2005). Other
repressors of TGF-β1 functions are known to exist, and while the precise role of
c-Ski is relatively undefined at present, it has been suggested that this protein fits
this mode of cardiac fibroblast/myofibroblast regulation. For the past few years,
the general premise of our investigations has focused on the hypothesis that a loss
of balanced excitatory and inhibitory Smad signaling in post-myocardial infarction
(post-MI) heart contributes to overt cardiac fibrosis and heart failure. In post-MI or
otherwise diseased myocardium, the primary function of adult cardiac myofibrob-
lasts is to govern net fibrillar collagen deposition and maintain the integrity of the
cardiac matrix. Usually the appearance of the myofibroblastic phenotype heralds
the presence of overt tissue fibrosis. As cardiac fibrosis is an acknowledged disease
modifier of many etiologies of heart disease and thereby contributes to heart failure,
and as R-Smads, e.g., Smad2, may activate collagen genes, work to characterize
the control of R-Smad function particularly by endogenous inhibitory proteins is of
considerable interest. Nevertheless, the mechanisms for endogenous inhibition of
cardiac R-Smad signaling are not well understood, particularly with respect to the
regulation of myofibroblast function or in the pathogenesis of heart failure. Our past
work supports a link between Smad7 expression and altered myofibroblast func-
tion as well as the onset of overt cardiac fibrosis and heart failure. Far less clear,
however, is the involvement of either c-Ski or of C184M, a novel cytosolic c-Ski
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Fig. 13.1 Phosphorylated c-Ski expression in cytosolic fraction of cells in post-MI rat heart. In
post-MI rat hearts with chronic large myocardial infarction, phosphorylated c-Ski expression was
noted in the cytosol of cells populating the infarct scar (predominantly myofibroblasts) and the
remnant heart (mixed cytosolic fraction from myocytes and nonmyocytes). Hearts were sampled
at different times after surgical ligation of coronary artery occlusion and Western analysis was
carried out to assess phosphorylated c-Ski expression. Trends in -fold protein expression (target
band intensity corrected for loading) are shown in curves.
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Fig. 13.2 R-Smad signaling and the putative roles of Smad7 and c-Ski. Schematic representation of
integrated Smad signaling in cardiac myofibroblasts in response to TGF-β1 stimulation. Receptor-
activated Smad2 (R-Smad2) is phosphorylated by TGF-β1; this potentiates enhanced synthesis of
fibrillar collagens. Inhibition of R-Smads occurs via the expression and activation of Smad7. c-Ski
is highly expressed in the post-MI heart, and we suggest that c-Ski, along with its novel binding
partner C184M, may function like Smad7 and inhibit R-Smads in cardiac myofibroblasts. (See
color plate.)

binding partner (Kokura et al. 2003). Investigation of the effects of c-Ski and/or
C184M on Smad7 in modulation of cardiac matrix production, myofibroblast con-
traction and proliferation in vitro and in post-MI heart failure is ongoing. Our pub-
lished data and very recent work have led us to suspect that an imbalance between
R-Smads (both Smad2 and Smad3) versus Smad7 (and now c-Ski) may cue fibrosis
and contribute to ongoing remodeling in post-MI congestive heart failure. The cur-
rent review will sum the current state of knowledge of Smad7 and c-Ski/C184M as
endogenous TGF-β1 repressor proteins in cardiac myofibroblasts. An overview of
classic Smad signaling is presented, as well as the highlights of our current hypothe-
ses about putative inhibition of R-Smads by Smad7 and c-Ski (Figure 13.2). Further,
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a review of the pathophysiology of post-MI congestive heart failure as well as the
biology of Smads and Smad-associated proteins is offered. Preliminary data from
our laboratory are presented to indicate that phosphorylated c-Ski (p-Ski) is abnor-
mally expressed within 48 hours of infarction and in overt heart failure (Figure 13.1).
c-Ski upregulation may be coordinated to coincide with end of the acute inflamma-
tory phase post-MI, and with the appearance of hypersynthetic cardiac myofibrob-
lasts in the infarct zone (Frangogiannis et al. 2002). Data previously published from
this laboratory also have demonstrated a dramatic drop-out in Smad7 expression in
the infarct scar (Wang et al. 2002). Rapid collagen turnover by myofibroblasts is
a hallmark of early infarct scar formation and in chronic remodeling of the matrix
that is pivotal to the pathogenesis of post-MI heart failure (Hao et al. 2000; Wang
et al. 2002). We will present arguments to support the hypothesis that endogenous
Smad7, c-Ski, and C184M regulate normal function of cardiac myofibroblasts and
that their dysregulation is relevant to the pathogenesis of post-MI congestive heart
failure (coincident with the onset of overt fibrosis and/or ongoing wound healing).

Cardiac Hypertrophy, Fibrosis, and Failure

The overloaded heart adapts with increased muscle mass (cardiac hypertrophy), and
this usually precedes the occurrence of congestive heart failure (CHF), a major cause
of death in the North American population (Colucci and Braunwald 1997; Kannel
1997; Mettauer et al. 2006; Nian et al. 2004; Saha and Ferro 2006; Wollert and
Drexler 2005). Cardiac hypertrophy occurs in compensation for loss of heart tissue
due to MI (Nian et al. 2004), and its magnitude is variable depending on the size
of infarction (Chareonthaitawee et al. 1995; Pfeffer et al. 1991). In the event of a
large MI, the ventricular chamber may remodel by increasing in volume (Pfeffer
et al.1995) and exhibiting severe hypertrophy which is associated with increased
myocyte size and decreased intrinsic cardiac performance (Colucci and Braunwald
1997). Using an experimental model of post-MI heart failure we have observed (Hao
et al. 1999; Ju et al. 1997; Liu et al. 1996; Makino et al. 1996) progressive cardiac
dysfunction (prefailure, moderate and severe heart failure) with chronically elevated
fibrillar collagen expression in remnant heart and infarct scar from animals with
moderate heart failure (Dixon et al. 1990; Freed et al. 2005). In previous work, we
have noted a profound decrease of Smad7 expression in moderate heart failure and a
strong positive correlation between overdriven Smad7 expression and decreased fib-
rillar collagen synthesis in cardiac myofibroblasts (Wang et al. 2002). In the same se-
ries of published results, we found that Smad7 undergoes rapid activation, i.e., recip-
rocal translocation from nuclei to cytosol in COS-7 cells treated with TGF-β1, and
confers negative feedback for this ligand. Finally, our preliminary evidence points
to a significant increase in p-Ski expression in myofibroblasts of the infarct scar at
various times after MI versus remnant tissue and sham-operated heart (Figure 13.1).
As cardiac fibrosis is associated with chronic wound healing and as this may ini-
tiate at the site of the infarction and subsequently “spill over” into myocardium



13 Regulatory Role of TGF-β 253

which is remote to the infarct site, further investigation of the expression and func-
tion of Smad7 and c-Ski is of considerable interest. Collectively, our data provide
the basis for the hypothesis that both Smad7 and c-Ski function as naturally oc-
curring, i.e., endogenous, inhibitory proteins that may check otherwise unrestricted
signaling of TGF-β1 receptors in cardiac fibroblasts and myofibroblasts. Finally, as
TGF-β1 is clearly a pleuripotent ligand that exerts different effects on (i) metasta-
tic cells and transformed cell lines versus non-cancerous primary cultured cells and
(ii) cell types from different organs from the same species, the study of the specific
regulation aspects of TGF-β1 signaling, e.g., Smad7 and c-Ski effects in primary
fibroblastic cells, is warranted.

TGF-β1 is an Important Ligand in the Context of Heart
Failure and in Cardiac Fibrosis

The myocardial ECM (mainly comprised of fibrillar collagens) is an organized
network intimately associated with cardiac function, serving to direct, transmit, and
distribute myocyte-generated contractile force (Caulfield and Borg 1979). Other
functions include regulation of cell death, gene expression, and parenchymal cell
differentiation (Birchmeier and Birchmeier 1993; Simon-Assmann et al. 1995).
Nonetheless, elevated fibrillar collagen expression may be responsible for changing
heart function in heart disease based on its adverse influence on myocardial stiffness
(Jalil et al. 1989; Makino et al. 1996; Thiedemann et al. 1983). Pathological cardiac
hypertrophy is associated with interstitial and perivascular fibrosis in remnant heart
or as replacement fibrosis for necrosed muscle (Bartosova et al. 1969; Hao et al.
1999; Weber and Brilla 1991). In the latter, ongoing collagen remodeling may con-
tribute to decompensated cardiac function in severe heart failure stage (Cleutjens
et al. 1999; Ju et al. 1998).

TGF-β1 mediates cell growth and differentiation, tissue wound repair, and
extracellular matrix production (Brand and Schneider 1995, 1996; Kingsley
1994), including regulation of fibrillar collagens (Butt and Bishop 1997; Ignotz and
Massague 1986; Inagaki et al. 1994; Powell et al. 1999; Roberts et al. 1990), and
is expressed in the normal and hypertrophied myocardium (Brand and Schneider
1995; Dixon et al. 2000; Hao et al. 1999, 2000; Ohta et al. 1994; Sadoshima and
Izumo 1993). Recent evidence generated with transgenic mice has provided data
correlating TGF-β1 ligand expression to cardiac fibrosis (Brooks and Conrad 2000),
while another study indicates that this relationship exists in atria but not in ventri-
cles in transgenic animals (Nakajima et al. 2000). The suggestion that postreceptor
signal proteins (Smads) may potentiate cardiac myofibroblast function is reason-
able in light of the evidence in the literature. TGF-β1 signaling is well-known to
be mediated by Smads and their transcriptional partners including coactivators and
corepressors (Chen et al. 1998; Derynck et al. 1998; Massague 1998; Massague
et al. 1997; Nakao et al. 1997b; Wrana 2000; Wrana and Pawson 1997; Zhou et al.
1998).
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Chronic cardiac wound healing and the development of fibrosis in congestive
heart failure is a complex process and may involve input from multiple factors
(Hunter and Chien 1999; Makino et al. 1996). In this regard, TGF-β1 is a known
modulator of expression of fibrillar collagens (Butt et al. 1995; Ignotz and Massague
1986; Tomasek et al. 2002; Weber 1997b) and TGF-β1 ligand overexpression is as-
sociated with matrix remodeling in post-MI heart failure (Hao et al. 2000; Sun and
Weber 2000; Wang et al. 2002).

Fibroblasts and myofibroblasts are abundant in the heart (Weber and Brilla 1991),
and wound healing/interstitial cardiac fibrosis is mediated by primarily the latter
type (Eghbali et al. 1988; Peterson et al. 1999; Powell et al. 1999; Sun 1997). We
have demonstrated the predominance of myofibroblasts in the infarct scar (Peterson
et al. 1999) in post-MI rats. Myofibroblasts are highly synthetic phenotypic variants
(Frangogiannis et al. 2002), expressing α-smooth muscle actin (α-SMA), vimentin,
AT1 receptors, TGF-β receptors, LIFR/gp-130, ACE, and fibrillar collagens (Hao
et al. 2000; Hildebrand et al. 1994; Sun 1997; Sun et al. 1994; Sun and Weber 1994;
Wang et al. 2002; Weber 1997b). This stable phenotype is induced by TGF-β1 and
in vitro culture seeding at low density (Dugina et al. 2001; Evans et al. 2003; Masur
et al. 1996).

TGF-β1 signaling in myofibroblasts of healthy hearts is the sum of different
stimulatory R-Smads (e.g., Smad2 and Smad3) and inhibitory signals (e.g., Smad7
(Wrana 2000) and possibly c-Ski) which, when stimulated, undergo nucleocytoplas-
mic shuttling to carry out their specific function (Reguly and Wrana 2003). We spec-
ulate that the overactivation of R-Smads (i.e., phosphorylated Smad2 (p-Smad2)) in
cardiac myofibroblasts may dominate Smad7 and/or c-Ski function in failing heart;
this imbalance then contributes to increased matrix production in these cells. Smad
proteins may subserve multiple systems in mammalian cells (Wrana 2000) and are
linked to the regulation of collagen metabolism in cardiac fibroblasts (Hao et al.
2000; Wang et al. 2002), acting as a nexus for cellular control. Smad2 is a key
stimulatory and receptor-regulated protein as it binds several known DNA-binding
coactivators; this binding is stabilized by common Smad4 (co-Smad4) (Chen et al.
1996). Smad7 inhibits this system by binding and contributing to the degradation
of the TβRI receptor, thereby eliminating the receptor kinase function and inhibit-
ing R-Smad phosphorylation (Park 2005). Activation of Smad7 and its translocation
from the nucleus to the cytosol is initiated by TGF-β1 – its initial translocation to
the cytosol is preceded by the binding of Smad ubiquitination regulatory factor 1/2
(Smurf 1/2 proteins), known to have E3 ubiquitin ligase activity (Kavsak et al. 2000;
Murakami et al. 2003). Smad7 functions as an adapter protein for Smurf-dependent
ubiquitination and degradation of target proteins (Blank et al. 1991). Thus, unlike
the R-Smads, Smad7 is not activated by phosphorylation but rather recruitment of
Smad7/Smurf complexes to TβRI results in degradation of the receptor and pre-
vents phosphorylation of R-Smads, thereby inhibiting TGF-β1 signaling (Kavsak
et al. 2000; Murakami et al. 2003). Furthermore, Smad7 prevents the complexing of
R-Smads and co-Smad4 (Park 2005), and thus prevents R-Smads from translocating
to the nucleus. Smad7 also binds other proteins and some of these are known to con-
trol its degradation. For example, if Smad7 binds Jab1 in the nucleus, the subsequent
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translocation of the Smad7/Jab1 complex to the cytosol is associated with degrada-
tion of Smad7 and thus the TGF-β signal is derepressed (Kim et al. 2004).

The Biology of Smads and c-Ski in TGF-β1 Signaling

TGF-β1 ligand signaling from cell-surface receptors to the nucleus is transduced
by Smads and their DNA-binding partners (Chen et al. 1998; Derynck et al. 1998;
Massague 1998; Massague et al. 1997; Nakao et al. 1997b; Wrana 2000; Wrana
and Pawson; 1997; Xu et al. 2000; Zhou et al. 1998). TGF-β1 receptor type I and
II are Ser/Thr kinase class proteins, and signal through receptor-regulated Smads
(R-Smad2 and 3) by specific recognition and phosphorylation steps (Macias-Silva
et al. 1996; Zhang et al. 1996). Smad access to Ser/Thr kinase receptors is regulated
by SARA (Smad anchor for receptor activation) protein which binds unphosphory-
lated R-Smads (Tsukazaki et al. 1998). Activated R-Smads dissociate from SARA
and complex with co-Smad 4 which then translocates to the nucleus (Lagna et al.
1996; Macias-Silva et al. 1996); an R- and co-Smad complex bound to nuclear DNA
has the option to recruit not only coactivators (e.g., p300) (Nishihara et al. 1998)
but also corepressors (e.g., c-Ski), respectively (Heldin et al. 1997; Massague and
Wotton 2000; Wrana 2000; Wrana and Pawson 1997; Xu et al. 2000). R-Smads
may be phosphorylated at different sites within the protein including a conserved
SSXS carboxy-terminal region (Wrana 2000). R-Smad function closely depends on
how much R-Smad is in the nucleus, and this activation is extensively regulated
(Wrana 2000). Genes that are transcriptionally responsive to Smads contain Smad-
binding elements (SBE) in their promoter regions (Zawel et al. 1998). Endogenous
inhibitors of R-Smads exist as I-Smads (i.e., Smad7) and nuclear Smad corepres-
sors, e.g., c-Ski, and they are known to competitively inhibit TβRI-mediated phos-
phorylation of R-Smads or directly downregulate R-Smad target gene transcription,
respectively (Christian and Nakayama 1999; Hayashi et al. 1997; Imamura et al.
1997; Massague and Wotton 2000; Nakao et al. 1997a; Whitman 1997). In
this regard, R-Smad activation has been linked to activation of collagen genes
(Vindevoghel et al. 1998a,b). As discussed earlier, Smad7 has also been implicated
in the direct degradation of TGF-β1 receptors (Shi et al. 1995). I-Smad expression
is stimulated by both TGF-β1 and R-Smads, and a consensus SBE is known to exist
in the Smad7 promoter region (Denissova et al. 2000; Ishida et al. 2000; Itoh et al.
1998; Nagarajan et al. 1999; Nakao et al. 1997a); together these data suggest an
autoinhibitory role for I-Smads, wherein the R-Smad activation is balanced by that
of I-Smad. Conversely, Smad6 function in mammalian systems is limited to BMP
signaling (Ishida et al. 2000) and, unlike Smad7, may act in the nucleus by binding
Hoxc8 (Villarreal et al. 1996); Smad6 function seems to be limited to cardiac de-
velopment (Galvin et al. 2000). The mechanism for regulated I-Smad7 expression
is unknown.

The c-Ski oncogene is a phosphoprotein originally isolated from chicken as
the cellular homologue of v-ski carried by the Sloan-Kettering avian retrovirus
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(Li et al. 1986). The c-Ski gene primary sequence is highly conserved among hu-
man, Xenopus, and mouse (Ludolph et al. 1995; Nomura et al. 1989; Sleeman and
Laskey 1993), and is important in morphological transformation and growth of
chicken embryo fibroblasts as well as for cellular differentiation (Ludolph et al.
1995; Reed et al. 2001). Transgenic mice expressing chicken v-Ski display ele-
vated muscle mass due to hypertrophy of type II muscle fibers (Colmenares and
Stavnezer 1989) and c-Ski “knock-out” mice exhibit multiple defects in the CNS
and in skeletal muscle development (Sutrave et al. 1990). c-Ski appears to be a
pleuripotent protein and its function may depend on the cell type. c-Ski may func-
tion in the cytosol (Kokura et al. 2003; Reed et al. 2001) and/or the nucleus—in
this respect, early investigation is focused on c-Ski as a nuclear protein and it has
been shown to bind specific DNA motifs for transcriptional repression mediated by
Mad and various other hormones (Dahl et al. 1998a; Kokura et al. 2001; Nomura
et al. 1999; Tokitou et al. 1999). c-Ski may also function as a coactivator in cells
expressing NF1 (Tarapore et al. 1997). Although the control of c-Ski expression
is unclear, the multiple roles of c-Ski in regulation of cellular function implicate
its participation in both physiologic and pathophysiologic processes. c-Ski incorpo-
rates into DNA-binding complexes of Smad proteins in certain cells and may neg-
atively regulate TGF-β1-responsive transcriptional activation through recruitment
of the HDAC complex (Dahl et al. 1998a). R-Smad2 and 3 interact with c-Ski in a
ligand-dependent manner in some cell types (Xu et al. 2000). Ski interacting protein
(SKIP) antagonizes Ski and may modulate its function (Dahl et al. 1998b). With re-
cent emphasis on the likelihood of c-Ski’s function(s) in the cytosol of cells, it has
been suggested to bind to cytosolic Smads and this association may be facilitated
by novel C184M protein (Kokura et al. 2003). Whether C184M is necessary for c-
Ski suppression of R-Smad functions in cardiac myofibroblasts, or even whether it
is sufficient to carry out a parallel inhibitory function is unknown. Further, despite
early research that clearly demonstrates that c-Ski is a phosphoprotein, the physio-
logical consequences of c-Ski phosphorylation are not well understood, nor is the
role of c-Ski in myofibroblast function.

Despite the lack of a defined role of c-Ski in eukaryotic cells and particularly in
cardiac myocytes and nonmyocytes, a number of recent studies have shed consider-
able light on its putative functions using mainly transformed or dedicated cell lines
(Briones-Orta et al. 2006; Denissova and Liu 2004; Luo 2004; Macdonald et al.
2004; Marcelain and Hayman 2005; Suzuki et al. 2004; Ueki and Hayman 2003).
While the pleuripotence of TGF-β (and that of c-Ski itself) is such that one should
exercise some caution in extrapolating these findings to the physiology of primary
cardiac cells, a discussion of these findings is likely important in seeking clues to
the basis of cardiac fibrosis. For example, it is of considerable interest to consider
whether c-Ski may inhibit not only R-Smad function and expression, but also that
of I-Smads such as Smad7, and if so, which class is preferentially inhibited.

c-Ski and SnoN are ubiquitously expressed in eukaryotic tissues (Nomura et al.
1989); the status of their expression in cardiac tissues in the setting of heart failure
is unknown. Of considerable interest is that the regulation of SnoN, but not c-Ski, is
regulated by TGF-β1, and thus the former repressor is thought to provide negative
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feedback (in a manner similar to that of Smad7) in certain cell types (Stroschein
et al. 1999). Thus, the regulation of Smad7 and c-Ski is markedly distinct, and this
difference may present an opportunity to exploit in studies of the control of TGF-β1-
mediated effects in hypertrophying cardiac tissues. Denissova and Liu have demon-
strated that Ski binds Smad4 to then act as corepressors of Smad7 expression in var-
ious cell lines (Denissova and Liu 2004). Further, SnoN has been shown to confer
similar inhibition of Smad7 expression in A549 carcinoma cells (Briones-Orta et al.
2006). However, whether this mechanism functions in cardiac myofibroblast cells
is unknown. Given the widely accepted role of c-Ski as a TGF-β1 signal repressor,
it may preferentially interact with Smad3 and Smad4 to ablate R-Smad function in
heart, as has been reported using COS-1 and Mv1Lu cells (Ueki and Hayman 2003).
This hypothesis is supported by two other critical lines of evidence in the current lit-
erature. As phosphorylated R-Smads interact closely with co-Smad4 to deliver their
profibrotic message to the nucleus and that c-Ski clearly binds Smad4 at specific
motifs within its primary structure (Wu et al. 2002) and c-Ski also interferes with
phosphorylation of both Smad2 and Smad3 by the activated TGF-β type 1 receptor
(Thibault et al. 1995), the suggestion that inhibition of this specific signal may pre-
dominate over others is strongly supported. Nonetheless, the importance of TGF-β1
as a modulator of cardiac hypertrophy underscores the need for further investigation
to characterize the role of c-Ski in cardiac health and dysfunction.

Despite the lack of specific data to address c-Ski and SnoN function in fibroblasts
and myofibroblasts, a relatively large body of data points to a growing consensus for
the general function of these structurally related nuclear oncoproteins as corepres-
sors for TGF-β1 signaling (Akiyoshi et al. 1999; Cohen et al. 1999; Luo 2004; Luo
et al. 1999; Suzuki et al. 2004). Again the versatility of these proteins is becoming
clear with recent work showing that c-Ski itself may function within the nucleus
(Vogel 1999; Xu et al. 2000) or in the cytosol (Medrano 2003) possibly in combi-
nation with C184M (Kokura et al. 2003); this may depend on cell type. More to the
point, the current literature on cancer cell activation is characterized by intense in-
terest in R-Smad and Smad7 signaling. It has been often observed that phenomena
that transpire in cancer cells or immortalized cell lines do not parallel intracellu-
lar Smad signaling in primary cells, and particularly in cardiac myofibroblasts. For
example, it has now been shown that in a human lung carcinoma cell line (A549)
Ski and SnoN act with Smad4 to degrade Smad7 and thereby affect the cellular
ratio of R-Smad/I-Smad7 proteins (Briones-Orta et al. 2006)—whether this occurs
in cardiac myofibroblasts is unknown. Similarly, whether c-Ski inhibits R-Smads in
cardiac myofibroblasts is also unclear. Emerging evidence from our laboratory has
allowed us to form the hypothesis that c-Ski primarily serves to inhibit the R-Smad
signal in cardiac fibroblasts and myofibroblasts in a manner parallel to Smad7. That
is, c-Ski and Smad7 may be redundant in their function to suppress R-Smad sig-
naling. Further, we suggest that a drop-out or significant loss of either gene’s ex-
pression (previously found in Smad7 expression in post-MI hearts by members of
our lab) may herald the onset of cardiac hypertrophy with attendant fibrosis and
modulate collagen remodeling associated with heart failure in the chronic phase of
MI. Control of Smad7 expression is important as ectopic overexpression of Smad7
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is sufficient to ablate collagen synthesis (Wang et al. 2002), likely by inhibition of
R-Smad2 phosphorylation in adult myofibroblasts. In post-MI hearts, the induction
and activation of c-Ski and C184M may depend on the type and stage of failure, as
does the activation of other effector proteins (Ju et al. 1998).

Cardiac Remodeling and the ECM in Remnant Heart and Scar

The cardiac ECM participates in active restoration of sarcomeric length, via release
of stored potential energy in matrix proteins (Robinson et al. 1983, 1986), and
overt fibrosis contributes to abnormal cardiac function by increasing myocardial
stiffness. Collagen types I and III (fibrillar collagens) are the most abundant pro-
teins in the matrix comprising nearly 95% of total collagen in the heart (Bashey
et al. 1992; Robinson et al. 1983, 1986; Weber et al. 1989). The majority of DNA-
synthesizing cells in the surviving myocardium and infarct scar of experimental an-
imals are fibroblasts and myofibroblasts (Cleutjens et al. 1995; Peterson et al. 1999;
van Krimpen et al. 1991). Altered matrix synthesis and deposition by these cells
participates in the development of heart failure (Dixon et al. 1997, 2000; Hao et al.
1999; Ju et al. 1997, 1998; Pelouch et al. 1993). Furthermore, results of both clinical
and experimental studies from this lab (Hao et al. 2000; Ju et al. 1997, 1998; Liu
et al. 1996) and others (Weber 1997a,b; Weber and Brilla 1991) provide evidence
of fibrosis in the left ventricle remote to the infarct site with increased myocardial
stiffness and increased cross-linking of collagen fibrils (Dixon et al. 1998; Jalil et al.
1989; Makino et al. 1996; Thiedemann et al. 1983). Nonetheless, the regulation of
collagen gene expression in post-MI heart tissues is not well understood.

Although scar formation is completed at 3 weeks post-MI (Fishbein et al. 1978),
myofibroblasts, whose numbers dominate the infarct scar (Peterson et al. 1999; Sun
1997; Sun and Weber 1996), remain active even 8 weeks post-MI (Cleutjens et al.
1999; Ju et al. 1998; Peterson et al. 1999) whereas collagen content may continually
increase over months (Fishbein et al. 1978; Jugdutt and Amy 1986). Limited fibrosis
in the healing infarct scar may help to preserve ventricular function, as the new scar
tissue selectively resists circumferential deformation (Holmes et al. 1997). Thus, the
scar is a distinctly anisotropic tissue with large collagen fibers oriented within 30
degrees of the local circumferential axis (Holmes et al. 1997). The healed infarct
scar is populated by myofibroblasts (Peterson et al. 1999; Willems et al. 1994) and
these cells are the major source of R-Smad expression (Hao et al. 1999). These cells
may persist in infarct scar in post-MI patients for many years, even decades, after
the initial insult (Cleutjens et al. 1995, 1999; Willems et al. 1994). Myofibroblasts
produce isometric tension within granulation tissue in vivo and in cultures (Serini
and Gabbiani 1999). Tension is exerted at the level of focal adhesions (FAs), which
connect cells to matrix (Dugina et al. 2001). It is suggested that this mechanical
force is beneficial for cardiac pump function in post-MI heart (Holmes et al. 1997).

The involvement of the c-Ski and C184M in the development of overt car-
diac fibrosis and attendant congestive heart failure is unclear. In future studies,
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we will determine whether R-Smad expression and function, which is tightly con-
nected to the end-point of collagen synthesis and deposition, is inhibited by c-Ski
and/or C184M in cardiac myofibroblasts from failing hearts. As we have recently
demonstrated the endogenous antifibrotic effect of Smad7, we are well-positioned
to compare those data to those arising from our studies in the immediate future. Our
published and preliminary data suggest that I-Smad7 participates in inhibition of
fibrillar collagen expression (Wang et al. 2002), likely by suppression of R-Smad2
phosphorylation in primary cultured myofibroblasts. Loss of Smad7 signal may be
paralleled by a loss of c-Ski expression. Together, these events represent a harbinger
of inappropriate myofibroblast function and ultimately in the development of car-
diac fibrosis and dysfunction.

Synopsis

Cardiac fibrosis is recognized as a major disease modifier and as such is impor-
tant in the pathogenesis of heart failure of most etiologies. As major mediators of
TGF-β1 signaling in cardiac fibroblasts and myofibroblasts as well as myocytic
cells, Smad proteins are emerging as an important postreceptor class in post-MI
heart failure. Precisely how cytosolic c-Ski and C184M proteins influence R-Smads
(and possibly Smad7 itself) in cardiac myofibroblasts, and how c-Ski expression in-
fluences cardiac myofibroblast function are currently unknown. In combination with
decreased Smad7 expression in post-MI hearts, altered c-Ski expression may con-
tribute to chronic imbalance of R-Smad activation in classic TGF-β1 signaling in
the context of cardiac myofibroblast function. That is, we suggest that reduced and
insufficient expression and activation of c-Ski and Smad7 may contribute to abnor-
mal stimulation of collagen synthesis by these cells. Information concerning cardiac
fibrosis and the role of c-Ski and C184M expression in cardiac fibrosis at different
stages of cardiac hypertrophy and heart failure, as well as in fibroproliferative events
in isolated myofibroblasts may rapidly become an area of intensive investigation. It
seems likely that the exploitation of Smad7 and c-Ski in the modulation of cardiac
myofibroblast function may provide the experimental basis for the development of
highly specific drugs for treating heart failure with attendant cardiac fibrosis. Fu-
ture studies along these lines will provide information regarding the identification
and characterization of factors responsible for induction of pathological cardiac
hypertrophy.
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Chapter 14
The Signaling Duel Between Virus and Host:
Impact on Coxsackieviral Pathogenesis

Xiaoning Si, David Marchant, Decheng Yang, Bruce M. McManus,
and Honglin Luo

Abstract Coxsackievirus B3 (CVB3) is the primary human pathogen of viral my-
ocarditis, a disease which causes sudden, unexpected death of infants and youth.
Myocarditis was originally considered predominantly an inflammatory disease, but
subsequent studies have revealed that direct myocardial injury by CVB3 prior to
host immune responses contributes significantly to the progression of myocarditis.
Heart transplantation is the only definitive treatment for serious myocarditis; thus,
development of therapeutic intervention based on the pathogenesis of CVB3 be-
comes a preferred approach. Studies by our laboratory and others have shown that
CVB3 infection triggers apoptosis of host cells through cytochrome C release and
activation of multiple caspases. Furthermore, CVB3 infection activates several in-
tracellular signaling pathways, such as the ERK pathway, the p38 MAPK pathway,
and the PI3K/Akt pathway, for its efficient replication and release of progeny viri-
ons in order to complete its life cycle. Major cellular protein degradation systems,
such as the ubiquitin–proteasome system, are also exploited by CVB3. These find-
ings on the critical roles of host factors in pathogenesis of CVB3 thus provide us
cellular targets for development of possible therapeutic interventions at molecular
levels to restrain CVB3 infection.

Viral Myocarditis

Myocarditis has become a major cause of sudden unexpected death in patients
younger than 40 years of age (Woodruff 1980). Evidence from both animal stud-
ies and clinical studies suggests that viral myocarditis, which is caused by infec-
tious agents like group B coxsackieviruses (CVBs), echovirus, and adenovirus, is
important in the etiology of idiopathic dilated cardiomyopathy (DCM) (Kandolf
et al. 1987; McManus et al. 1993). Because heart transplantation is the only defin-
itive treatment after a serious myocarditis and subsequent DCM and heart failure,
understanding of the pathogenesis and seeking alternative and intuitive therapeutics
are imminently required to relieve the societal burden of heart failure.
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Although enteroviral myocarditis was originally considered predominantly an in-
flammatory heart disease that is initiated by an influx of macrophages, natural killer
cells, and humoral neutralizing antibody, followed by infiltration of antigen-specific
T lymphocytes, results from our laboratory and others have shown that CVB type 3
(CVB3) directly injures cardiomyocytes prior to the host immune response, con-
tributing significantly to the progression of myocardial injury (Chow et al. 1992;
Hufnagel et al. 1995; McManus et al. 1993). In cultured cells, CVB3 infection leads
to cytopathic effects (CPE) and apoptosis of infected cells (Carthy et al. 1998).
Both cardiovirulent and noncardiovirulent CVB3 cause early and extensive car-
diomyocyte necrosis in severe combined immune deficient mice as compared to
wild-type counterparts (Chow et al. 1992; Hufnagel et al. 1995). Prominent cyto-
pathic alterations observed in cells that acquire the viral genome further demon-
strate the importance of direct virus-induced damage (Klingel et al. 1998). We
(Taylor et al. 2000; Yang et al. 1999) and others (Liu et al. 2000; Metcalf et al.
2000; Opavsky et al. 2002; Peng et al. 2001; Yasukawa et al. 2003) have shown that
early host responses to viral infection play a key role in determining the severity of
myocarditis and progression of DCM through differential expression of genes. Such
gene expression program is regulated by intracellular signaling pathways that are
activated during viral infection. This review focuses primarily on the relative roles
of intracellular signaling pathways in determining cellular and viral fate invoked
during CVB3 infection. It is believed that a better understanding of the cross-talk
between various signaling pathways will provide valuable insight into the mecha-
nisms by which viral infection injures cardiac muscle. This will allow us to develop
novel, multitarget therapeutic strategies.

CVB3 Genome Organization and Life Cycle

CVB3 is a nonenveloped, single-stranded, positive polarity, small RNA virus that
belongs to the enterovirus genus in the Picornaviridae family. Its genome consists
of an ∼7.4-kb positive single-stranded RNA sequence that encodes both structural
and nonstructural proteins and contains untranslated regions (UTRs) at the 5′ and
3′ termini. CVB3 is one of the most common human pathogens for myocarditis,
pancreatitis, and hepatitis, mostly affecting infants and young children.

CVB3 has a relatively short life cycle (Figure 14.1), which typically results in
apoptosis and necrosis of infected cells to release of progeny virus. CVB3 initi-
ates infection by attaching to its receptors on target cells and delivering its RNA
into the host cell. Known receptors for CVB3 include the coxsackievirus and ade-
novirus receptor (CAR) (Bergelson et al. 1997) and the decay accelerating factor
(DAF) coreceptor (Bergelson et al. 1995). Recent studies have shown that CAR is
the primary receptor for CVB3. Binding of the extracellular portion of the receptor
is necessary for CVB3 internalization and infection (Dorner et al. 2004; Yanagawa
et al. 2004). Soluble recombinant CAR abrogates CVB3-induced myocarditis and
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Fig. 14.1 The life cycle of coxsackievirus B3. CVB3 starts its life cycle by attaching to its re-
ceptor CAR and coreceptor DAF. Internalized virus releases its viral RNA, which can be used as
the template for translation of polyprotein or transcription by RNA-dependent RNA polymerase
3D to replicate its genome. The polyprotein is self-cleaved by virus-encoded proteases to release
structural proteins and nonstructural proteins. Later, structural proteins and viral RNA will assem-
ble into progeny virions to be released from infected cell. Abbreviations: CVB3, coxsackievirus
B3; DAF, decay accelerating factor; CAR, coxsackievirus and adenovirus receptor; 3Dpol, RNA-
dependent RNA polymerase.

pancreatitis in mice (Yanagawa et al. 2004). Furthermore, efficient CVB3 entry into
host cells requires the coreceptor, DAF, which is a glycosyl-phosphatidylinositol
(GPI)-anchored protein localized to both lipid rafts and caveolae (Nicholson-Weller
and Wang 1994).

CVB3 viral RNA acts as a template for both the translation of the viral polypro-
tein and the replication of the viral genome. The polyprotein is sequentially cleaved
into individual structural (Vp1–Vp4) and nonstructural proteins by viral proteases
2Apro and 3Cpro. Viral proteases also cleave host proteins to either shut-off host cell
cap-dependent translation or alter the architecture of host cells (Badorff et al. 1999;
Ehrenfeld 1982). For example, 2Apro not only cleaves eukaryotic initiation factor
4-Gamma (eIF4γ) and poly(A) binding protein (PABP) (Kerekatte et al. 1999),
proteins involved in host cap-dependent translation initiation, but it also cleaves
structural proteins such as dystrophin (Badorff et al. 1999). Cleavage of dystrophin
may eventually lead to dilated cardiomyopathy in patients infected with CVB3. The
nonstructural viral protein CVB3 3Dpol is an RNA-dependent RNA polymerase,
which is required for transcription of the negative-strand viral RNA intermediate
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that serves as a template for synthesis of progeny genomes (Bell et al. 1999). The
structural proteins associate with positive-stranded viral RNA molecules, covalently
attached to VPg, a virus-encoded small peptide, to form progeny virions. These viri-
ons are released from infected cells through multiple mechanisms such as lysis of
infected cells due to cell death and increasing cell permeability by coxsackievirus
protein 2B (van Kuppeveld et al. 1997a,b).

Death Signaling in CVB3 Infection

CVB3 pathogenesis is complex and results in many changes to the host cell, known
collectively as cytopathic effects (Carthy et al. 1998, 2003). Such changes in-
clude cell rounding, detachment from substrate, altered membrane permeability,
and membrane fusion. Eventually these lead to lysis of host cells mainly through
apoptosis or necrosis. Inhibition of host transcription and translation, and loss of
cellular homeostasis due to direct viral protease cleavage of structural proteins such
as dystrophin likely contribute to the cellular structure disruption and death of in-
fected cells’.

Unlike necrosis that results from acute cellular injury, apoptosis is a type of pro-
grammed cell death (Green 2005; Yuan 2006). Apoptosis by itself is a deliberate
process that results in death of a cell in a multicellular organism. It is a tightly reg-
ulated, highly ordered, and energy-consuming process. Apoptosis can occur when
cells are exposed to stress such as starvation or damage to the cell’s DNA due to
toxicity, or exposure to ultraviolet or ionizing radiation. Programmed cell death also
contributes to homeostasis and tissue development in multicellular organisms. In ad-
dition, apoptosis plays a major role in host defense responses since it occurs when
a cell is damaged beyond repair or infected with a virus. The decisive signals for
programmed cell death usually come from the damaged cell itself, or from sur-
rounding tissue and immune cells. The apoptotic cell has its distinctive morphology
under the microscope. The cell becomes round, and the plasma membrane of the
apoptotic cell blebs followed by exposure of phosphatidylserine on the cell surface.
The nuclear chromatin of apoptotic cells undergoes degradation and condensation,
and the nuclear envelope becomes discontinuous with the DNA inside becoming
fragmented.

Apoptosis can occur through death receptor-mediated pathways (Thorburn
2004). Binding of death-inducing ligands such as Fas-L, tumor necrosis factor-α
(TNF-α), and other TNF-related apoptosis-inducing ligands to their specific re-
ceptors will induce the recruitment of adaptor proteins and procaspase-8 to form
the death-inducing signaling complex. This leads to the proteolytic activation of
caspase-8 followed by the activation of downstream caspases.

Biochemical execution of cell death depends on three major components: cas-
pases, mitochondrial factors, and the Bcl-2 family of proteins (Green 2005; Yuan
2006). Caspases are a group of cysteine proteases acting as the central effectors of
apoptosis. Caspases are normally suppressed by the inhibitor of apoptosis (IAP) in



14 Coxsackieviral Pathogenesis 271

the healthy cell (Uren et al. 1996). Upon receiving apoptotic stimuli such as cellular
stress or signals from the Fas or TNF pathways, a mitochondrial protein called sec-
ond mitochondria-derived activator of caspases (SMAC) is released into the cytosol
and in turn IAP activity is relieved (Du et al. 2000). The Bcl-2 family of proteins
consists of proapoptotic proteins (such as BAX, BAK, BID, and BAD) and antiapop-
totic proteins (such as Bcl-xL and Bcl-2) (Chao and Korsmeyer 1998). Downstream
from the activaton of the Fas or TNF pathways, a balance between these pro- and
antiapoptotic proteins is compromised.

Cytochrome c (Cyt c), the peripheral protein loosely associated with the inner
membrane of mitochondria, is one of the most well-known factors involved in apop-
tosis (Green 2005). In healthy cells, Cyt c functions as an electron shuttle in the
respiratory chain and its activity is necessary for life. Cyt c is released by the mi-
tochondria as the consequence of elevated permeability of the outer membrane in
responses to proapoptotic stimuli (Li et al. 1997). In the cytosol, Cyt c binds to
the apoptosis-protease activating factor 1 (Apaf-1), which then recruits caspase-9 to
form the apoptosome (Li et al. 1997). Caspase-9 in turn cleaves and activates exe-
cutioner caspase-3, resulting in apoptotic cell death as described above. The whole
process requires energy and relatively intact cell machinery.

Molecular and biochemical studies have also revealed that Bcl-2 and Bcl-xL
can prevent apoptosis (Chao and Korsmeyer 1998). For example, overexpres-
sion of Bcl-2 and Bcl-xL in mitochondria can block Cyt c efflux and apoptosis
(Kharbanda et al. 1997). Although Apaf-1 may not be the physiological target for
Bcl-2 and Bcl-xL, the Bcl-2 homolog (BH) 4 domain of Bcl-2 and Bcl-xL can bind
to the C-terminal part of Apaf-1, thus inhibiting the association of caspase-9 with
Apaf-1 and preventing apoptosis of cells (Hu et al. 1998).

CVB3, like other picornaviruses, has a relatively short life cycle. Studies have
shown that the virus interferes with cell death signaling pathways during differ-
ent stages of its life cycle (Carthy et al. 1998), either by prolonging the survival
of infected cells to evade host responses and facilitate replication in an early stage
of its life cycle; or by inducing the death of host cells to facilitate progeny virus
release at a later stage of its life cycle. Viral proteins, both structural and non-
structural proteins, contribute to this manipulation through interaction with host
factors, cleavage of host proteins, or regulation of intracellular calcium homeosta-
sis. CVB3 encodes several viral proteases such as 2Apro, 3Cpro and its precursor
3CDpro. These viral proteases are responsible for cleaving the structural and non-
structural viral proteins from the viral polyprotein precursor. In addition, a number
of cellular proteins including eIF4γI and eIF4γII, PABP, and dystrophin are cleaved
by these proteases (Badorff et al. 1999; Kerekatte et al. 1999). The eIF4γ, for in-
stance, is necessary for host cap-dependent protein translation by priming the RNA
and ribosome. The cleavage of eIF4γ by 2Apro leads to the shutoff of host protein
translation. CVB3, on the other hand, has an internal ribosome entry site (IRES),
so the synthesis of viral proteins is unaffected by this cleavage and thus gives the
virus a lead strategy for survival over the host cell. Viral proteases of CVB3 and
other enteroviruses apparently cleave another key protein, PABP, to further down-
regulate the cap-dependent translation of host proteins. It has been known that the
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3′ poly(A) tail and the 5′ cap of the eukaryotic mRNA cooperate synergistically to
enhance the translation of cellular proteins. PABP interacts with eIF4γ to circulate
mRNA and facilitate the reattachment of the ribosome after a round of translation.
Cleavage of the PABP by 3Cpro and 2Apro (to a lesser extent) thus complements
the effect of cleavage of eIF4γ to further shut off the synthesis of host proteins
and benefit IRES-driven translation. In addition, such cleavage may also function
to stimulate RNA packaging into infectious virion progeny, leading to late-stage
CVB3 infection. However, we must remember that many cellular proteins also con-
tain an IRES and undergo translation in a cap-independent fashion. These proteins
include vascular endothelial growth factor, c-myc, Apaf-1, death-associated protein
5, X-linked inhibitor of apoptosis, and heat shock proteins. Some of these proteins,
such as Apaf-1, can only be translated in a cap-independent manner, so the transla-
tion of these proteins could be a strategy for the host cell to fend off virus infection
possibly through apoptosis. Transcriptional upregulation and cap-independent syn-
thesis of heat shock proteins post-CVB3 infection, on the other hand, may reflect a
defensive strategy deployed by host cells to initiate protective responses to cellular
stress.

There is a delicate balance between cellular membrane permeability and intra-
cellular calcium homeostasis during CVB3 infection. It has been well-documented
that sustained elevation of calcium levels in the cytosol precedes Cyt c release from
the mitochondria, and that the small amount of released Cyt c interacts with the in-
ositol triphosphate receptor (IP3R) on the endoplasmic reticulum (ER) and prevents
inhibition of ER calcium release. The overall increase of calcium leads to a mas-
sive release of Cyt c to maintain ER calcium release through interaction with the
IP3Rs in a positive feedback loop, and to activate downstream caspases to execute
apoptosis of damaged cells.

Viral protein 2B apparently plays a pivotal role in modulating calcium home-
ostasis in infected cells. This protein can modify the membrane permeability of
the plasma membrane, mitochondrial membrane, Golgi apparatus, and ER (van
Kuppeveld et al. 1997a,b). Damage of the ER and Golgi apparatus causes release
of calcium into the cytosol and leads to elevated intracellular calcium concentra-
tions (de Jong et al. 2006; van Kuppeveld et al. 1997a). In addition, 2B protein
increases the influx of extracellular calcium due to modifying the permeability of
the plasma membrane. Altogether, cytosolic calcium content will reach a patholog-
ical level and contribute to cellular damage at a comparably later time of infection,
which may be beneficial for the release of viral progeny of CVB3. However, during
early infection, it has been reported that CVB3 2B protein downregulates calcium
signaling between intracellular calcium stores and the mitochondria by depleting
the IP3-generating stimuli-sensitive calcium stores of both the ER and Golgi appa-
ratus (Campanella et al. 2004; de Jong et al. 2006). The alteration of intracellular
calcium signaling by 2B apparently decreases caspase activation and cell death of
infected host cells during early infection, which allows CVB3 to complete its life
cycle. The precursor protein 2BC of CVB4, a virus closely related to CVB3, can
also associate with activated caspase-3 and suppress its activity (Salako et al. 2006).
Thus, the antiapoptotic activity of the 2B protein most likely acts to delay apoptotic
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responses from the host cell antiviral defensive program and thereby provides the
virus with enough time for genome replication and viral protein synthesis.

It has been shown that infection with CVB3 results in massive release of
Cyt c from the mitochondria and caspase activation of host cells (Carthy et al.
2003; Cunningham et al. 2003). Caspase-2, -3, -6, -7, -8, and -9 are activated and
cleaved into their characteristic large and small fragments during CVB3 infection,
which further degrade other specific substrates: poly(ADP-ribose) polymerase,
a nuclear protein involved in DNA repair, and DNA fragmentation factor, a
cytoplasmic inhibitor of an endonuclease responsible for DNA fragmentation
(Carthy et al. 1998). Because activated caspases can disrupt cellular architecture,
host cytoskeleton, and membrane integrity, apoptosis is likely a viral mechanism
that facilitates virus release and spread. Indeed, inhibition of caspase activation in
CVB3-infected cells significantly decreases viral progeny release without an effect
on virus genome and protein replication. It has been further demonstrated that
overexpression of antiapoptotic proteins Bcl-2 and Bcl-xL prevented Cyt c release
from the mitochondria to the cytosol following CVB3 infection in HeLa cells and
HL-1 murine cardiomyocytes, thus delaying and decreasing caspase-like cleavage

Fig. 14.2 CVB3-induced cell death events in infected cells. CVB3 infection increases mitochondr-
ial membrane permeability, which leads to the release of Cyt c from mitochondria and subsequent
activation of caspase family. This eventually results in apoptotic morphological changes of the
infected cells. Increased Nip21 expression enhances CVB3-induced apoptosis of host cells via
caspase-dependent mitochondria activation. CVB3 2B promotes Cyt c release via increasing in-
tracellular calcium levels. Overexpression of antiapoptotic proteins Bcl-2 and Bcl-xL, blocks Cyt
c release from mitochondria, indicating an important protective role of these proteins. Viral pro-
teases 2A and 3C cleave eIF4γ and PABP, resulting in the blockage of host protein synthesis. 2A
protease also cleaves dystrophin to disrupt structure of infected cells. The fate of infected host cells
is finally determined by the balance between virus, on one side, trying to overcome the host cell
defense machinery, and the host cells, on the other side, trying to eliminate the invading pathogen.
Abbreviations: eIF4γ, eukaryotic initiation factor 4γ; PABP, protein poly(A) binding protein; Cyt
c, cytochrome c.
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activity (Carthy et al. 2003). Viral progeny release, which depends on the apoptosis
of infected cells, is delayed in cells overexpressing Bcl-2 and Bcl-xL.

As well, infection of CVB3 in susceptible mice leads to altered expression of
Nip21 and interferon -γ inducible protein 10 (IP10) in the heart that develops my-
ocarditis (Yang et al. 1999; Zhang et al. 2005). Nip21 expression apparently en-
hances CVB3-induced apoptosis of host cells via caspase-dependent mitochondria
activation (Zhang et al. 2002). IP10 expression also increases the apoptosis of in-
fected cells through a p53-dependent pathway (Zhang et al. 2005). Overexpression
of these genes inhibits the replication of CVB3 in infected cells (Zhang et al. 2002,
2005). Furthermore, the CVB3 structural protein VP2 specifically interacts with the
proapoptotic protein, Siva, to induce apoptosis in a caspase-dependent pathway in
infected tissues, such as pancreas and heart. Furthermore, expression of Siva is up-
regulated in infected mice (Henke et al. 2001).

The cell death signaling triggered by coxsackieviral infection is summarized in
Figure 14.2.

Phosphorylation-Based Signaling Networks in
CVB3 Replication

Protein phosphorylation is a common mechanism that the cell utilizes to control
its biological processes. Phosphorylation is by far the most important posttransla-
tional modification regulating intracellular signaling events. At a given time, up to
30% of the total proteins in the cell are phosphorylated, and most of this comprises
serine or threonine phosphorylation (Hunter 1995). Two large families of enzymes,
protein kinases and protein phosphatases, control the phosphorylation events in the
cell. Protein kinases are a group of enzymes that are capable of covalently attach-
ing phosphate moieties to residues of target proteins. The protein kinase comple-
ment of the human genome consists of 518 protein kinases, which phosphorylate
nearly one-third of all intracellular proteins representing as many as 20,000 distinct
phosphoprotein states (phosphoproteome) (Manning et al. 2002). Such posttrans-
lational modification of proteins can control their enzymatic activity, their interac-
tion with DNA, RNA, and other proteins, their precise subcellular localization, and
their susceptibility to degradation by cellular proteases or the proteasome. Protein
phosphatases, on the other hand, reverse this modification by removing the phos-
phate groups from target proteins. Phosphorylation on tyrosine residues occurs to
a much lesser extent than that on serine or threonine residues, but it plays a key
role in many cellular processes such as cell proliferation and differentiation, cell
cycle control, cytoskeletal reorganization, cell migration, signal transduction, tran-
scriptional regulation, ion channel activity, and immune responses (Hunter 1995;
Tonks 2005). Therefore, excessive tyrosine phosphorylation often results in onco-
genesis. The central role played by a constitutively activated protein tyrosine kinase
(PTK) in oncogenesis was first illustrated by the discovery of the transforming v-src
PTK (Hunter and Sefton 1980), and thereafter, by the identification of a large num-
ber of viral and cellular oncogenes that encode PTKs (Blume-Jensen and Hunter
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2001). The observation that many PTKs are proto-oncogenes and growth factor re-
ceptors suggests that tyrosine phosphorylation is controlled by PTKs to activate
transduction pathways. After growth factor stimulation or oncogenic transforma-
tion, the phosphotyrosine content of the cell can increase by as much as 100-fold
to ∼1–2% of the total protein phosphorylation in the cell. In resting cells, protein
tyrosine phosphatases (PTPs) maintain a very low basal level of tyrosine phospho-
rylation of PTKs and their substrates to ensure the proper function of the cell (Tonks
2005). In addition to negative regulatory roles, PTPs also play key roles as positive
effectors of signal transduction pathways.

Increasing evidence supports the view that CVB3 usurps the host machinery, in-
cluding intracellular signaling pathways, to facilitate its replication. However, the
precise mechanisms utilized by viruses for temporal and spatial activation of the
complicated signaling networks and relative roles of such activation remain to be
investigated. Recently, studies by our group and others have indicated an impor-
tant role of different signaling pathways in the life cycle of CVB3. Figure 14.3
illustrates the signaling events following CVB3 infection and their function roles.
During CVB3 infection of host cells, several cellular proteins become tyrosine phos-
phorylated. For example, there is increased tyrosine phosphorylation of two pro-
teins with molecular masses of 48 and 200 kDa in CVB3-infected HeLa and Vero
cells (Huber et al. 1997, 1999). Subcellular fractionation experiments reveal that the
48-kDa CVB3-induced phosphoprotein is a soluble cytoplasmic protein, whereas
the 200-kDa phosphoprotein is mostly associated with membrane structures. Inter-
estingly, herbimycin A, an inhibitor of the src family kinases, reduces such tyrosine
phosphorylation events and decreases the production of CVB3 progeny virions. This
suggests that src family kinase (i.e., src, fyn, and yes) pathways are required for ef-
ficient replication of CVB3. Indeed, p56lck, a member of the src family kinases, is
required for viral replication in T cells and plays essential roles in CVB3 patho-
genesis (Liu et al. 2000). Mice deficient in the p56lck gene are completely protected
from CVB3-induced pancreatitis, hepatitis, myocarditis, and subsequent dilated car-
diomyopathy. In addition, the CVB3 coreceptor DAF is associated with fyn, which
is another member of the src family kinases (Shenoy-Scaria et al. 1992). The activa-
tion of fyn has been shown to be necessary for CVB3 entry through epithelial tight
junctions in polarized cells (Coyne and Bergelson 2006). Furthermore, it was also
observed that there is decreased phosphorylation of the src Tyr529 residue during
CVB3 entry and replication in HeLa cells and HL-1 cardiomyocytes (unpublished
results). Phosphorylation at this site often leads to reduced activity of src family
kinases. This result together with previous findings further confirm that activation
of src family kinase-mediated signaling pathways is beneficial for replication of
CVB3. In addition, it has been found that the activity of glycogen synthase ki-
nase 3β (GSK3β) is increased following CVB3 infection (Yuan et al. 2005). It was
demonstrated that CVB3 infection likely stimulates the GSK3β activity via a ty-
rosine kinase-dependent mechanism, which contributes to CVB3-induced CPE and
apoptosis through the deregulation of β-catenin.

Another finding is the biphasic phosphorylation of extracellular signal-regulated
protein kinase (ERK) during CVB3 entry and replication (Cunningham et al. 2003;
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Fig. 14.3 CVB3-induced intracellular signaling networks in infected cells. CVB3 infection ac-
tivates the src-family kinase and its downstream Raf/MEK/ERK signaling pathway, a necessary
event for effective viral replication. CVB3 infection also leads to the activation of PI3K and ILK
that subsequently activates Akt. Akt activation may play a role in CVB3-induced antiapoptotic
effect during the early viral life cycle, and it is certainly beneficial for viral replication. In the late
stage of CVB3 life cycle, stress-activated protein kinases including p38 MAPK and JNK are acti-
vated. Activation of p38 MAPK plays a role in CVB3 progeny virion release, while activation of
JNK leads to the phosphorylation of transcription factors ATF-2 and c-Jun. In addition, GSK3β is
activated through tyrosine phosphorylation, and such activation plays a role in CVB3-induced CPE
and apoptosis for viral progeny release through dysregulation of β-catenin. Abbreviations: CVB3,
coxsackievirus B3; DAF, decay accelerating factor; CAR, coxsackievirus and adenovirus receptor;
MEK and MKK, mitogen-activated protein kinase kinase; ERK, extracellular signal-regulated ki-
nase; MK2, mitogen-activated protein kinase-activated protein kinase 2; hsp27, heat shock protein
27; JNK, c-Jun NH2-terminal kinase; ATF-2, activating transcription factor 2; GSK3β, glycogen
synthase kinase 3β; PI3K, phosphatidylinositol 3-kinase; ILK, integrin-linked kinase.

Luo et al. 2002; Opavsky et al. 2002). ERK is one of the founding members of
mitogen-activated protein kinases (MAPKs), which are evolutionarily conserved
enzymes relaying extracellular signals from cell surface receptors to critical targets
within cells, and thus regulating biological events such as cell proliferation, differ-
entiation, and stress responses (Chang and Karin 2001; Johnson and Lapadat 2002).
The MAPK pathway is part of a phosphorylation-based cascade composed of three
tightly and sequentially activated kinases, including MAPK kinase kinases (MAP-
KKKs, MKKKs or MEKKs), MAPK kinases (MAPKKs, MKKs or MEKs), and
MAPKs (Chang and Karin 2001; Johnson and Lapadat 2002). These modules may
be activated by STE20 kinases or small GTP-binding proteins (GTPases). Many
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MAPKs activate downstream effector kinases such as MAPK-activated protein ki-
nases (MAPKAPKs or MKs), and are inactivated through a feedback loop by related
MAPK phosphatases that belong to the family of dual-specificity protein tyrosine
phosphatases. Studies from our laboratory and others have demonstrated that the
early transient activation of ERK possibly results from the engagement of CVB3
with its native receptor CAR, and coreceptor DAF (Luo et al. 2002; Opavsky et al.
2002). Meanwhile, the late activation of ERK requires active replication of CVB3
and is necessary for the replication of CVB3. This activation is possibly mediated
by cleavage of RasGAP by CVB3 viral proteases such as 3Cpro. In cells, activities
of small GTPases, such as Ras, are controlled by two groups of enzymes, guanine
nuclear exchange factor (GEF) and GTPase-activating protein (GAP) (Overbeck
et al. 1995; Quilliam et al. 1995; Tocque et al. 1997). GEF promotes the exchange
of GDP-Ras to GTP-Ras and thus the activation of GTPases. GAP, on the contrary,
stimulates the intrinsic GTP hydrolysis activity and returns the protein to its inactive
GDP-bound state. Cleavage of RasGAP by viral proteases leads to accumulation of
the active form of Ras (GTP-bound form of Ras), which in turn leads to activation
of the well-documented Ras/Raf/MAPK pathway for ERK phosphorylation. In ad-
dition, src family kinases are likely involved in early activation of ERK because
absence of p56lck in Jurkat cells reduces ERK phosphorylation following recep-
tor engagement (Opavsky et al. 2002). The importance of the ERK pathway has
been established since inhibition of MEKs, immediately upstream protein kinases
of ERK, leads to reduced viral replication, decreased cleavage of host proteins, and
suppression of host cell death (Luo et al. 2002).

Other protein kinases in the family of MAPKs include c-Jun NH2-terminal ki-
nases (JNK1, JNK2, and JNK3), p38 MAPKs (p38α, p38β, p38γ, and p38δ),
and ERK5 (Chang and Karin 2001; Johnson and Lapadat 2002). Both JNKs and
p38 MAPKs belong to stress-activated protein kinases (SAPKs) because they are
activated in response to inhibition of protein synthesis, proinflammatory stimuli
like TNFα and IL-1, ultraviolet radiation, growth hormones, ligands for G-protein-
coupled receptors (GPCRs), and other environmental and cellular stresses such as
osmotic shock and heat shock (Chang and Karin 2001; Johnson and Lapadat 2002).
At least a dozen MEKKs are involved in the activation of JNKs and p38 MAPKs,
but the physiological functions and specificities of these MEKKS are not well-
characterized. It is possible that there is a redundancy in their roles to activate JNKs
and p38 MAPKs in response to various stimuli and stresses, or there is a delicate
balance of their activation to form a network or signalosome to relay the signal to
specific JNKs, p38 MAPKs, and their effector kinases. The JNKs are necessary for
the phosphorylation and activation of transcription factor c-Jun, which is part of the
AP-1 transcription complex responsible for the expression of many cytokine genes
in response to infection. The p38 MAPKs and their effector kinases are activated
by inflammatory cytokines to regulate the expression of many cytokines and stabi-
lization of mRNA transcripts of these cytokines, and in turn play an important role
in activation of host immune responses (Ashwell 2006). Recent studies have shown
that virus infections often lead to activation of JNKs and p38 MAPKs, and the ac-
tivation of these SAPKs is required for efficient viral replication and viral progeny
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release (Hirasawa et al. 2003; Rahaus et al. 2005; Si et al. 2005a). However, the
mechanisms leading to activation of these SAPKs and the specific roles of activa-
tion of specific SAPKs in virus replication differ among different viruses. We and
others have investigated the relative roles of the SAPK pathways in CVB3 infection
(Kim et al. 2004; Si et al. 2005a). Both the p38 MAPK and the JNK pathways are ac-
tivated during the active replication steps of the CVB3 life cycle (Si et al. 2005a). It
was initially reported that activation of JNK is required for the upregulation of cyr61
and induction of apoptosis of infected cells (Kim et al. 2004); however, the results
suggest that JNK activation plays a role in host defense machinery through the phos-
phorylation and activation of activating transcription factor 2 (ATF-2), a component
of the AP-1 transcription complex, rather than just inducing cell death (Si et al.
2005a). This was supported by earlier evidence that ATF-2 is dispensable for host
antiviral defense against CVB3 infections (Reimold et al. 2001). Another player in
host antiviral defense is the Janus kinase (JAK)-Signal Transducers and Activators
of Transcription (STAT) pathway in CVB3 infection (Yasukawa et al. 2003). Fur-
thermore, our results have demonstrated that activation of p38 MAPK is necessary
for CVB3-induced caspase-3 activation and productive CVB3 viral progeny release
(Si et al. 2005a). This caspase-3 activation also leads to prominent production of
reactive oxygen species (ROS) in infected cells (Si et al. 2005b). Consequently, it
is possible that activation of the p38 MAPK pathway, production of ROS, and sub-
sequent activation of NFκB play a major role in the regulation of expression and
secretion of proinflammatory cytokines in the progression of CVB3-induced patho-
genesis.

As mentioned earlier in this review, CVB3 deploys antiapoptotic tactics to pre-
vent host cell death during the early phase of infection. Such strategies provide the
virus necessary time to complete its life cycle, which may include activation of pro-
survival signaling pathways of host cells. One of the major intracellular prosurvival
pathways is the phosphatidylinositol 3-kinase/Akt (PI3K/Akt) pathway (Hennessy
et al. 2005). PI3K is a heterodimer of a regulatory subunit (p85) and a catalytic
subunit (p110). The p85 binds and integrates signals from various cellular proteins
such as receptor tyrosine kinases, src family kinases, protein kinase C, and small
GTPases, and subsequently activates the p110 by recruiting it to the plasma mem-
brane. Upon activation, PI3K phosphorylates phosphatidylinositol-4,5-biphosphate
(PtdIns(4,5)P2, PIP2) to produce phosphatidylinositol-3,4,5-triphosphate (PIP3).
PIP3 is a second messenger required for phosphorylation and activation of a down-
stream serine and threonine protein kinase, Akt, by 3′-phosphoinositide-dependent
kinases (PDKs) such as PDK1 (Alessi et al. 1997) and integrin-linked kinase
(ILK) (Delcommenne et al. 1998). Akt signaling inactivates many proapoptotic fac-
tors, which promotes the completion of the virus life cycle. A tumor suppressor,
PTEN, is a physiological inhibitor of the PI3K/Akt pathway due to its unique 3′-
phosphoinositide phosphatase activity to hydrolyze PIP3 to PIP2 (Maehama and
Dixon 1998). The critical role of the PI3K/Akt pathway in CVB3 replication has
recently been dissented (Esfandiarei et al. 2004). And it was found that CVB3 infec-
tion leads to the activation of the PI3K/Akt pathway, and this activation is mediated
by upregulation of interferon-γ inducible GTPase (Zhang et al. 2003). Inhibition
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of this pathway using specific pharmacological inhibitors or dominant-negative mu-
tants of Akt or ILK significantly impairs virus production yet increases apoptosis
of infected cells (Esfandiarei et al. 2004, 2006). The role of ILK in the activation
of Akt following CVB3 infection has also been investigated, and the results clearly
demonstrate that kinase activity of ILK is required for efficient CVB3 replication in
both HeLa cells and HL-1 murine cardiomyocytes (Esfandiarei et al. 2006).

The Ubiquitin–Proteasome System in CVB3 Infection

The ubiquitin–proteasome system (UPS) is a major intracellular proteolytic sys-
tem for the removal of damaged or unwanted proteins in virtually all eukaryotic
cells (Wolf and Hilt 2004). This ATP-dependent system begins with covalent at-
tachment of ubiquitin to the ubiquitin-activating enzyme, the so-called E1. Then the
ubiquitin moiety is transferred to the E2 ubiquitin-conjugating enzymes. Finally,
the ubiquitin moiety is transferred to a substrate protein by the highly specific E3
ubiquitin ligases. Repeating of the above steps will result in poly-ubiquitination
of substrate proteins that are targeted for degradation by the UPS. This system
is involved in the degradation of mutant, damaged, and misfolded proteins due
to environmental and cellular stresses, or degradation of other regulatory proteins
such as cyclins (Glotzer et al. 1991), inhibitors of cyclin-dependent kinases (p21,
p27) (Pagano et al. 1995), tumor suppressors (p53) (Scheffner et al. 1990), and
inhibitor of NFκB (IκB) (Palombella et al. 1994). Thereby, the UPS is necessary
for a variety of cellular mechanisms, such as control of cell-cycle progression,
regulation of apoptosis, and stimulation of host immune responses (Roos-Mattjus
and Sistonen 2004). Unlike poly-ubiquitination, which regulates substrate protein
degradation, mono-ubiquitination of cellular proteins, such as histones, calmod-
ulins, actin, proliferating cell nuclear antigen (PCNA), and receptor tyrosine ki-
nases, plays much more diversified roles, including the regulation of chromatin re-
modeling, DNA repair, and endocytosis (Hicke 2001).

It has been shown that CVB3 infection results in downregulation of several host
proteins such as cell-cycle protein cyclin D1, tumor suppressor p53, and transcrip-
tion activator β-catenin in infected HeLa cells (Luo et al. 2003; Yuan et al. 2005).
The downregulation of host proteins following CVB3 infection is possibly through
the UPS because inhibitors of the 26 S proteasome reverse the degradation of pro-
teins and reduce CVB3 replication in HeLa cells and HL-1 murine cardiomyocytes
(Luo et al. 2003). It has also been shown that deregulation of the UPS by pyrro-
lidine dithiocarbamate (PDTC) (Si et al. 2005b) or curcumin (unpublished results)
effectively reduces synthesis of CVB3 viral proteins and release of CVB3 progeny
virions. However, there are no apparent proteasome activity changes in infected
cells (Luo et al. 2003). It has been demonstrated that CVB3 infection results in in-
creased poly-ubiquitination of cellular proteins and a decreased free ubiquitin pool
in infected cells (unpublished results). Knockdown of ubiquitin expression by small
interfering RNA (siRNA) also decreases CVB3 infection (unpublished results).
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Furthermore, CVB3 likely utilizes the UPS to modify its viral proteins for its
replication, as CVB3 RNA-dependent RNA polymerase 3D is either directly ubiq-
uitinated or associated with ubiquitinated proteins in infected cells (unpublished
results).

Conclusion

After decades of active research of viral infection of the heart, we have learned that
the pathogenesis of viral myocarditis is not a one-sided attack on the myocardium
by the virus, or clearance of infectious viral particles by the host immune system.
Undoubtedly there is a signaling duel between virus and host, where the virus of-
ten prevails in the early stages of the disease and causes structural damage to the
heart. Once the virus infects its host and cleaves host proteins by its proteases, the
host cell is destined to undergo apoptotic and necrotic processes to limit virus repli-
cation despite that many prosurvival pathways, such as the ERK pathway and the
PI3K/Akt pathway, are activated in CVB3 infection. Such irreversible cell death of
infected cardiomyocytes due to direct viral injury and adaptive immune responses
causes the loss of integrity of heart structure and impaired heart function. How-
ever, the window of opportunity for intervention may still exist if we can effectively
block the necessary signaling pathways for CVB3 replication using small inhibitors
to salvage the life and retain the function of infected cardiomyocytes, and thus delay
the progression of myocarditis to DCM and heart failure. However, it is uncertain
whether prolonging of the life of infected cells may provide a reservoir for the virus
that facilitates chronic infection of the heart. Certainly the next step is to illustrate
the complexity of the proapoptotic and prosurvival signaling networks of viral in-
fections in heart diseases. Systems-like approaches, such as genomics, proteomics,
infectomics, RNAi screens, phosphor-screens, and computational modeling, will be
fundamental in deciphering key molecules and pathways in CVB3 pathogenesis,
and in developing respective therapeutic regimes.
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Chapter 15
Therapeutic Angiogenesis and Vasculogenesis
for Ischemic Disease

Nilanjana Maulik

Abstract Despite significant advances in myocardial revascularization and reperfu-
sion, coronary artery disease and subsequently myocardial infarction are the lead-
ing cause of morbidity and mortality in the United States. Thus, one of the main
goals in the treatment of myocardial ischemia is the development of effective ther-
apy for angiogenesis. The first evidence we found is the demonstration of allevia-
tion of myocardial ischemia and increased number of collateral blood vessels in the
early 1990s following intracoronary administration of basic fibroblast growth fac-
tor protein in dog. Multiple animal studies, including ours, and a small number of
human studies have confirmed the concept of stimulation of collateral development
by pharmacological and molecular means. This includes direct delivery of growth
factors into the ischemic target tissues, or of genes that encode for synthesis of
growth factors by target tissues. Both cell therapy and gene therapy have proven to
be effective in promoting neovascularization in various animal models. Although
cell therapy alone is proven to be beneficial, the combination of cell and gene ther-
apy may enhance therapeutic neovascularization. Thus, clinically relevant, com-
bined strategy could be an excellent strategy for treating patients with myocardial
infarction.

Introduction

The discovery of the molecular mechanisms of physiological vasculogenesis and an-
giogenesis helped to recognize two classes of diseases: one where therapeutic angio-
genesis can repair the tissue damages such as ischemic diseases and arteriosclerosis
and the other where inhibition of pathological angiogenesis can cure the disease or
delay its progression such as in retinopathies and tumor. Therapeutic angiogenesis
in myocardial infarction (MI), in which we are interested, is an exciting new concept
with significant clinical potential. Therapeutic angiogenesis is a strategy designed
to increase the process of angiogenesis and enhance the reperfusion of the ischemic
tissues. There are several approaches to induce angiogenesis, but proteins, genes,
and cell therapy are the main ones that have been well studied.
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Large MI in the left ventricle leads not only to expansion of the necrotic infarct
zone, but also to compensate remodeling throughout the remainder of the left ven-
tricle. Multiple animal studies, including ours, and a small number of human studies
have confirmed the concept of stimulation of collateral development by pharmaco-
logical and molecular means. This includes direct delivery of growth factors into
the ischemic target tissues, or of genes that encode for synthesis of growth fac-
tors by target tissues. Under ischemic conditions, coronary collateral vessels are
formed by two main pathways: “angiogenesis,” which is characterized by sprout-
ing of new blood vessels from the existing one, and “arteriogenesis,” which leads
to the maturation of capillary blood vessels into mature arteriolar vessels. Vascular
endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF), the
main growth factors involved in the process of angiogenesis, appear to act by lo-
cal upregulation of nitric oxide production and exhibit some synergism in their ac-
tions (Muorohara et al. 1998). Initiation of angiogenesis with intra-arterial injection
of naked VEGF cDNA to relieve ischemia in atherosclerotic peripheral vascular
disease was the first successful application of these research advances (Isner et al.
1996). Therapeutic angiogenesis aims at restoring perfusion to chronically ischemic
myocardial territories by using growth factors or cells, without intervening on the
epicardial coronary arteries. Therapeutic angiogenesis can be induced by different
modalities including administration of angiogenic growth factors—protein, genes,
stem cells, and most importantly endothelial progenitors derived from bone mar-
row or umbilical cord blood. All have shown promising results in inducing angio-
genesis in experimental myocardial or limb ischemia as well as partial success in
patients.

The question we are facing now is whether a single growth factor or a cocktail
will be sufficient to produce its angiogenic effect. Significant studies are necessary
to understand what cell type or types and origin are important with regard to achiev-
ing satisfactory improvement in myocardial angiogenesis and whether the observed
improvement in blood supply will positively affect myocardial function and clinical
outcome of these subjects.

Angiogenic Factors

VEGF and Its Receptors

The process of angiogenesis is regulated by the signals obtained from the transmem-
brane receptor tyrosine kinases (RTKs) and nonreceptor tyrosine kinases (Src fam-
ily) of endothelial cells. Flk-1/KDR and Flt-1 are two such RTKs, which, together
with their ligand VEGF, have been shown to control blood vessel development dur-
ing embryogenesis (Fong et al. 1995; Takeshita et al. 1994). This receptor/ligand
system has been shown to augment neovascularization (Isner et al. 1996; Asahara
et al. 1998). VEGF is not only an endothelial cell-specific angiogenic factor but
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also a critical regulator of angiogenesis that stimulates proliferation, migration-and
proteolytic activity of endothelial cells (Senger et al. 1990). Yet the signaling path-
ways that modulate the mitogenic effects of VEGF in vascular endothelial cells are
still ill defined (Fong et al. 1995). A study has demonstrated VEGF localization and
expression in the embryonic/fetal heart, and which remained high during the early
postnatal period when capillary proliferation is high (Takeshita et al. 1994). It is now
well established that alternate exon splicing of a single VEGF gene results in the
generation of four different molecular species, having 121, 165, 189 and 206 amino
acids following signal sequence cleavage. VEGF165 is the predominant molecular
species produced by a variety of normal and transformed cells. Transcripts encoding
VEGF121 and VEGF189 are detected in the majority of cells and tissues expressing
the VEGF gene (Ray et al. 2000). Among the mechanisms that have been proposed
to participate in the regulation of VEGF gene expression, oxygen tension is a par-
ticularly important mediator, both in vitro and in vivo. Also, ischemia caused by
occlusion of the left anterior descending coronary artery results in a dramatic in-
crease in VEGF levels in the dog and rat myocardium, suggesting the possibility
that VEGF may mediate the spontaneous revascularization that follows myocardial
ischemia (Shizukuda et al. 1993; Sasaki et al. 2002).

VEGF is a potent vascular endothelial cell-specific mitogen that stimulates en-
dothelial cell proliferation, microvascular permeability, vasodilatation, and angio-
genesis (Ferrara and Davis-Smyth 1997; Neufeld et al. 1999). VEGF is the only
growth factor proven to be specific and critical for blood vessel formation (Ferrara
1999). VEGF has also been shown to improve endothelial cell function and sur-
vival in vitro and vascular reactivity in vivo (Spyridopoulos et al. 1997). Various
mechanisms have been shown to be involved in the regulation of VEGF expression.
Oxygen tension appears to play a significant role, both in vitro and in vivo. VEGF
mRNA expression is rapidly induced by exposure to low P 02 in a variety of cul-
tured cells such as retinal pigmented epithelial cells (Shima et al. 1995), myoblast
(Shweiki et al. 1992), cardiomyocyte (Banai et al. 1974), and tumor cells (Shweiki
et al. 1992). Furthermore, occlusion of the left anterior descending coronary artery
results in VEGF protein expression suggesting that VEGF is a mediator of the revas-
cularization (spontaneous) that occurs in low oxygen conditions. There exist similar-
ities between the mechanisms leading to hypoxic regulation of VEGF and erythro-
poietin (EPO). Cobalt chloride was found to induce both VEGF and EPO mRNA
expression. Hypoxic induction of both genes was inhibited by carbon monoxide,
suggesting the involvement of a heme protein in the process of sensing oxygen levels
(Goldberg and Schneider 1994). EPO increases the oxygen-carrying capacity of the
blood by stimulating red cell formation, while VEGF-induced angiogenesis allows
the delivery of oxygen to ischemic tissues. Recent studies have demonstrated that
nitric oxide (NO) plays an important role in many VEGF-induced actions. VEGF
has been shown to induce the production of NO from rabbit, pig, bovine, and human
vascular endothelial cells (Morbedelli et al. 1996; Van der Zee et al. 1997; Parenti
et al. 1998). Inhibition of NO production by eNOS inhibitors significantly inhib-
ited VEGF-induced mitogenic and angiogenic effects (Papapetropoulos et al. 1997).
Endothelial NOS/NO has been implicated as one of the important mediators for
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VEGF-induced hemodynamic changes and microvascular permeability. Although
eNOS was originally described as a constitutive enzyme, more recent studies in-
dicate that a variety of stimuli including hypoxia, shear stress, inflammatory cy-
tokines, high glucose, and injury could modulate eNOS expression and activity
(Sase and Michel 1997; Le Cras et al. 1996). In vitro experiments have shown that
activation of KDR induces proliferation and migration of endothelial cells as well
as expression of eNOS and iNOS (Waltenberger et al. 1994; Kroll and Waltenberger
1998). So far, the role of VEGF receptors in the release of NO is controversial.
In human placental trophoblast it has been suggested that Flt-1 can induce the re-
lease of NO (Bussolati et al. 2001). The precise signaling pathways that mediate
those responses have not been elucidated; however, phospholipase D and nitric ox-
ide synthase have been identified as key enzymes activated by VEGF. These two
enzymes have been shown to depend on protein kinase C (PKC) and its downstream
mitogen-activated protein kinase (MAPK) activation (Wood et al. 1992; Seymour
et al. 1996). Many studies found that the effects of preconditioning are mediated by
PKC, MAPKs, and redox-regulated transcription factors such as NFκB and STAT 1
activation. Among 10 PKC isoforms, PKC α, δ, ε, and ζ isoforms are expressed
in rat myocardium. Several groups have demonstrated that either PKC δ or ζ is re-
quired for the protective effect of preconditioning in rat myocardium. Inhibition of
PKC activity with the chemical inhibitor calphostin prevents VEGF-induced vas-
cular growth (Friedlander et al. 1992) but the role of specific isoenzymes in the
processes that constitute angiogenesis is unknown, because the specificity of most
PKC inhibitors for individual isoenzymes has not been established. Recently, pep-
tide antagonist of several PKC isoforms has been synthesized by Mochly-Rosen
and associates (Souroujon and Mochly 1998). Development of PKC translocation
peptides is based on the hypothesis that binding of each PKC isoform to isoform-
specific anchoring proteins termed receptors for activated C kinase (RACK) occurs
after phospholipid-induced allosteric conformational changes that activate the en-
zyme and expose its RACK-binding domain (Mochly-Rosen 1995). This leads to
PKC translocation and binding to isoform-specific RACKs at different subcellular
sites, which is thought to determine the function of each isoform. The activation of
Flk-1/KDR may be sufficient for embryonic angiogenesis, and activation of VEGF-
1-mediated NO release may be required to promote the development of the intricate
architecture of the vascular network in wound healing. Thus, NO seems to be a
molecular switch for endothelial cell differentiation, and induction of eNOS and/or
iNOS may have therapeutic activity in vascular insufficiencies. A final proof for the
role of various VEGF receptors in NO release, however, remains to be demonstrated.

Fibroblast Growth Factors (FGFs)

FGFs are members of a family of polypeptides synthesized by a variety of cell types
during the process of embryonic development and in adult tissues. These growth fac-
tors have been detected in normal and malignant cells and show a biological profile
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that includes mitogenic and angiogenic activity. FGF and FGF receptors (FGFR)
play significant roles in many biological systems. The FGFRs are a family of trans-
membrane tyrosine kinases involved in signaling via interactions with the family of
FGFs. The first agent to be used in an attempt to stimulate myocardial neovascular-
ization was FGF-1 (Banai et al. 1991). In animal models, FGF has been shown to
stimulate angiogenesis, granulation, tissue formation, epithelial growth, and wound
tensile strength (Silverstein and Rifkin 1987) Recently, several animal studies have
indicated that both basic fibroblast growth factor FGF and acidic fibroblast growth
factor FGF enhance the regeneration of peripheral nerve (Aebischer et al. 1989).
Both VEGF and FGF2 activate the ERK-1/2 pathway via the canonical Grb2-SOS-
Ras pathway. Interactions between growth factors are not clearly understood. Var-
ious studies have shown that VEGF induces FGF2 expression in endothelial cells
while FGF2 in turn can also induce VEGF expression (Seghezzi et al. 1998; Claffey
et al. 2001). It is clear from the recent studies that neutralization of FGF2 activity
inhibits VEGF-induced angiogenesis and vice versa (Tomanek et al. 2002). Over-
all, VEGF165 and FGF2 share some similarities because both growth factors can
stimulate the MAPK cascade and activation of these pathways is required for either
factor’s activity.

Revascularization/Angiogenic Strategies

In the past ten years, alternative revascularization/angiogenesis strategies have pro-
gressed from bench to bedside, focusing on the capillary sprouting and/or growth
of new vessels to replace the old. However, most of the strategies involve the deliv-
ery of growth factors. As mentioned earlier, promotion of angiogenesis with intra-
arterial injection of naked VEGF cDNA to treat ischemia in atherosclerotic periph-
eral vascular disease was the first successful application of these research advances
(Isner et al. 1996). Intracoronary injection of purified bFGF has also been used to
reduce ischemic extent in coronary diseases.

Angiogenic Therapy

Angiogenic therapy is the stimulation of blood vessel growth in ischemic dis-
ease. Experimental research on angiogenesis for ischemia started in the 1960s
(Svet-Moldavsky and Chimishkyan 1977). Yanagisawa-Miwa et al. (1992) infused
bFGF into the coronary arteries of dogs and improved cardiac function after ex-
perimental MI. Takeshita et al. (1994) reported that VEGF infused into an iliac
artery promoted the development of collateral vessels in an ischemic rabbit hind
limb. Moreover, Morishita et al. (1999) reported that human HGF administered into
an iliac artery improved collateral vessel formation using an ischemic rabbit hind
limb. Shintani et al. (2001) found that mononuclear cells (MNCs), separated from



290 Nilanjana Maulik

autologus bone marrow, injected into muscle increased collateral vessel flow in a
similar model. Angiogenic therapy for ischemic disease was first performed at Tufts
University in the United States in 1994. Isner et al. (1996) reported that adminis-
tration of a plasmid vector incorporating VEGF165 into arteries supplying an is-
chemic limb of patients suffering from arteriosclerosis obliterans (ASO) increased
collateralization.

Angiogenic therapy for ischemic disease has developed rapidly in the 10 years
since its introduction. However, although in vivo experiments produced collateral
vessels, some of the procedures used were not clinically appropriate. Recently, an-
giogenic therapy for patients with ischemic disease has been introduced. Angiogenic
strategies for ischemic disease include: (a) angiogenic protein or gene administra-
tion, (b) bone marrow MNC implantation, (c) peripheral blood EPC implantation,
and (d) hematogenous cytokine administration.

(a) Angiogenic therapy using angiogenic protein or gene
administration for ischemic heart disease

Basic research using a porcine model of chronic ischemic heart showed that the
injection of the phVEGF165 gene (Vale et al. 1999b; Tio et al. 1999) or VEGF-2
gene (Vale et al. 1999a) into stunned (or hibernated) myocardium improved collat-
eral vessel blood flow, and the injection of an adenovirus coded with the VEGF121
gene (Mack et al. 1998; Lee et al. 2000) into stunned myocardium also increased
collateral vessel flow and improved cardiac function. Although the administration
of the FGF-2 protein into the coronary arteries improves myocardial ischemia in
dogs (Lazarous et al. 1995; Rajanayagam et al. 2000) and pigs (Lopez et al. 1997),
recombinant FGF-1 had no effect in a canine chronic myocardial infarction model
(Banai et al. 1991). In the pig model, the injection of both DNA coded with FGF
into stunned myocardium and adenovirus coded with FGF-5 into the coronary artery
increased collateral blood flow (Giordano et al. 1996).

Animal experiments suggest that the administration of VEGF or FGF protein im-
proves collateral blood flow in the ischemic myocardium. However, in clinical cases,
these proteins had no effect (Henry et al. 2000; Simons et al. 2002). Esakof and col-
leagues administered a plasmid vector including the phVEGF165 gene to patients
with severe ischemic heart disease who were not candidates for PCI or CABG into
their myocardium through a small left anterior thoracotomy under transesophageal
echocardiographic guidance as a phase I clinical trial (Losordo et al. 1998; Esakof
et al. 1999; Symes et al. 1999). This therapy improved patients’ exercise tolerance
and reduced their symptoms, demonstrating the safety and usefulness of this ap-
proach (Losordo et al. 2002). To minimize invasions, cardiac catheterization was
used to administer the VEGF-2 DNA gene into stunned myocardium in patients
with severe ischemic disease, and reduced the frequency of angina attacks com-
pared with a placebo group (Vale et al. 2000). A few patients have received the
bFGF gene for ischemic heart disease by injection into epicardial fat during CABG
in areas where no graft could be placed. The results were not unequivocal since
the clinical situation was complex and not easily categorized. Still, data suggested
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that angina symptoms improved and myocardial blood flow increased (Laham et al.
1999).

Further study to enhance effectiveness is needed, particularly to prolong its ef-
fect prior to its catabolism. Angiogenic gene therapy offers the additional benefit of
avoiding the need for surgery in this group of very sick patients.

(b) Angiogenic therapy using bone marrow mononuclear cell (MNC)
implantation for ischemic heart disease

A few vascular endothelial stem cells exist in the bone marrow. However, MNCs and
hematogenous stem cells other than vascular endothelial stem cells can synthesize
and release VEGF, bFGF, and angiopoietin-1 as factors, which induce the multi-
plication and maturation of endothelial cells (Brunner et al. 1993; Hamano et al.
2000). Furthermore, it has been reported that synthesis and release are enhanced
under hypoxic conditions. Noishiki et al. (1996) reported that endothelialization of
an artificial blood vessel occurred after implanting bone marrow MNCs in a ca-
nine abdominal aortic replacement model. Shi et al. (1998) reported that endothelial
stem cells (CD34+ cells), implanted from other animals, homogenously colonized
endothelial flow surfaces of vascular prostheses of the descending thoracic aorta in
dogs following whole body irradiation. It was suggested that bone marrow MNCs
have the potential to differentiate into vascular endothelial cells. When using large
animals, Kamihata et al. (2001) reported that after autologous bone marrow MNCs
were introduced into stunned myocardium through the epicardium by the open chest
method, collateral blood flow was significantly increased without arrhythmia.

Based on these studies, Matsubara and colleagues (Tateishi-Yuyama et al. 2002)
reported a randomized double-blind control study of patients with severe ischemic
limb disease (Fontaine grade III or IV) resistant to medical or surgical therapy.
MNCs were separated and synthesized from autologous bone marrow and injected
into the ischemic limb muscle, leading to improved ankle brachial pressure index
(ABI), treadmill exercise tolerance, reduced symptoms, and collateral blood flow
on angiography. Moreover, there were no complications, such as the change to cells
other than endothelial cells, inflammation, edema, or new bone formation. This is
the first clinical report on angiogenic therapy for ischemic disease using cell trans-
plantation.

We have treated no-option severe ischemic limb ASO patients with autologous
bone marrow MNC implantation with significant improvement in symptoms and
in collateral blood flow as examined by angiography (Figure 15.1, adapted from
Fukuda et al. 2004). Critical limb ischemia is an advanced form of peripheral artery
disease, which is a general term used to describe those diseases affecting blood ves-
sels of the arms and legs. Therefore, peripheral artery disease is strongly associated
with coronary artery disease.

The initial clinical successes in conjunction with good results in basic animal
studies warrant further investigation into the bone marrow MNC transplantation
for clinical ischemic heart disease. Hamano et al. (2001) performed autologous
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Fig. 15.1 Angiographies of a patient with arteriosclerosis obliterans who underwent bone marrow
cell implantation. (Adapted from Mol. Cell. Biochem. 264:143–149, 2004.) (See color plate.)

bone marrow MNC transplantation to the domain inaccessible to surgical revas-
cularization concomitantly with CABG. Although it is difficult to isolate the effect
of angiogenic therapy because cell transplantation was performed simultaneously
with CABG, left ventricular wall motion improved in distributions that received cell
transplantation but no graft. There was no complication of angiogenic therapy in 18
months of follow-up. They performed autologous bone marrow MNC transplanta-
tion via small left thoracotomy in patients who previously underwent five PCIs and
two CABGs, and reported decreased angina, improved left ventricular contraction,
better exercise tolerance, and no arrhythmic complications.

At present, angiogenic therapy using bone marrow MNCs is performed world-
wide in patients with treatment-resistant ischemic limbs. Moreover, angiogenic ther-
apy using autologous bone marrow MNCs injected into stunned (hibernated) my-
ocardium is performed in several institutions, and the number of trial centers is also
increasing very fast.

(c) Angiogenic therapy using peripheral blood EPCs

The endothelial progenitor cell (EPC) of peripheral blood origin is the CD34+,
which differentiates into a vascular endothelial cell under the influence of VEGF,
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bFGF, and insulinlike growth factor (IGF) (Shi et al. 1998). However, since the
number of peripheral blood CD34+ EPCs is only 10% of that in bone marrow (Ben-
der et al. 1991), angiogenic therapy is more effective when bone marrow MNCs are
used rather than peripheral blood EPCs. Co-incubation of CD34+ cells of low purity
with CD34− cells reportedly increased the proliferation rate of EPCs by more than
10-fold than when the former were cultured alone.

(d) Angiogenic therapy using hematogenous cytokine

Takahashi et al. (1999) reported that granulocyte macrophage colony-stimulating
factor (GM-CSF) is one of the hematogenous cytokines that cause EPCs to migrate
bone marrow into the peripheral blood. Seiler et al. (2001) infused GM-CSF into the
coronary arteries of 21 patients with ischemic heart disease who were not candidates
for CABG due to severity of disease. The authors reported increased collateral blood
flow in a randomized double-blind study. Another hematogenous cytokine, granulo-
cyte colony-stimulating factor (G-CSF), was examined for its angiogenic potential,
but no beneficial effect was achieved. GM-CSF has been shown to stimulate pro-
liferation, differentiation, maturation, and survival of monocytes and macrophages.
This potent cytokine was also found to reduce collagen synthesis (Tojo et al. 1999).
Moreover, M-CSF is found to reduce apoptosis as reported by Fuller et al. (1993).
Therefore, infusion of M-CSF might increase cell survival after MI in the heart and
other organ.

(e) Angiogenic pretreatment with growth factors along
with cell implantation more effective

The combination of myocardial cell transplantation and angiogenic gene trans-
fer is a very fascinating way of inducing long-term angiogenesis (Figure 15.2).
The potential importance of angiogenic pretreatment in avoiding an ischemic gap
may affect cell survival followed by functional benefits of cellular cardiomyoplasty
(Sakakibara et al. 2002). Sakakibara et al. administered bFGF- incorporating mi-
crospheres, 1 week prior to fetal cardiomyocyte transplantation in a rat coronary
ligation model. The combination of therapeutic gene transfer strategies with my-
ocardial cell transplantation may represent a promising strategy for patients with
ischemic left ventricular dysfunction. Suzuki et al. (2001) demonstrated that the
transplantation of control transfected skeletal myoblasts could reduce infarct size.
Moreover, it has been shown that the transplantation of skeletal myoblasts ex-
pressing VEGF provides further advanced benefits in reducing infarct size and im-
proves cardiac function. These effects correlated with the enhanced angiogenesis
observed in comparison with control-myoblast transplanted hearts. Thus, transplan-
tation of heart cells transfected with VEGF induced greater angiogenesis than trans-
plantation of unmodified cells. In other study, it was also demonstrated that prior
heat shock treatment of transplanted myoblasts enhances self-preservation systems
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Fig. 15.2 (A) Healthy and infarcted heart. (B) Downregulation of angiogenic factors in the in-
farcted heart is rectified by various angiogenic therapies successfully leading to angiogenesis.

against environmental stress and this improves their survival after engraftment to
the heart using beta-Gal-expressing skeletal myoblasts (Suzuki et al. 2000).

Conclusion

It is obvious that angiogenic therapy for ischemic heart disease using gene ther-
apy, cell transplantation, and hematogenous cytokine administration will benefit in-
creasing numbers of patients. However, long-term studies monitoring side effects to
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establish safety and effectiveness are required. Finally, a randomized double-blind
study is needed to compare the efficacy of angiogenic therapy and conventional
therapy with PCI and CABG. The angiogenic therapy is a promising medical devel-
opment in the treatment of ischemia that will likely improve the quality of life in
patients who have severe ischemic heart disease.
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Abstract Vascular endothelial growth factor (VEGF) is one of the best-
characterized peptide growth factors secreted by vascular endothelial cells. The
cytokine regulates multiple biological functions in endothelial cells, including en-
hanced production of vasoactive mediators. The recognition that VEGF signaling
pathways are critical in physiological angiogenesis has led to the concept that these
pathways are suitable targets for therapeutic angiogenesis. This review focuses on
VEGF signaling in the cardiovascular system, the role of VEGF in the pathogene-
sis of cardiovascular diseases such as atherosclerosis, ischemic heart disease, pul-
monary hypertension, and vascular restenosis and discusses the therapeutic pos-
sibilities using angiogenesis modulators, which act at several sites in the VEGF
signaling pathway. Current evidence from experimental studies suggests that many
of the treatment strategies targeting VEGF signaling pathways have potential for
clinical use in patients with cardiovascular diseases.

Introduction

Myocardial, cerebral, and peripheral limb ischemia resulting from diseases of blood
vessels in the respective domains are among the major causes of morbidity and mor-
tality in humans. A rational approach to mitigate the effects of ischemia is to stim-
ulate growth of new collaterals. During the last decade, a variety of methods have
been developed to induce angiogenesis. A breakthrough in therapeutic angiogenesis
has been the discovery of vascular endothelial growth factor (VEGF) and the recog-
nition that VEGF signaling represents a critical rate-limiting step in physiological
angiogenesis (Folkman 1998; Ferrara et al. 2003).

This review focuses on recent evidence supporting the concept that VEGF sig-
naling pathways are suitable targets for modulating angiogenesis linked to various
cardiovascular diseases.
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VEGF Biology

VEGF is one of the best-characterized peptide growth factors secreted by en-
dothelial cells. A potent mitogen for micro- and macrovascular endothelial cells
derived from arteries, veins, and lymphatics, VEGF stimulates capillary formation
(Matsunaga et al. 2003). The cytokine also regulates multiple biological functions in
endothelial cells, including enhanced production of vasoactive mediators, increased
expression of components of the thrombolytic and coagulation pathways, and
promotion of cell adhesion molecules such as VCAM-1 and ICAM-1 expression in
endothelial cells.

The family of VEGF, a heparin-binding glycoprotein, encompasses seven mem-
bers: VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and placental
growth factor (PlGF) and three receptors for VEGF: VEGF receptor (VEGFR)-
1 (Flt-1), VEGFR-2 (KDR/Flk-1), and VEGFR-3 (Flt-4) (Rosen 2005). All of
these possess a common homology domain, which is composed of a cystein knot
motif.

VEGF-A (or VEGF), the first discovered among them, is a 34- to 42-kDa dimeric
disulfide-bound glycoprotein, which exists in seven homodimeric isoforms resulting
from alternative splicing of eight exons of the VEGF gene (Hoeben et al. 2004).
VEGF121 and VEGF165 are the most abundant isoforms. While VEGF121 diffuses
freely in tissues, VEGF189 and half of VEGF165 bind to cell surface heparan sulfate
proteoglycans in the extracellular matrix. Heparan sulfate proteoglycans are thus a
major reservoir of VEGF, which can be mobilized by proteolysis (Tammela et al.
2005). VEGF165 is the principal effector of VEGF action (Rajagopalan et al. 2001).

The VEGF-B gene consists of seven exons, alternative splicing of which re-
sults in two isoforms, VEGF-B167 and VEGF-B186. The former (nonglycosylated)
binds heparan sulfate proteoglycan and is sequestered in the extracellular matrix.
VEGF-B186 (O-glycosylated) is freely diffusible.

Mature form of VEGF-C can induce mitogenesis, migration, and survival of en-
dothelial cells of the lymphatic system. VEGF-D also promotes mitogenesis and
lymphangiogenesis (Saharinen et al. 2004). VEGF-E is an Orf virus-encoded VEGF.
PlGF is predominantly expressed in placenta, heart, and lungs (Persico et al. 1999).

Regulation of VEGF Gene Expression

Hypoxia or Oxygen Tension

Hypoxia plays a key role in the regulation of VEGF gene expression. Hypoxia in-
ducible factor (HIF)-1 is the key mediator of hypoxia responses (Semenza 2002).
Adenosine, which accumulates under hypoxic conditions, is involved in the induc-
tion of the VEGF gene which in turn increases VEGF mRNA levels through a pro-
tein kinase A-mediated pathway (Takagi et al. 1996).
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Cytokines and Growth Factors

Several growth factors including EGF, TGF-α and β, IGF-1, FGF, and PDGF upreg-
ulate the expression of VEGF mRNA (Ferrara and Davis-Smyth 1997; Neufeld et al.
1999). Inflammatory cytokines, IL-1α and IL-6 also induce expression of VEGF in
cell types such as synovial fibroblasts (Neufeld et al. 1999).

VEGF Signaling in Cardiovascular System

VEGF is responsible for inducing microvascular permeability, an important prereq-
uisite for angiogenesis. Increased vascular permeability catalyzes plasma protein
leakage and the deposition of fibrin in the extracellular matrix, which can serve
as a scaffold for migrating endothelial cells. The migrated endothelial cells in turn
express three VEGF receptors VEGFR-1, -2, and -3, which are transmembrane ty-
rosine kinases.

VEGF Receptors

VEGF signaling is initiated by the binding of the protein to its receptor on the cell
surface. Three VEGFRs have been identified, namely, VEGFR-1 or fms-like tyro-
sine kinase (Flt-1), VEGFR-2 or kinase domain region (KDR/Flk-1), also referred
to as fetal liver kinase, and VEGFR-3 or Flt-4. Each receptor has an extracellular
domain, a single hydrophobic transmembrane region, and a consensus tyrosine ki-
nase sequence in the cytoplasmic region within the catalytic domain (Hoeben et al.
2004). VEGFR-1 and -2 have seven extracellular immunoglobulin homology do-
mains. But in VEGFR-3, the fifth immunoglobulin domain is cleaved on receptor
processing into disulfide-linked subunits. VEGFR-1 and -2 mediate angiogenesis
and VEGFR-3 is also involved in lymphangiogenesis. VEGFR-1 plays a regulatory
role in monocyte/macrophage functions (Hiratsuka et al. 1998) whereby it mediates
the VEGF-induced chemotactic responses. VEGFR1 also plays a significant part in
the recruitment of hematopoietic stem cells (HSC) and endothelial progenitor cells
(EPC) (Hattori et al. 2002).

VEGFR-1 binds VEGF-A, VEGF-B, and PlGF with high affinity. VEGFR-1 can
heterodimerize with VEGFR-2 and this complex shows stronger signaling proper-
ties than VEGFR-1 or -2 homodimers (Huang et al. 2001).

VEGFR2 is produced in hematopoietic stem cells, megakaryocytes, platelets
(Ziegler et al. 1999), and retinal progenitor cells (Yang and Cepko 1996). It binds
VEGF-A, VEGF-C, VEGF-D, and VEGF-E. VEGF-E binds with high affinity to
VEGFR-2. Binding affinity of VEGF to VEGFR-2 is lower than that to VEGFR-
1, but VEGFR-2 is the primary receptor that transmits VEGF signals in endothe-
lial cells (ECs) (Gille et al. 2001). VEGF-C and -D upregulate the expression of
VEGFR-2 (Stacker et al. 2001).
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Fig. 16.1 The specificities of members of the VEGF family for their receptors.

During embryonic development, VEGFR-3 is mainly found in venous endothe-
lium, but it becomes confined to lymphatic endothelial cells later. VEGFR-3 binds
VEGF-C and D and does not bind A (Joukov et al. 1996).

There is another receptor called neuropilin-1 (NP-1), which is a receptor for
VEGF165 and also recognizes VEGF-B and PlGF-2 (Soker et al. 1998; Makinen
et al. 1999). NP-1 is expressed in the endocardium, coronary vessels, myocardial
capillaries, and epicardial blood vessels. In endocardium and myocardial capillar-
ies, it is co-expressed with VEGFR-1 and VEGFR-2. But in coronary vessels, it is
co-expressed only with VEGFR-1 (Partanen et al. 1999). NP-1 regulates VEGF165
levels and is thought to be required for cardiovascular development (Kawasaki et al.
1999). The specificities of members of the VEGF family for their receptors are
shown in Figure 16.1.

Downstream Signaling of VEGF and Its Biological Role

Binding of VEGF to its receptor results in receptor dimerization, followed by re-
ceptor transphosphorylation and autophosphorylation on the tyrosine residues. This
activates the tyrosine kinase domain of the receptor and initiates various downstream
signaling cascades that can reach the nucleus, thus modulating cellular proliferation
and differentiation.

VEGF is a positive regulator of the cell cycle. VEGF stimulation induces the
expression of genes for cell cycle regulators, such as cyclin and cyclin-dependent
kinase (CDK). JNK (c-Jun N-terminal kinase) and molecules downstream from it
affect VEGF-induced synthesis of cyclin D1, cdk4 activity, and G1/S cell cycling
progression in ECs (Pedram et al. 1998). This is a result of upstream activation
of SEK-1 (stress-activated protein/ERK kinase 1) and JNK through ERK stimula-
tion. Studies in bovine aortic endothelial cells show that VEGF activates the STAT
(STAT 1 and 6) pathway through VEGFR-2. STATs (tyrosine kinase-dependent tran-
scription factors) are important modulators of cell growth responses in angiogene-
sis (Bartoli et al. 2000). In pathological conditions, activation of STATs in cardiac
tissues has been observed (Negoro et al. 2000; Xuan et al. 2001). The activation
of JAK-STAT signaling pathway is considered to activate cytoprotective genes and
provide protection against ischemic stress (Negoro et al. 2001).
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Angiogenic Mechanisms

Angiogenic mechanisms include ensuring EC survival, stimulating EC proliferation,
and promoting EC migration.

Endothelial Cell Survival

VEGF activates endothelial cell survival mechanisms and antiapoptotic signaling,
thereby maintaining endothelial integrity. VEGF inhibits apoptosis in human umbil-
ical vein endothelial cells (HUVECs) by activating antiapoptotic kinase, Akt/PKB
via PI3K-dependent pathway (Gerber et al. 1998b). Long-term effect is brought
about by upregulating the antiapoptotic proteins Bcl-2 and A1 (Gerber et al. 1998a).
This in turn upregulates two members of inhibitors of apoptosis (IAP), namely, sur-
vivin and X-chromosome-linked IAP (XIAP), thus inhibiting upstream caspases
(Tran et al. 1999). The effect of VEGF on EC survival is mediated by increasing
tyrosine phosphorylation of focal adhesion kinase (FAK) and focal adhesion as-
sociation of FAK and paxillin, a FAK-associated protein. Studies indicate that Akt
functions to promote cellular survival in vivo. The pathways involved in VEGF stim-
ulation of cell survival mechanisms are depicted in Figure 16.2.

Endothelial Cell Proliferation

Binding of VEGF to VEGFR-2 mediates the DNA synthesis and proliferation in nu-
merous cell types. Cell proliferation is mediated by VEGF through various signaling
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Fig. 16.2 Intracellular pathways involved in VEGF stimulation of cell survival mechanism.



306 D. C. Rajalakshmi et al.

pathways. One among them involves inducing the activity of extracellular signal-
regulated kinases (ERKs) 1 and 2 that plays a central role in stimulating endothelial
cell proliferation (Abedi and Zachary 1995).

VEGF stimulates PLCγ by phosphorylation of tyrosine residue. PLCγ converts
phosphoinositol diphosphate (PIP2) to diacylglycerol (DAG) and inositol triphos-
phate (IP3), thereby activating protein kinase C (PKC). Activation of PKC is a major
signaling event, which mediates VEGF-induced EC proliferation and angiogenesis.
VEGF induces the translocation of calcium-dependent α and β2 isoforms of PKC
to plasma membrane (Xia et al. 1996). The mitogenic activity of VEGF is predomi-
nantly mediated by the PKC β2 isoform (Harrington et al. 1997). Studies using PKC
inhibitors indicate that PKC α and ξ isoforms are also involved in VEGF mitogen
signaling (Xia et al. 1996; Higaki et al. 1999; Takahashi et al. 1999; Wellner et al.
1999). The isoform PKC δ retards cell cycle progression in microvascular endothe-
lial cells. The reduced PKC δ activity contributes to VEGF-mediated cell prolifer-
ation. Mitogen activity of VEGF is also dependent on NO-mediated reduction in
PKC δ activity (Shizukuda et al. 1999).

VEGFR-2 also associates with SH2 domain adapter proteins like ShC and Grb2,
subsequently stimulating SOS, a guanine nucleotide exchange protein. This results
in activation of Ras, followed by activation of the MAP kinase pathway leading to
activation of c-Jun N-terminal protein kinase (Pedram et al. 1998). This signaling
mediates cell proliferation. VEGFR-2 activates ERK cascade in a Ras-independent
pathway also. This signaling is mediated by PKC (Takahashi et al. 1999; Gliki et al.
2001). Various signaling pathways involved in VEGF-induced EC proliferation are
given in Figure 16.3.

Cell Migration

Degradation of basement membrane is an early step in the initiation of angiogenesis.
It is essential for the migration of ECs (Risau 1997). VEGF upregulates the expres-
sion of matrix metalloproteinases that play an essential role in VEGF-induced EC
migration (Lamoreaux et al. 1998). Several pathways are switched on by VEGF,
resulting in cell migration. Activation of tyrosine phosphorylation of FAK at tyro-
sine 861 is one among them. A cross-talk between VEGFR-2 and αvβ3 integrin is
also involved in FAK activation (Hutchings et al. 2003). Heat shock protein Hsp90
facilitates FAK activation by VEGFR-2. VEGFR-2 associates with Hsp90 and sub-
sequently phosphorylates FAK on tyrosine 407. VEGF activates initially GTPase
RhoA, which in turn induces phosphorylation of FAK and recruitment of paxillin to
FAK, resulting in EC migration (Le Boeuf et al. 2004).

Another pathway involved in VEGF-induced cell migration is Akt-dependent
phosphorylation of eNOS at serine residue (Dimmeler et al. 2000), resulting in in-
creased nitric oxide (NO) production. NO is implicated in nonchemotactic scalar
movement of ECs (Noiri et al. 1997; Goligorsky et al. 1999). NO also regulates
FAK tyrosine phosphorylation in ECs (Goligorsky et al. 1999). Pathways involved
in VEGF stimulation of EC migration are shown in Figure 16.4.
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Fig. 16.3 Signaling pathways involved in VEGF-induced EC proliferation.
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Role of VEGF in NO and PGI2 Production

VEGF mediates vasopermeability (VP) and vascular proliferation also, by stimulat-
ing the production of intercellular mediators, namely, NO and prostacyclin (PGI2)
(Zachary et al. 2000). Studies in isolated coronary venules have confirmed the role
of PLCγ, PKC, Ca2+, and NO in VEGF-induced VP (Breslin et al. 2003). VEGF
stimulates NO and PGI2 production by activating c-Src and subsequently PLCγ.
Activated PLCγ converts PIP2 to DAG and IP3, which results in PKC activation
and Ca2+ mobilization, respectively (He et al. 1999). PKC enters the MAPK path-
way that finally activates PLA2 (Wheeler-Jones et al. 1997), resulting in the mobi-
lization of arachidonic acid, and synthesis of PGI2. The release of PGI2 is mediated
via Ca2+-triggered pathway. An increase in cytosolic Ca2+ stimulates the release
of PGI2.

eNOS–cGMP pathway regulates the VEGF-mediated endothelial permeability
(Lal et al. 2001). Inhibition of NOS is found to block the activation of ERK1/2 by
VEGF in porcine coronary venular ECs (Parenti et al. 1998), indicating that NO
activates ERK.

NO also disrupts cytoskeletal protein complex formation and arrangement of
actin fibers in ECs (Kroll and Waltenberger 1997; Lackey et al. 2000), resulting
in dilation of the cells’ tight junctions (Kroll and Waltenberger 1997).
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Fig. 16.5 Pathways involved in VEGF-induced NO and PGI2 synthesis.
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VEGF induces both long- and short-term NO production. Short-term NO pro-
duction is induced by the activation of constitutive eNOS isoforms through Ca2+
mobilization. NOS is also stimulated through the activation of Hsp90 or Hsp90-
associated protein (Garcia-Cardena et al. 1998).

Long-term NO production is mediated by VEGF by the upregulation of eNOS
mRNA and protein expression, which involves PKC (Dimmeler et al. 1999; Fulton
et al. 1999; Shen et al. 1999). Pathways involved in VEGF-induced NO and PGI2
syntheses are shown in Figure 16.5.

Vascular Protective Actions of VEGF Mediated by NO and PGI2

NO and PGI2 produced by VEGF exhibit several other vascular protective effects.
They inhibit vascular smooth muscle cell (VSMC) proliferation. The antiprolifera-
tive effect of NO and PGI2 on SMCs is mediated via the production of the intracel-
lular messengers cGMP and cAMP, respectively (Asada et al. 1994; von der Leyen
et al. 1995).

NO also inhibits leukocyte adhesion to the endothelium (von der Leyen et al.
1995). NO and PGI2 have antiplatelet actions as well. Thus, via NO synthesis,
VEGF can provide protection against proatherogenic factors (Zachary 2001). The
overall vascular protective action of VEGF mediated by NO and PGI2 is illustrated
in Figure 16.6.
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Fig. 16.6 Vascular protective action of VEGF mediated by NO and PGI2.
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VEGF and the Cardiovascular System

Development of Heart and Vessels

VEGF plays a significant role in the development and replacement of the vascu-
lar system during embryonic growth. VEGF expression is strong at sites of active
vasculogenesis and angiogenesis in embryos of mouse (Weinstein 1999). The ex-
pression of VEGF and its high-affinity binding receptors (Flt-1 and Flk-1) are crit-
ical for the development of embryonic vasculature. Flt-1 signaling pathway may
regulate normal endothelial cell–cell or cell–matrix interactions during vascular de-
velopment (Fong et al. 1995).

The levels of VEGF during development appear to be very critical and stud-
ies have shown that experimental mice lacking certain VEGF isoforms, die soon
after birth and those that survive are prone to ischemic cardiomyopathy and multi-
organ failure (Carmeliet et al. 1999a; Post and Waltenberger 2005). Mice expressing
VEGF188 (homologue of human VEGF189) show impaired arteriolar development;
a half of them die at birth (Stalmans et al. 2002). VEGF-B gene knockout mice defi-
cient in VEGF-B have smaller heart and recover poorly from experimental myocar-
dial infarction.

VEGF overexpression also produces similar results. The mutant embryos dis-
play several developmental anomalies consisting of an attenuated compact layer of
myocardium, overproduction of trabeculae, defective ventricular septation, aberrant
coronary development due to oversized epicardial vessels, and also abnormalities in
outflow track remodeling (Miquerol et al. 2000). These findings suggest that VEGF
signaling is critical for cardiovascular development.

Role in Cardiovascular Diseases

Increased VEGF expression in tissues has been observed in several cardiovascu-
lar diseases including atherosclerosis, ischemic heart diseases, pulmonary hyper-
tension, and restenosis. The role of VEGF in selected conditions and therapeutic
possibilities are discussed below.

VEGF and Atherosclerosis

The detection of intraplaque microvessels in advanced atherosclerotic plaque and
VEGF expression in early atherosclerotic lesions suggests the importance of VEGF
expression preceding the formation of intraplaque microvessels (Inoue et al. 1998).

Transfection of animals with plasmid DNA encoding murine soluble Flt-1
(sFlt-1) prevents the early vascular inflammation and late arteriosclerosis. Since
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sFlt-1 acts by blocking VEGF activity, the study indicates that VEGF mediates
monocyte recruitment, necessary for the development of atherosclerosis.

Prolonged treatment with angiogenesis inhibitors such as angiostatin, endostatin,
and fumagillin analogue TNP-40 reduces plaque growth and intimal neovasculariza-
tion (Moulton et al. 1999). A reduced abundance in VEGF as a result of angiosta-
tin administration accounts for the suppressed angiogenic activity (Moulton et al.
2003).

Celletti et al. (2001) have evaluated the impact of recombinant human VEGF
(rhVEGF) administration on the progression and destabilization of atherosclerotic
plaques. An increase in cross-sectional plaque area and circumferential plaque ex-
tension accompanied by increase in thickness was found in rhVEGF-treated apo
E-deficient cholesterol-fed mice when compared to control mice, treated with albu-
min. This effect of rhVEGF is not species specific and has been observed in rabbits
and in dogs as well.

VEGF and Myocardial Infarction

Animal studies reveal that ischemia induces the expression of VEGF mRNA in
heart. VEGF-mediated angiogenesis is a compensatory response to ischemia. Stud-
ies by Kranz et al. (2000) revealed that 10 days after an acute myocardial infarc-
tion (AMI), VEGF-A levels in the serum reach a concentration capable of stimu-
lating proliferation of ECs. Shinohara has studied the transcription and distribution
of VEGF mRNA in normal human and myocardial infarcted hearts. In AMI, VEGF
mRNA was detected in VSMC of arterioles as well as in macrophages that infiltrated
the granulation tissues. Interestingly, in the normal heart, VEGF mRNA signals are
only seen in the cytoplasm of cardiomyocytes and not in blood vessels (Shinohara
1994).

Within hours after ischemic injury, changes occur in the vasculature, which in-
clude alterations in vascular permeability and endothelial survival. VEGF binds to
its receptor (Flk) and mediates Src kinase activity in the blood vessels. This regu-
lates EC barrier function following AMI. Quiescent blood vessels contain a complex
of Flk, VE-cadherin, and β-catenin (Carmeliet et al. 1999b; Shay-Salit et al. 2002;
Zanetti et al. 2002). Upon VEGF binding to its receptor, Src is recruited to the re-
ceptor (Chou et al. 2002). Src kinase can phosphorylate E-cadherin, resulting in the
dissociation of ECs from one another (Behrens et al. 1993). There is a transient
disruption of the Flk–cadherin–catenin complex. This leads to dissociation of the
junctional complex, thereby disrupting EC barrier function (Weis et al. 2004).

In the consecutive repair phase after AMI, VEGF directs angiogenesis and ar-
teriogenesis resulting in the formation of collateral circulation (Garcia-Dorado and
Oliveras 1993). Cells and molecules involved in ventricular remodeling after in-
farction influence VEGF expression. Angiotensin II expressed by myofibroblasts
upregulates the expression of VEGF and Flt-1 (Chintalgattu et al. 2003). Endoge-
nous monocyte chemoattractant protein (MCP-1) contributes to VEGF-mediated
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acute increase in VP in a dose-dependent manner (Yamada et al. 2003). In vitro
studies show that anti-MCP-1 antibody significantly blocks VEGF-induced tubule
formation.

Therapeutic effect of VEGF-induced angiogenesis in animal models of coronary
ischemia has been extensively studied (Banai et al. 1994a; Harada et al. 1996). An
increased collateral vessel development and increased blood flow to myocardium
are seen after administration of VEGF or rhVEGF. Arteriogenesis can also be in-
duced through signaling pathway mediated by VEGFR-1. Studies on experimental
models of AMI revealed that PlGF induces the formation of vascular collaterals
through VEGF signaling (Luttun et al. 2002; Autiero et al. 2003). When PlGF binds
to VEGFR-1, it recruits monocytes and acts directly on ECs and SMCs and induces
their growth. Studies on knockout mice of VEGF or receptors reveal the critical role
played by VEGF in the development and formation of blood vessel networks (Fong
et al. 1995; Shalaby et al. 1995).

In patients with ischemic syndromes, intra-arterial administration of rhVEGF
significantly increases the development of collateral vessels (Isner and Asahara
1999), indicating its applicability in therapeutic angiogenesis. In patients who are
not suitable for PTCA or CABG, administration of VEGF can be a novel treatment
option.

An interesting finding is that Src blockade eliminates the VEGF-induced gaps
and the physiological cascade which contributes to the severity of ischemic lesion
in AMI (Weis et al. 2004). Blockade of Src kinase affects one of the several sig-
naling pathways downstream of VEGF activation. It affects VEGF-induced Src and
FAK phosphorylation without disrupting Flk or MAPK activation (Weis et al. 2004).
This indicates that Src regulates VEGF- induced VP without affecting neovascular-
ization (Eliceiri et al. 1999; Weis et al. 2004). A transient suppression of Src activ-
ity within several days after MI can reduce ischemia-induced heart injury without
affecting VEGF-mediated revascularization thus preventing long-term myocardial
damage. Therefore, pharmacological inhibition of Src and Yes (a member of SFK
family) is possibly a therapeutic approach to provide protection to cardiac vessels
and myocytes (Weis et al. 2004). An Src inhibitor, 4-amino-5-(4-chlorophenyl)-7-(t-
butyl)pyrazolo [3,4-D] pyrimidine, inhibits Src-mediated migration and antiapopto-
sis (Abu-Ghazaleh et al. 2001).

VEGF in Ischemic Preconditioning

Studies by Kawata et al. (2001) showed that ischemic preconditioning (IP) enhances
the expression of VEGF mRNA in ischemic cardiac myocytes and vascular ECs.
They observed increase in capillary density in the infarcted area and a reduction in
infarct size, 3 days after the onset of AMI preceded by IP. Several recent studies also
provide evidence for an increased expression of VEGF triggered by IP (Fukuda et al.
2004). When rats with chronic MI were subjected to IP, an induction of survival
factors including VEGF, Bcl-2, and survivin was observed (Fukuda et al. 2004).
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Researchers suggest that co-administration or sequential gene therapy with VEGF,
Bcl-2, and survivin can enhance myocardial collateral blood vessel function.

VEGF and Restenosis

The role of VEGF in restenosis is controversial. Studies by Ohtani et al. suggest
that VEGF promotes restenosis (Ohtani et al. 2004). There are also reports that
both exogenous and endogenous VEGF attenuate restenosis. The explanation for
these paradoxical findings is that VEGF may have different effects depending on
the extent of intimal injury (Hutter et al. 2004; Shiojima and Walsh 2004).

The role of VEGF in restenosis is also apparent in experimental studies after
vascular intraluminal injury. Expression of VEGF and its receptors is upregulated
with the development of neointimal formation in hypercholesterolemic mice after
experimentally induced arterial injury (Zhao et al. 2004). sFlt-1 gene transfer atten-
uates neointimal formation after intraluminal injury in rabbits, rats, and mice. sFlt-1
gene transfer also inhibits the increased expression of VEGF (Ohtani et al. 2004),
Flt-1, Flk-1, and inflammatory factors such as MCP-1. Mice with Flt-1 kinase defi-
ciency exhibit a reduced neointimal formation, indicating the significant role played
by VEGF and Flt-1 signals in the pathogenesis of neointimal formation (Zhao et al.
2004).

VEGF and Pulmonary Hypertension

VEGF plays a pivotal role in lung vascular growth in the embryo. Chronic intrauter-
ine pulmonary hypertension markedly decreases lung VEGF expression (Grover
et al. 2003). It has been reported that changes with selective inhibition of VEGF165
mimic the structural and physiological changes of experimental PPHN (persistent
pulmonary hypertension of the newborn), suggesting a possibility that hypertension
downregulates VEGF expression in the developing lung and that impaired VEGF
signaling may contribute to the pathogenesis of PPHN. Inhibition of VEGF recep-
tors in newborn rats decreases vascular growth and alveolarization and results in
pulmonary hypertension (Tang et al. 2004).

Therapeutic Options

Discovery of the role of VEGF in normal cardiovascular development and in dis-
ease conditions has opened avenues to target the molecule for treatment of several
cardiovascular diseases either to promote angiogenesis or to modulate vascular de-
velopment. The strategies attempted target the VEGF signaling pathway or regulate
VEGF expression in tissues.
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Fig. 16.7 Therapeutic strategies with the use of VEGF in cardiovascular diseases.

VEGF signaling can be targeted for therapy depending on the desired outcome.
For angiogenesis and for promoting beneficial effects, VEGF agonists will be useful.
To reduce vascular permeability and arrest the progression of atherosclerosis, VEGF
antagonists can be applied. Several strategies have been developed for intervening
the VEGF-mediated signal transduction pathways. These are shown in Figure 16.7.

VEGF Agonism

Several studies in animals have provided evidence for the beneficial effects of VEGF
for therapeutic angiogenesis. Mould et al. observed an enhanced vascular growth
in aortic explants from VEGF-B transgenic mice and in mice in which VEGF-B is
overexpressed in ECs (Mould et al. 2005). Direct administration of adenoviral vector
containing cDNA of VEGF165 induces coronary collateral vessel formation and
improves regional myocardial perfusion and function in pigs (Zhang et al. 2002).

Several clinical trials for therapeutic angiogenesis have been conducted in pa-
tients with myocardial ischemia. Although an improvement in exercise time, angina
class, and quality of life was observed in placebo and VEGF-delivered groups, there
was no significant difference between treated patients and controls.

Gene therapy with VEGF is another strategy that is being used for clinical trials
in humans. The VEGF gene can be transferred using adenoviral vector or as naked
plasmid DNA, both of which produce only transient transfection (Hoeben et al.
2004). The administration of naked DNA encoding the VEGF-A165 gene comprises
the largest phase I trial; an improvement in exercise time and time to angina was
maintained 1 year after administration.

Another approach for inducing angiogenesis is the administration of a gene or a
factor that is by itself not angiogenic, but is capable of stimulating the expression
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of angiogenic genes. Delivery of HIF-1α/VP16 (transactivated domain from her-
pes simplex virus VP16 protein) is found to promote improvement in perfusion of
ischemic limb in rabbits (Vincent et al. 2000). Intramyocardial injection of naked
DNA encoding HIF-1α/VP16 hybrid was found to reduce infarct size and enhance
neovascularization in AMI model in rats (Shyu et al. 2002).

PTP Inhibitors

The first step in signal transduction of VEGF is the activation of RTK (receptors
of VEGF). Studies reveal that RTK activation is downregulated by protein tyrosine
phosphatases (PTPs). Numerous receptor type PTPs (HPTP-β and HPTP-γ, PTP-ε)
are expressed in ECs. Retroviral overexpression of PTP-ε in HUVECs negatively
affects survival and proliferation. Inhibitors of PTP-1B enhance VEGFR-2 medi-
ated angiogenesis in Matrigel plug assay (Soeda et al. 2002). Therefore, an alter-
native approach to enhance collateral vessel development by activation of RTK is
by blocking the action of PTPs (Ostman and Bohmer 2001; Zhang 2001). A group
of scientists in Ohio found that a nonselective PTP inhibitor, bis (maltolato) ox-
ovanadium IV (BMOV), enhanced the activation of VEGFR-2 and Tie2 in vitro
in cultured ECs and enhanced VEGF- and angiopoietin-1-mediated cell survival.
BMOV was also found to increase vessel sprouting in rat aortic ring explants, indi-
cating that PTP inhibition can enhance angiogenesis in a multicellular system (Carr
et al. 2004). Another interesting finding was that PTP inhibitor showed its efficacy in
vivo even in the absence of exogenous growth factors. This effect may be mediated
through inherent signals stimulated by changes in shear stress (Helisch and Schaper
2003; Wahlberg 2003). PTP inhibition and shear stress have been found to activate
eNOS in a Ca2+-dependent manner (Fleming et al. 1998), thereby promoting vas-
cular remodeling and collateral blood flow. Therefore, PTPs that negatively regulate
eRTK-mediated signaling must be targeted to enhance collateral development.

The use of PTP inhibitors as therapeutic agents is advantageous when compared
to exogenous administration of VEGF. VEGF at high dose can produce side effects
like vascular leakage, edema, inflammation, and angioma (Thurston et al. 2000;
Masaki et al. 2002). The disadvantage of PTP inhibitors is that, even though low
dose of BMOV promotes angiogenesis, high doses are found to inhibit vessel for-
mation in aortic ring assays (Carr et al. 2004).

There are other agents that can regenerate the endothelium and thus can be em-
ployed for therapeutic angiogenesis. One of them is simvastatin, an HMG CoA re-
ductase inhibitor. Recent studies in hamsters showed that treatment with simvastatin
restored the carotid arterial blood flow after endothelial injury. Anti-VEGF antibody
or anti-Flt-1 antibody reduced the simvastatin-induced endothelial healing, indicat-
ing that simvastatin promotes endothelial regeneration after vascular injury by over-
releasing VEGF (Matsuno et al. 2004).

Luttun et al. (2002) studied the role of PlGF in stimulating angiogenesis and de-
velopment of collateral vessels in the ischemic heart. When PlGF was systemically
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administered, an enhanced angiogenesis in ischemic myocardium and growth of col-
lateral side branches in ischemic limb were observed. PlGF can heterodimerize with
VEGF. It activates VEGFR-1 inducing phosphorylation of distinct tyrosine residue
in tyrosine kinase domain of the receptor (Autiero et al. 2003). Thus, combined
administration of PlGF and VEGF enhances the VEGF-driven angiogenesis (Park
et al. 1994).

VEGF Antagonism

Inhibition of angiogenesis is a promising strategy for the treatment of pathological
conditions associated with new blood vessel formation (Folkman 1995). Several
approaches have been developed to antagonize the action of VEGF (Waltenberger
1997). Inhibiting the binding of the growth factor to its receptor is one among them.
This can be achieved by using neutralizing antibodies against the growth factor.
VEGF antagonism by the administration of mFlt(1-3)-IgG reduces edema and tissue
damage after ischemic reperfusion injury in the mouse brain (van Bruggen et al.
1999).

Antisense oligonucleotides directed against mRNA of VEGF receptor (Flk-1 and
Flt-1) inhibit VEGF-mediated angiogenesis (Marchand et al. 2002). Soluble ephrin
EphA2-Fc receptor is also found to inhibit VEGF-induced EC survival, migration,
and sprouting (Cheng et al. 2002).

As mentioned earlier, MCP-1 has a key role in mediating VEGF-induced vascu-
lar permeability and angiogenesis. Mutation studies by Yamada et al. indicate that
the AP-1 binding site in the MCP-1 promoter region participate in VEGF-induced
MCP-1 promoter activity and that AP-1 plays a key role in VEGF-induced MCP-1
expression and the subsequent monocyte and macrophage infiltration into the ECs
of arterial walls (Yamada et al. 2003). AP-1 has been proposed to be a useful thera-
peutic target for VEGF-related cardiovascular diseases (Yamada et al. 2003).

Suramin, an antitrypanosomal agent, exerts an antiangiogenic action by inhibit-
ing the action of VEGF. VEGF-induced mitogenic activity and chemotaxis of EC is
inhibited by suramin in a dose-dependent manner. The drug inhibits VEGF-induced
tyrosine phosphorylation of KDR in vitro by interacting with KDR and the drug thus
represents an important treatment option (Waltenberger et al. 1996).

Jia et al. (2001) have identified a 12-amino-acid synthetic peptide derived from
exon 6 (based on sequence of VEGF189) that inhibits VEGF binding to HUVECs
and porcine aortic ECs. It also inhibits VEGF-stimulated ERK activation and prosta-
cyclin production. The peptide blocks the interaction of VEGF with KDR and
neuropilin-1.

A glutathione-S-transferase fusion protein corresponding to VEGF165 exon
7-encoded domain has been identified which inhibits the binding of VEGF165 to
KDR/Flk-1 in HUVECs, thus antagonizing VEGF-mediated angiogenesis (Soker
et al. 1997). Another inhibitor, Neovastat, a naturally occurring multifunctional an-
tiangiogenic drug extracted from cartilage, is capable of blocking VEGF-dependent
microvessel sprouting from Matrigel-embedded rat aortic rings and VEGF-induced
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EC tubulogenesis in vitro. It acts by inhibiting the binding of VEGF to KDR and ty-
rosine phosphorylation of VEGFR-2 (Beliveau et al. 2002). HGF/NKF4 (hepatocyte
growth factor containing N-terminal hairpin domain and four subsequent kringle
domains of HGF) is another agent found to inhibit VEGF-induced angiogenesis in
cultured ECs and in vivo rabbit models. Its action is by inhibiting phosphorylation
of ERK and ets-1 expression.

PTK787/ZK222584 (1-[4-pyridyl methyl] phthalazine succinate) is a potent in-
hibitor of VEGF. It inhibits VEGF-induced autophosphorylation of KDR (Wood
et al. 2000). Carboxymethyl dextran benzylamine (CMD B7), a heparinlike mole-
cule, prevents VEGF165-induced KDR autophosphorylation, thus inhibiting the
downstream signals. It interferes with the heparin binding to VEGF165 (Hamma-
Kourbali et al. 2001).

For angiogenesis to occur, cell-to-cell contact between ECs in the parent ves-
sel must first be lost to enhance the dynamic migration of ECs (Ausprunk and
Folkman 1977). VE-cadherin, an EC-specific adhesion molecule, interacts with an-
choring molecules like β-catenin in the cytoskeleton rendering intracellular signals
(Aberle et al. 1996). VEGF stimulates the increased tyrosine phosphorylation of
VE-cadherin, and this mechanism is involved in the EC migration and tubular for-
mation. Modulating the phosphorylation of VE-cadherin can also therefore regu-
late angiogenesis. Targeting VE-cadherin with monoclonal antibodies (Corada et al.
2002) is found to impair remodeling and maturation of vascular network. However,
the high cost of production, manufacturing difficulties, and immunogenic potential
make the approach less advantageous (Lin et al. 2003).

Resveratrol

Resveratrol inhibits VEGF-induced angiogenesis by blocking Src-dependent tyro-
sine phosphorylation of VE-cadherin (Lin et al. 2003). Src enriches cell-to-cell con-
tacts and is also capable of regulating the phosphorylation of cadherin and catenins
(Papkoff 1997). Blockage of Src activity by resveratrol impairs tyrosine phosphory-
lation of VE-cadherin thereby impairing EC migration and tube formation (Lin et al.
2003). Studies in HUVECs show that VEGF-mediated Src activation and phospho-
rylation of VE-cadherin is dependent on reactive oxygen species (ROS). Resveratrol
decreases the VEGF-induced generation of ROS (Lin et al. 2003). These findings
have led to the suggestion that resveratrol usage may be a therapeutic modality to
inhibit VEGF-induced angiogenesis.

Statins

Angiostatin (AS) and endostatin (ES) are antiangiogenic agents with low toxicity
that inhibit the VEGF-mediated migration of primary human microvascular ECs.
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AS and ES inhibit chemotaxis without affecting the signals which regulate the EC
migration, proliferation, and survival (Eriksson et al. 2003). ES acts by transiently
blocking the association of β-catenin and paxillin and binding to integrin, thereby
disrupting the extracellular matrix interaction (Eriksson et al. 2003).

Statins are found to interfere with RhoA activation in ECs, important for VEGF-
induced EC migration (van Nieuw Amerongen et al. 2000). Rho-kinase is upregu-
lated in the arteriosclerotic coronary lesions and is possibly involved in constrictive
remodeling and vasospastic activity of the arteriosclerotic coronary artery. Both of
these activities of Rho-kinase can be reversed by long-term inhibition of the mole-
cule. Rho-kinase for these reasons is regarded as a novel therapeutic target for arte-
riosclerotic vascular disease (Shimokawa et al. 2001).

There are several anticancer drugs that target VEGF. Antitumour agent topotecan
(10-hydroxy-9-dimethylaminomethyl-(S)-camptothecin) is a water-soluble camp-
tothecin analogue that inhibits angiogenesis. It acts by downregulating the
PI3K-Akt signaling pathway (Nakashio et al. 2002). Antitumor agent apigenin
(4′,5,7,-trihydroxyflavone), a common dietary flavonoid, inhibits HIF-1 and VEGF
expression (Fang et al. 2005). Further studies are needed to know whether the
drugs can also decrease vascular permeability and retard the progression of
atherosclerosis.

VEGF and Endothelial Progenitor Cells

Studies by Asahara et al. (1997) and others (Shi et al. 1998) have demonstrated that
bone marrow-derived endothelial progenitor cells (EPCs) in the peripheral blood
may home to sites of neovascularization and differentiate into mature ECs in situ.
EPCs thus are involved in endogenous repair mechanism as well as in ischemia-
induced neovascularization. Mobilization of EPCs into the peripheral blood is regu-
lated by several chemokines/cytokines that are released during endothelial injury or
tissue ischemia. VEGF is one of the growth factors modulating EPC kinetics and dif-
ferentiation (Asahara et al. 1999). Recently it has been reported that VEGF-induced
EPC migration in vitro is mediated by both VEGFR-1 and VEGFR-2 receptors in
contrast to VEGF-induced EC migration, wherein only VEGFR-1 is involved. Both
VEGF receptors are necessary for the formation of functional vessels derived from
exogenously administered human ex vivo expanded EPCs (Li et al. 2006).

A recent study by Yi et al. (2006) reported that EPCs combined with VEGF
gene therapy represent a lucrative therapeutic option for endothelial regeneration
and postnatal vasculogenesis.

Although the role of VEGF in enhancing EPC mobilization and differentiation is
well established, the involved signaling pathways and mechanisms still remain elu-
sive. Llevadot et al. (2001) in their studies on statins and EPCs have reported that the
PI3K/Akt/eNOS signaling pathway mediates the proangiogenic effects of VEGF on
EPCs in vitro. Statins and stromal cell-derived factor-1α (SDF-1α) are also reported
to enhance the in vivo ischemia-induced vasculogenesis and angiogenesis by EPCs
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through the VEGF/eNOS-related pathway (Llevadot et al. 2001; Hiasa et al. 2004).
A further elucidation of the more specific VEGF-induced signaling mechanisms
may provide valuable therapeutic strategies to improve EPC function especially in
patients with CAD.

Conclusion

The role of VEGF and its signaling pathways in the development and physiolog-
ical processes of the cardiovascular system are well elucidated. Influence of the
growth factor in the pathogenesis and/or progression of cardiovascular diseases is
also recognized. Treatment strategies targeting these signaling pathways are, how-
ever, still in experimental stages. Be that as it may, several of them have potential
for clinical use. Intensive studies are needed to translate all of the therapeutic possi-
bilities for eventual use in patients.
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Chapter 17
Myristoyl-CoA:Protein N-Myristoyltransferase
and Myristoyl-CoA Binding Protein from
Bovine Cardiac Muscle

Ponniah Selvakumar and Rajendra K. Sharma

Abstract Protein myristoylation refers to the cotranslational addition of a myris-
toyl group to an amino-terminal glycine residue of a protein by the enzyme
N -myristoyltransferase (NMT). The myristoylation reaction depends on the avail-
ability of the cellular pools of coenzyme A and myristate and their subsequent for-
mation of myristoyl-CoA, the substrate of NMT. In this review, we discuss NMT
and myristoyl-CoA binding protein from bovine cardiac muscle which was carried
out in our laboratory.

Introduction

Myristoyl-CoA:protein N -myristoyltransferase (NMT; EC 2.1.3.97) catalyzes the
cotranslational transfer of the C14:0 fatty acid from myristoyl-CoA to the N-
terminal glycine of a variety of cellular proteins (Selvakumar et al. 2006, 2002;
Farazi et al. 2002; Rajala et al. 2000; Resh 1999; Boutin 1997). The incorporation of
myristate into the N-terminus of a number of oncogenic, viral, and eukaryotic gene
products is extremely important for the function of these proteins (Selvakumar et al.
2006, 2002; Farazi et al. 2002; Rajala et al. 2000; Resh 1999; Boutin 1997). Bio-
chemical evidence has indicated the presence of several distinct NMTs in vivo, often
varying in either apparent molecular weight and/or subcellular distribution. King
and Sharma (1992) provided the first evidence for the existence of multiple forms
of bovine brain NMT. In addition, McIlhinney et al. (1993) identified two forms
of NMT in bovine brain cortex. Subsequently, Glover and Felsted (1995) showed
that bovine brain exists as a heterogeneous mixture of NMT subunits. Two types
of NMT, NMT1 and NMT2, were identified and cloned (Rundle et al. 2002; Giang
and Cravatt 1998). Comparisons between the NMT1 and NMT2 proteins revealed
reduced levels of sequence identity (76–77%), indicating that NMT1 and NMT2
comprise two distinct families of NMTs (Giang and Cravatt 1998). These studies
demonstrate a heretofore-unappreciated level of genetic complexity underlying the
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enzymology of N-terminal myristoylation. It also suggests that the specific inhibi-
tion or regulation of either NMT in vivo may in turn allow for the selective control
of particular myristoylation-dependent cellular functions.

The purpose of this review is to summarize the investigations of NMT and its
binding protein from bovine cardiac muscle and its possible involvement in various
signaling which have been carried out in our laboratory.

Cloning and Characterization of NMT from Bovine
Cardiac Muscle

Previously, we reported that there is a low level of NMT activity in bovine car-
diac muscle (Raju and Sharma 1997). Therefore, we are interested in determining
whether the low activity in cardiac muscle could be due to the low NMT gene ex-
pression or whether it could be due to the presence of inhibitor(s) of the enzyme
activity of the expressed proteins. We cloned and characterized the NMT gene from
bovine cardiac muscle (Raju et al. 1998). The NMT gene contains an open read-
ing frame of 1248 bp and codes for 416 amino acids with apparent molecular mass
of 46,686 Da. At the nucleotide level, cardiac NMT has 99.9 and 92.2% homology
to spleen NMT (Raju et al. 1997) and human NMT (Duronio et al. 1992), respec-
tively. Although the N-termini are diverged in mammalian and yeast NMTs, these
sequences are not required for catalysis (Raju et al. 1997; Ntwasa et al. 1997; Zhang
et al. 1996; Duronio et al. 1992). It has been shown that the N-terminal domain
is involved in targeting NMT to the ribosomal subcellular fraction (Glover et al.
1997).

Fig. 17.1 Ultrastructural localization of NMT in human cardiac muscle by electron microscopy.
For details see Raju et al. (1998).
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Fig. 17.2 (A) Effect of m-calpain on the activity and protein degradation of cardiac NMT.
(B) Effect of calpastatin on cardiac NMT. For details see Raju et al. (1998).
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Immunohistochemical localization of NMT from autopsy specimens of hu-
man heart revealed strong to moderate cytoplasmic staining with NMT antibod-
ies (Figure 17.1). Immunoreactivity was observed throughout the cytoplasm of
the myocardial cells. Ultrastructural localization of NMT demonstrated cytoplas-
mic distribution (Figure 17.1A) with occasional mitochondria and myofilaments
(Figure 17.1B) suggesting an important role of this protein in cardiac muscles (Raju
et al. 1997). We also investigated the kinetic properties of cardiac NMT using three
peptides derived from the NH2-terminal sequence of pp60src, cAMP-dependent pro-
tein kinase, and M2 gene segment of reovirus type 3. The cardiac NMT has a sixfold
lower Km for pp60src and threefold for M2 gene segment versus cAMP-dependent
protein kinase (Raju et al. 1997). In addition, we observed that cardiac NMT has
a higher affinity for myristoyl-CoA than toward palmitoyl-CoA (Raju and Sharma
1997).

Calpains are Ca2+-activated cysteine proteases, which are major mediators for
Ca2+ signals in many biological systems (Goll et al. 2003; Sorimachi et al. 1997).
There are at least two types of calpains, µ- and m-calpains, which require micro-
molar and millimolar concentrations of Ca2+ for activation, respectively (Goll et al.
2003). Ca2+-dependent cysteine proteases, such as calpain, have been suggested
to cleave polypeptide sequences enriched in proline (P), glutamic acid (E), serine
(S), and threonine (T), known as PEST motifs (Rogers et al. 1986). Calpastatin, an
endogenous protein inhibitor, regulates the activity of calpains (Saido et al. 1994).
Cardiac NMT sequence contains eight possible PEST regions. PEST sequences are
believed to be putative intramolecular signals for rapid proteolytic degradation. We
examined the NMT proteolysis by m-calpain in the presence of either Ca2+, EGTA,
or calpastatin (Raju et al. 1997). We observed that NMT activity was abolished
by m-calpain in a time-dependent manner in the presence of Ca2+ (Figure 17.2A).
Western blot analysis also indicated that NMT protein was degraded by calpain
in a time-dependent manner (Figure 17.2A inset). Abolishment of NMT activity
(Figure 17.2B) and degradation of NMT protein (Figure 17.2B inset) by m-calpain
was efficiently inhibited by calpastatin, an inhibitor of calpains.

Myristoyl-CoA Binding Protein

Our laboratory has provided significant contributions in the area of myristoyla-
tion. We discovered and purified the myristoyl-CoA binding protein (MCBP) from
bovine cardiac muscle (Raju and Sharma 1997). In cardiac tissues there is a high
level of cAMP-dependent protein kinase expression whose catalytic subunit is
myristoylated (Carr et al. 1982). The catalytic subunit of cAMP-dependent pro-
tein kinase and the beta subunit of calcineurin are myristoylated proteins localized
in the cytoplasm (Selvakumar et al. 2006, 2002; Rajala et al. 2000; Johnson et al.
1994; Carr et al. 1982; Aitken et al. 1982). Recently it has been shown that dephos-
phorylation of the catalytic subunit of myristoylated and nonmyristoylated cAMP-
dependent protein kinase at Thr-197 by cellular protein phosphatase and protein
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Fig. 17.3 (A) Analysis of purified MCBP by SDS-polyacrylamide gel electrophoresis. (B) Time
course of acylation of protein-myristoyl-CoA complex. For details see Raju et al. (1997).

phosphatase-2A (PP-2A) indicated that myristoylated C subunit was more resis-
tant to dephosphorylation than the nonmyristoylated enzyme (Liauw and Steinberg
1996). The substrate of NMT, myristoyl-CoA, is generated from the cellular pools
of coenzyme A and myristate by the action of the enzyme acyl-CoA synthetase
(Johnson et al. 1994). The myristoylation reaction is controlled by the availability
of myristoyl-CoA in the cellular pools. There could be some mechanism by which
the myristoyl-CoA pools can be regulated such as the presence of MCBPs. However,
such a system has not been explored so far. Previously our laboratory identified, pu-
rified, and characterized a membrane-bound NMT inhibitor protein (NIP71) from
bovine brain and suggested that this inhibitor protein could be a regulator of sev-
eral mammalian NMT activities (King and Sharma 1993). Recently we identified
the NIP71 has a homologue of heat shock cognate protein 70 (HSC70) (Selvakumar
et al. 2006, 2005, 2004).

The purification of MCBP is simple, rapid, and applicable to large-scale prepara-
tions (Figure 17.3A) (Raju and Sharma 1997). Except for the cytosol, NMT ac-
tivity in the various fractions obtained during purification was the same in the
presence and absence of peptide substrates, suggesting that an endogenous pro-
tein in these fractions is myristoylated. Purified protein was incubated with radi-
olabeled myristoyl-CoA or myristic acid and activity assayed in the absence of
peptide substrates. Figure 17.3B shows that there is a linear, time-dependent incor-
poration of radiolabeled myristoyl-CoA into the protein suggesting the formation
of an acyl-protein complex. Substitution of [3H]palmitoyl-CoA as the acyl donor
resulted in less than 7% of the total radioactivity incorporated into the protein as
compared to myristoyl-CoA (Raju and Sharma 1997). A higher concentration of
CoA (2500-fold) is required for the complete inhibition of myristoyl-CoA binding
to the protein. However, myristic acid did not serve as an acyl donor for the pro-
tein (Raju and Sharma 1997). However, the purified homogeneous 50-kDa protein
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Fig. 17.4 (A) Inhibition of MCBP by NIP71. (B) Deacylation of protein-myristoyl-CoA complex.
For details see Raju et al. (1997).

incorporated radiolabeled myristoyl-CoA in the absence of the peptide substrate
in a time-dependent manner, suggesting the formation of a high-affinity protein–
myristoyl-CoA complex (Raju and Sharma 1997). This complex formation was not
observed in the cytosolic fraction. The association of [l-14C]myristoyl-CoA with
protein was sensitive to hydroxylamine, pH 7.0, consistent with acyl-protein link-
age via an ester bond (Raju and Sharma 1997). These studies suggested that there
exists an MCBP in cardiac muscle.

We examined whether the protein–myristoyl-CoA complex could be inhibited
by NIP71. The results indicated that NIP71 did not inhibit the formation of com-
plexation between MCBP and myristoyl-CoA (Figure 17.4A). On the other hand,
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NMTs from bovine spleen and human were found to be completely inhibited
(Figure 17.4A). The lack of effect of NIP71 on bovine cardiac muscle protein sug-
gested that the protein–myristoyl CoA complex formation cannot be inhibited by
NIP71. Furthermore, these results suggested that NIP71 could be competing for
the peptide binding site or causing the inhibition of myristoyl-CoA–NMT–peptide
ternary complex formation. Previous studies also indicated that NIP71 is not com-
plexed with myristoyl-CoA (King and Sharma 1993). Our study shows that the bind-
ing protein is directly complexed with the myristoyl-CoA which was insensitive to
NIP71 (Selvakumar et al. 2006; Raju and Sharma 1997).

Purified MCBP was incubated with [l-14C]myristoyl-CoA in separate tubes and
aliquots were removed at selected times. At time 10 min, cytosolic fraction was
added to one tube and buffer was added to the other. Aliquots were removed at se-
lected times up to 120 min. The vial which did not contain added cytosol exhibited
the formation of a protein–myristoyl-CoA complex, while the tube which contained
added cytosol exhibited deacylation (Figure 17.4B). These results suggest that the
cytosolic fraction may contain thioesterases/proteinases which could modulate the
acylation reaction in vivo (Raju and Sharma 1997). The absence of acyl-complex
formation in the cytosol could be due to the presence of either esterases or pro-
teinases. It has been reported that porcine phospholipase A contained thioesterase
and deacylase activities (Nocito et al. 1996).

The physiological consequences of acylation and deacylation of proteins have
been shown to be involved in regulating the activity and cellular localization of
many proteins (Nocito et al. 1996). The deacylation process has been involved in the
fusion between viral and cellular membranes (Schmidt 1982) and in the release of
virus particles from infected cells (Schmidt 1983) showing a decrease in both activi-
ties when proteins are deacylated by hydroxylamine (Lambrecht and Schmidt 1986).
Our studies indicated that the myristoylation reaction in cardiac muscle could be
regulated by the relative distribution of NMT, myristoyl-CoA, coenzyme A, MCBP,
acyl-synthetases(s), inhibitors, activators, etc. (Raju and Sharma 1997). The regu-
lation of acyl-protein complexes in signal transduction systems about the specific
deacylases has yet to be explored. Purification and characterization of deacylases
will greatly facilitate our understanding of the regulation of protein myristoylation,
especially the regulation of acyl-protein complexes.

Conclusion

The number of myristoylated proteins identified in viruses is constantly increasing.
Nevertheless, substantial additional work will be required to shed light on the mul-
tiple functions that could be executed by the respective proteins as well as their
involvement in the viral life cycle and elucidation of the role of the lipid anchor.
Inhibition of NMT or replacing myristic acid by analogs in infected cells is known
to affect numerous viruses of medical importance, for example, HIV (Bryant et al.
1989), hepatitis B virus (Parang et al. 1997), herpesviruses (Harper et al. 1993), and
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arenaviruses (Cordo et al. 1999). This approach might be generally suitable for in-
fluencing infections by viruses that take advantage of the eukaryotic myristoylation
machinery. Further works are progressing in our laboratory.
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Ca2+/Calmodulin-Dependent Protein Kinase II
Signaling in Vascular Smooth Muscle

Suzanne J. House, Melissa M. Zachar, Roman G. Ginnan,
Dee Van Riper, and Harold A. Singer

Abstract Ca2+ signaling pathways regulate diverse basic and differentiated cell
functions including gene transcription, proliferation, and contraction of vascu-
lar smooth muscle. A key mediator of Ca2+ signals is the multifunctional
serine/threonine protein kinase Ca2+/calmodulin-dependent protein kinase II
(CaMKII). CaMKII is structurally complex and has unusual autoregulatory prop-
erties. Because of this, there is a general lack of expertise and specific tools for
studying its specific functions and relevant protein substrates have been difficult
to identify. Biochemical and molecular studies have resulted in identification of
multiple isoforms of the kinase expressed in differentiated vascular smooth mus-
cle, where it has been implicated in the regulation of contractile function. Potential
targets are diverse and the function of different isoforms is not well defined. In cul-
tured vascular smooth muscle, different isoforms are expressed and associated with
regulation of proliferation and migration. With recent accumulation of knowledge
regarding the specific isoforms of CaMKII expressed in arterial smooth muscle
and consequent development of isoform-specific molecular approaches for modi-
fying expression and activity, progress on identifying CaMKII-dependent functions
is foreseeable. Studies using these approaches indicate that dynamic regulation
of CaMKII isozyme composition is an important determinant of, and contributor
to, vascular smooth muscle phenotype modulation that is a component of fibro-
proliferative vascular disease.

Introduction

Intracellular free Ca2+ is a ubiquitous and conserved second messenger involved in
the regulation of differentiated cellular functions including neurotransmission, ex-
ocytosis, and muscle contraction, as well as basic cellular functions such as gene
transcription, migration, and proliferation. Many of the diverse actions of Ca2+ sig-
nals are known or suspected to be mediated through Ca2+/calmodulin activated
serine/threonine protein kinases. These protein kinases range from those with
very specific substrate specificity, such as myosin light chain kinase (MLCK) or
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phosphorylase kinase, to multifunctional protein kinases such as Ca2+/calmodulin-
dependent protein kinase II (CaMKII) that are capable of phosphorylating diverse
protein substrates and integrating cellular function (Soderling and Stull 2001). Much
of our current understanding of CaMKII structure and function has resulted from
studies of the kinase as it occurs in mammalian brain, where it is abundant and is
involved in regulating neurotransmission and memory (Braun and Schulman 1995).
CaMKII, however, is ubiquitous and there is growing interest in its function in pe-
ripheral tissues, notably heart where it is involved in regulating Ca2+ dynamics
and has been implicated in the progression of cardiac hypertrophy and heart fail-
ure (Maier et al. 2007). The present chapter summarizes our current knowledge of
CaMKII structure, signaling, and function in vascular smooth muscle (VSM) where
it has been implicated in the control of contractility in differentiated muscle, as well
as gene transcription, proliferation, and migration in cultured VSM cells. We dis-
cuss recent evidence that dynamic regulation of CaMKII isozyme composition is
an important determinant of VSM phenotypic modulation and cell proliferation and
the implications of this with respect to vascular disease.

CaMKII Structure

Central to the understanding of CaMKII function is an appreciation of its complex
structural properties and how these are determinants of enzymatic activity, autoreg-
ulation, and subcellular localization. In mammals, CaMKII is encoded by four genes
(denoted α, β, δ, and γ) which were originally cloned from brain cDNA libraries.
Based on Northern analysis of subunit mRNAs and immunological analysis of sub-
unit proteins, α- and β-subunits have been found to have a distribution which is
largely restricted to neuronal tissue while δ- and γ-subunits (Figure 18.1) are more
widely and variably expressed in both brain and peripheral tissues, including heart
and vascular smooth muscle (Tobimatsu and Fujisawa 1989).

Comparison of predicted primary sequences from the four CaMKII genes in-
dicates that the first 315 amino acids (AA) are highly conserved between sub-
units (>90% identity) and have homology with other protein kinase catalytic
domains (Figure 18.1). This region is referred to as the “catalytic/regulatory”
domain since it has identifiable ATP binding, catalytic, calmodulin binding,
and autoinhibitory sequences (Braun and Schulman 1995) and is fully active
as a 32- to 35-kDa monomeric Ca2+/CaM-dependent kinase when expressed
in vitro (Yamagata et al. 1991). A variable region is followed by another con-
served sequence of approximately 140 AA which has been denoted the “association”
domain because it interacts resulting in formation of multimeric holoenzymes.
A unique 21-AA carboxyl-terminal sequence is also variably expressed in some
δ-subunits (Mayer et al. 1993). It is remarkable that the primary sequence
of CaMKII homologs from Drosophila (Ohsako et al. 1993) and C. elegans
(Rosenberg et al. 2005) are over 70% identical to the rat CaMKII α-subunit with
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Fig. 18.1 Two structures representative of variants from four separate genes (α, β, δ, γ) are
depicted. Conserved regions across subunits are indicated by large rectangles. Variable regions of
alternative splicing are indicated by small rectangles. Conserved ATP binding, catalytic (Cat.), and
regulatory (Reg.) domains are indicated. The regulatory domain encompasses an autoinhibitory
sequence, calmodulin (CaM)-binding domain, and several autophosphorylation sites. A conserved
association domain is responsible for formation of multimeric holoenzymes. An antipeptide poly-
clonal antibody directed to the alternatively spliced C-terminus of δ-isoforms (indicated by the
star) was produced and used in studies depicted in Figure 18.2.

homology extending across both the catalytic/regulatory and association domains.
This indicates strong evolutionary conservation of both subunit and holoenzyme
structure and likewise suggests conserved essential Ca2+-dependent functions me-
diated by the kinase.

CaMKII purified from brain (Bennett et al. 1983) and a number of peripheral
tissues, including heart (Jett et al. 1987) and vascular smooth muscle (Singer et al.
1996), is generally described as a large 400- to 600-kDa holoenzyme. Electron mi-
croscopic analyses of purified brain CaMKII molecules indicate that holoenzymes
composed of α- and β-subunits are dodecamers, consistent with the association of
12 “dumbbell” – shaped kinase subunits in a hub and spoke arrangement where
the association domains form the hub and catalytic/regulatory domains the spokes
(Kanaseki et al. 1991). Although a complete holoenzyme has not yet been crys-
tallized, diffraction analysis of association domain crystals indicates a structure of
two stacked rings of 6 subunits each forming the hub (Hoelz et al. 2003). Simi-
larly, recombinant CaMKII multimers composed of δ- or γ-subunits expressed in
mammalian cells are also extracted as 600-kDa holoenzymes, consistent with this
structure (Singer et al. 1997).

More detailed RT-PCR analyses of mRNA from a variety of tissues have re-
vealed additional structural complexity and identification of a large number of al-
ternatively spliced subunit transcripts that differ in variable domain nucleic acid
sequence (Tombes et al. 2003). These subunit variants are expressed in a tissue-
specific manner. For example, the δ1 subunit mRNA is expressed predominantly
in brain, whereas δ2 and δ3 variants are expressed in rat aortic smooth muscle,
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δ3 subunits predominate in cardiomyocytes, and δ4 subunits predominate in skele-
tal muscle (Schworer et al. 1993).1 Similarly, γ-subunit splice variants are differ-
entially expressed, with brain containing primarily the γE subunit, carotid arterial
smooth muscle containing primarily γB and γC subunits, and heart γB and γE sub-
units (Singer et al. 1997). Novel γ-subunits with alternative splicing in the associa-
tion domain have also been identified in ferret aorta (Gangopadhyay et al. 2003).
Based on co-immunoprecipitation of multiple CaMKII subunits from tissue ho-
mogenates using type-specific antibodies (Singer et al. 1997), it is evident that the
kinase can occur as a heteromultimeric holoenzyme, providing tremendous potential
for holoenzyme structural heterogeneity in cells expressing multiple subunits.

Functional Consequences of Subunit Heterogeneity

Autoregulation

Given the high degree of CaMKII structural heterogeneity and cell-specific patterns
of subunit expression, obvious questions arise regarding the functional influence of
both the CaMKII subunit and holoenzyme structures. One major consequence of
the multimeric structure is that upon binding of Ca2+/CaM there is a cooperative
intersubunit, intraholoenzyme autophosphorylation of subunits on Thr287 (Thr286

in the α-subunit). This phosphorylation event causes a several thousand-fold de-
crease in Ca2+/CaM dissociation rate and the generation of an “autonomous” form
of the kinase that has partial activity in the absence of bound Ca2+/CaM (Hanson
et al. 1994). Dissociation of Ca2+/CaM from a subunit phosphorylated on Thr287

exposes threonines 306 and 307 in the calmodulin binding domain (Thr305/306 in
the α-subunit) and these residues can also be shown in vitro to be transphosphory-
lated in the holoenzyme (Hanson and Schulman 1992). Kinase subunits phospho-
rylated on Thr306 or Thr307 cannot rebind Ca2+/CaM or regain full activity. Thus,
phosphorylation of Thr287 provides CaMKII with the capacity to sustain activity for
a period of time following transient increases in [Ca2+]i and to accumulate activ-
ity in a frequency-dependent manner, while Thr306/307 phosphorylation provides a
means for limiting total Ca2+/CaM-stimulated activity following a Ca2+ transient.
Autophosphorylation of CaMKII has also been reported to affect its subcellular lo-
calization in postsynaptic densities (McNeill and Colbran 1995). The functional im-
portance of both the Thr286 and Thr306/307 autophosphorylated forms of CaMKIIα
has been established in brain, where they contribute to Ca2+ transient frequency
sensing, postsynaptic density remodeling, and memory (Giese et al. 1998; Elgersma
et al. 2002). However, the function of these unique autophosphorylation events in
peripheral tissues such as VSM or heart, and their regulation by specific protein
phosphatases has not been explored.

1 According to alternative nomenclatures (Schworer et al. 1993; Edman and Schulman 1994):
CaMKIIδ1 = CaMKIIδA; δ2 = δC, δ3 = δB, δ4 = δD.
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Table 18.1 Substrate (autocamtide-2) and calmodulin activation kinetics in recombinant CaMKII
holoenzymes purified from Baculovirus-infected insect cells

Autocamtide-2 Calmodulin

Isozyme KM(µM) VMAX(µmol/min/mg) KM(nM) VMAX(µmol/min/mg)

α 2.02 ± 0.04 5.35 ± 0.14 24.96 ± 0.95 4.15 ± 0.31
δ1 1.37 ± 0.13 6.39 ± 0.30 2.43 ± 1.23 4.71 ± 1.22
δ2 3.68 ± 0.63 8.59 ± 1.27 10.83 ± 3.01 6.94 ± 0.73
δ3 5.17 ± 0.67 11.77 ± 2.09 9.36 ± 3.21 9.78 ± 0.13
γB 3.49 ± 0.44 7.64 ± 0.88 3.73 ± 0.78 4.12 ± 0.80
γC 2.21 ± 0.04 5.30 ± 0.19 6.76 ± 2.20 4.07 ± 0.14

Kinetic constants were determined from concentration/activity curves fit to a hyperbolic plot. Val-
ues shown are means ± S.E.M. from two or three independent experiments.

Kinetics

In studies using highly purified recombinant CaMKII holoenzymes from
Baculovirus-infected insect cells (produced in collaboration with Dr. R. Colbran,
Vanderbilt University), some differences in the kinetic properties of holoenzymes
composed of various α-, δ-, and γ-subunit splice variants can be demonstrated
(Table 18.1). Under conditions of saturating [Ca2+/CaM], the range of KM and Vmax
for the peptide substrate autocamtide-2 across isoforms is reasonably consistent
varying only 2- to 3-fold, suggesting that subunit structure has little effect on intrin-
sic substrate specificity. However, activation constants for calmodulin vary 10-fold
across isoforms ranging from a Ka of 2.4 nM for the δ1 isoform to a Ka ∼ 25 nM for
the α isoform. These δ and γ holoenzyme calmodulin activation constants are some-
what lower than might be expected from studies of purified brain kinase (reported
Ka ranging between 25 and 100 nM calmodulin) which is composed mainly of α-
and β-subunits (Bennett et al. 1983), but are consistent with that of CaMKII purified
from porcine carotid arterial smooth muscle (Ka ∼ 7 nM calmodulin; Singer et al.
unpublished), which is a mixture of holoenzymes composed of δ- and γ-subunit
variants (Singer et al. 1997). For comparison, the affinity of calmodulin for smooth
muscle myosin light chain kinase under conditions of saturating Ca2+ is approxi-
mately 1 nM (Soderling and Stull 2001). Therefore, even small differences in sub-
unit structure may be reflected in holoenzyme kinetics, raising the possibility that
endogenous protein substrate affinities may also differ significantly between sub-
units, especially under conditions of submaximal activation where [Ca2+/CaM] is
limiting.

Subcellular Localization

Discrete subcellular localization and protein interaction are other mechanisms by
which this otherwise multifunctional protein kinase could achieve some degree
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Fig. 18.2 CaMKII-δ isoform expression and distribution in neonatal rat cardiomyocytes (CM) and
cultured rat aortic vascular smooth muscle (VSM) cells. The photomicrographs depict d-isozyme
distribution assessed by indirect immunofluorescence (IF) using an antibody specific for the alter-
natively spliced δ-subunit C-terminus (CK2δc-term; see Figure 18.1). The immunoblot (IB) with
the same antibody δ-subunit variants expressed in the cells. Two protein loadings were used for
each cell lysate. The major subunits were identified by RT-PCR in previously published studies
(Schworer et al. 1993).

of specificity with regard to substrate phosphorylation and function (Bayer and
Schulman 2001). Alternatively spliced transcripts from the CaMKIIα gene have
been shown to result in the formation of a protein (αKAP) that lacks kinase ac-
tivity, but contains the association domain as well as a C-terminal membrane in-
teraction domain. Co-assembly of αKAP into CaMKII holoenzymes targets the
kinase to intracellular membranes (Bayer et al. 1998). Another clear example of
subunit and holoenzyme structure affecting subcellular localization is a conserved
11-AA variable domain sequence (K-R-K-S-S-S-S-V-Q/H-L/M-M) expressed in
four of the known CaMKII subunits (αB, δ3,7, and γA) which results in nuclear
targeting of CaMKII holoenzymes (Srinivasan et al. 1994). In transfected cells, the
amount of overexpressed CaMKII localized to the nucleus varies according to the
relative proportion of holoenzyme subunits containing the nuclear localization se-
quence (Srinivasan et al. 1994). Evidence for this in untransfected cardiovascular
cells is shown in Figure 18.2. Immunolocalization of CaMKII in cultured neonatal
rat cardiomyocytes (Figure 18.2B), using an antibody specific for the alternatively
spliced C-terminus of δ-subunits, indicates a concentration of kinase in the nucleus,
consistent with expression of δ3-subunits containing the nuclear localization sig-
nal (Schworer et al. 1993). In contrast, cultured rat aortic vascular smooth muscle
cells express predominantly the δ2-subunit (Schworer et al. 1993), which lacks the
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nuclear localization signal, and this subunit is distributed primarily in the cytoso-
lic compartment with a perinuclear concentration. Considering evidence that free
[Ca2+] may increase significantly in the nucleus following stimulation of cells with
Ca2+ mobilizing agonists (Santella and Carafoli 1997), differential expression of
these specific CaMKII subunits could provide a direct pathway for coupling Ca2+
signals to the phosphorylation of nuclear substrates involved in regulating gene tran-
scription or the cell cycle.

Protein Interactions

Although the effects of CaMKII variable domain structure on protein/protein in-
teractions are not fully explored, specific domains in some β-subunits (Urquidi
and Ashcroft 1995) and γ-subunits (Gangopadhyay et al. 2003) have been im-
plicated in SH3 domain-binding interactions. CaMKIIδ isoforms containing the
21-AA C-terminus also contain a short proline-rich region which conforms to a
class II SH3-binding domain (Mayer and Eck 1995). It is interesting to speculate that
such interactions could link Ca2+ signals to intracellular signaling pathways involv-
ing nonreceptor tyrosine kinases and functional consequences including ERK1/2
activation (Ginnan and Singer 2002) and/or regulation of cell proliferation (House
et al. 2007) and migration (Pfleiderer et al. 2004) responses. Alternatively spliced
domains in certain β-subunits have been implicated in actin filament interactions
(Shen et al. 1998) and the holoenzyme structure of CaMKIIβ has been proposed
to result in actin filament bundling in neuronal synapses (Okamoto et al. 2007).
CaMKII isoforms have also been reported to differentially associate with other post-
synaptic density proteins, including the N -methyl-D aspartate (NMDA) receptor
NRB2 subunit, densin180, α-actinin-2, and PSD-95 (Robison et al. 2005). Several
of these interactions are dependent on CaMKII Thr286/287 autophosphorylation and
the picture emerges of a CaMKII holoenzyme serving as a Ca2+/calmodulin regu-
lated protein scaffold. Outside of the central nervous system, this aspect of CaMKII
structure and function has not been studied to any significant extent although our re-
cent results implicating CaMKIIδ in regulating iNOS trafficking (Jones et al. 2007)
and VSM cell migration (Pfleiderer et al. 2004) may be partially explained by scaf-
folding functions of this nature.

Activation of CaMKII in VSM Cells

The activation properties of CaMKII have been well documented in vitro and are
understood in considerable molecular detail. In contrast, much less is known about
CaMKII activation kinetics in intact cells that display complex and localized Ca2+
transients as well as phosphatase activities that reverse autophosphorylation events.
Using autonomous activity as a quantitative index of CaMKII activation, we have
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defined CaMKII activation kinetics in cultured (Abraham et al. 1996) and intact
(Rokolya and Singer 2000) arterial smooth muscle. Remarkably high levels of au-
tonomous activity (as much as 44% of total Ca2+/CaM-stimulated activity) are gen-
erated in cultured rat aortic VSM cells in response to physiological Ca2+-mobilizing
agonists including angiotensin II, vasopressin, and platelet-derived growth factor
(Abraham et al. 1996). In intact carotid arterial smooth muscle, histamine transiently
increased CaMKII autonomous activity to nearly 80% of total, while KCl depolar-
ization stimulated slow increases in autonomous activity reaching about 30% of
total (Rokolya and Singer 2000). Following addition of the Ca2+ ionophore, ion-
omycin, generation of autonomous activity in cultured cells can reach as much as
60% of the total activity (Abraham et al. 1996). Considering that the maximal level
of autonomous activity reached under optimal activation conditions in vitro is about
75% of the total activity (Abraham et al. 1996), the levels of autonomous activity
reached in the intact VSM cells reflect nearly complete activation and autophos-
phorylation of the kinase pool in situ. Although the functional importance of free
calmodulin availability has been raised in the context of smooth muscle contraction
(Geguchadze et al. 2004), the studies discussed above indicate that in intact arterial
smooth muscle cells, free calmodulin levels do not appear to be limiting with respect
to CaMKII activation.

High-efficiency CaMKII activation and generation of autonomous activity in in-
tact VSM reflects, at least in part, a close functional coupling between the kinase
and intracellular sources of activator Ca2+. By correlating changes in [Ca2+]i, mea-
sured by Fura-2 fluorescence, with the changes in Ca2+/CaM-stimulated (total) and
-independent (autonomous) CaMKII activity in detergent lysates of rat aortic VSM,
an apparent EC50 for Ca2+ activation of 304 nM was determined in cultured aortic
VSM (Abraham et al. 1996). However, a twofold decrease in apparent Ca2+ sensi-
tivity (Ca2+EC50 = 616 nM) was determined following depletion of intracellular
Ca2+ stores with thapsigargin. Our interpretation of these data is that the higher
“apparent” sensitivity of the kinase to Ca2+ in intact cells reflects the effect of high
local concentrations of intracellular Ca2+ coupled with a cooperative mechanism
of autophosphorylation (Abraham et al. 1996) and CaMKII holoenzymes concen-
trated in the proximity of the intracellular Ca2+ pools. Direct support for this was
provided from studies of CaMKII localization and dynamics in cultured VSM cells
stimulated by ionomycin which demonstrated CaMKIIδ2 colocalization with endo-
plasmic reticulum markers (Van Riper and Singer 2000). CaMKIIδ2 has also been
reported to colocalize with endoplasmic reticulum in cultured astrocytes (Takeuchi
et al. 2000). Thus, localization of CaMKII in those intracellular domains that ex-
perience large Ca2+ transients could provide a mechanism by which the kinase
(1) compensates for a relatively low intrinsic sensitivity to activator Ca2+/CaM,
(2) optimizes cooperative autophosphorylation and generation of autonomous activ-
ity, and (3) achieves functional specificity. The subcellular distribution of CaMKII
in differentiated VSM has not been studied extensively, although a large fraction of
kinase activity can be purified from myofibril preparations (Singer et al. 1996) and
novel isoforms of the γ-subunit identified in ferret aorta appear to localize with cy-
toskeletal elements including vimentin filaments and α-actinin-containing cytosolic
dense bodies (Marganski et al. 2005).
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CaMKII Function in Vascular Smooth Muscle

Because CaMKII can phosphorylate numerous substrates, is ubiquitous, and is con-
trolled by a universal second messenger (Ca2+), it has been implicated in numerous
cellular functions through the regulation of a large number of protein substrates.
CaMKII function has been inferred from studies of its cellular and subcellular dis-
tributions, comparisons of in vitro and in vivo substrate specificities, and through the
use of both peptide and chemical inhibitors which selectively interfere with calmod-
ulin binding to the kinase. More recently, molecular approaches using overexpres-
sion of CaMKII mutants or introduction of antisense and small interfering RNAs to
suppress endogenous kinase expression have led to new insights into CaMKII func-
tion (Pfleiderer et al. 2004; Marganski et al. 2005; House et al. 2007). The following
discussion is limited to a consideration of possible CaMKII regulated functions that
are supported by multiple lines of evidence and are of particular importance in car-
diovascular control. The major mechanisms and interactions are summarized in a
model depicted in Figure 18.3.

Fig. 18.3 Model for CaMKII-dependent regulation of vascular smooth muscle contraction, cell cy-
cle, and gene transcription. CaMKIIγ isoforms are proposed to regulate contractile function stimu-
lated by G-protein-coupled receptor (GPCR) agonists with potential targets including myosin light
chain kinase (MLCK) and thin filament associated regulatory proteins, calponin and caldesmon.
CaMKIIδ isoforms are proposed to mediate transcriptional responses, promote cell proliferation
and (not shown) cell migration. Potential interactions of GPCR-stimulated CaMKIIδ and protein
kinase C (PKC)-dependent pathways with receptor tyrosine kinase (RTK)-dependent pathways and
ERK1/2 signaling are indicated by dotted arrows. Potential reciprocal interactions with pathways
regulating contraction are also indicated.
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Differentiated Contractile Function

A number of contractile proteins and associated regulatory proteins are substrates
for CaMKII in vitro (Singer et al. 1996). In smooth muscle, a CaM kinase activity
co-purifying with the actin filament-associated regulatory protein caldesmon has
been identified as CaMKII (Scott-Woo et al. 1990). Caldesmon inhibits smooth
muscle actin-activated myosin ATPase activity in vitro and phosphorylation of
caldesmon in vitro by either CaMKII or protein kinase C reverses its inhibition
of actomyosin ATPase activity. However, the functional significance of this puta-
tive regulatory pathway in vivo is still in question because the sites phosphorylated
in caldesmon extracted from contracting arterial smooth muscle are not the same
as those phosphorylated by CaMKII in vitro. In fact, the sites in caldesmon which
are phosphorylated in situ are consistent with the actions of a proline-directed pro-
tein kinase such as ERK1/2 (reviewed in Morgan and Gangopadhyay 2001). This
does not necessarily exclude a role for CaMKII as a physiologically relevant regu-
lator of caldesmon since several studies in both cultured (Ginnan and Singer 2002)
and intact (Marganski et al. 2005) VSM indicate that Ca2+-dependent activation
of ERK1/2 is mediated in part by pathways involving CaMKII (discussed in more
detail below). Similarly, calponin, another smooth muscle actin filament-associated
protein with putative regulatory functions, is also a substrate for CaMKII and pro-
tein kinase C in vitro (reviewed in Isotani et al. 2004). In this case, the sites in
calponin which are phosphorylated in vivo have not been defined and the functional
significance of CaMKII-dependent phosphorylation is unknown. The intermediate
filament protein vimentin and dense body protein α-actinin have also been impli-
cated as CaMKII cytoskeletal substrates (Marganski et al. 2005). Although the func-
tional consequences of this in arterial smooth muscle are not yet clear, it is interest-
ing to speculate that CaMKII-dependent remodeling of the intermediate filament
and/or actin cytoskeletal network could contribute to tonic smooth muscle force
maintenance.

A stronger case has been made for a physiologically important role for CaMKII
in phosphorylating and modulating the activity of smooth muscle myosin light chain
kinase (MLCK). Ca2+-dependent activation of tracheal smooth muscle cells (Tansey
et al. 1992) and intact arterial smooth muscle (Van Riper et al. 1995) has been shown
to result in the phosphorylation of MLCK on a serine residue in the calmodulin
binding domain, a site that can be phosphorylated in vitro by either protein kinase
A or CaMKII. This phosphorylation inhibits calmodulin binding and results in a de-
crease in sensitivity of MLCK to activator Ca2+. Treatment of cultured tracheal
smooth muscle cells with inhibitors of CaMKII (KN-62, CaMK281–309) inhibits
this phosphorylation event and subsequent desensitization of MLCK in agonist-
stimulated cells, resulting in potentiation of myosin regulatory light chain phospho-
rylation (Tansey et al. 1994). Inhibitory phosphorylation of MLCK in these cells was
also found to be dependent on free intracellular [Ca2+] with a Ca2+ EC50 of about
500 nM, which is consistent with the sensitivity of CaMKII to activator Ca2+ in
VSM cells. Thus, CaMKII negatively modulates MLCK activity, resulting in the at-
tenuation of myosin light chain phosphorylation in cultured tracheal smooth muscle.
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Based on this, one would predict that treatment of intact smooth muscle prepara-
tions with an inhibitor of CaMKII should potentiate myosin light chain phosphory-
lation and the rapid phase of force development. In contrast, we have found that in
carotid arterial smooth muscle, KN-93 inhibition of CaMKII activation in response
to physiological contractile stimuli correlates with a marked inhibition of tonic force
responses (Rokolya and Singer 2000), suggesting an alternative dominant action of
CaMKII on the smooth muscle contractile apparatus.

Another general mode of smooth muscle contractile regulation by CaMKII is
through effects of the kinase on Ca2+ regulatory proteins, including membrane
ion channels and ATPase pumps. A substantial amount of attention has been fo-
cused on the endogenous cardiac sarcoplasmic reticulum (SR) CaMKII and its po-
tential role in regulating SR Ca2+ homeostasis (reviewed in Grueter et al. 2007).
Briefly summarized, in vitro studies suggest that this could occur by multiple mech-
anisms including: (1) the phosphorylation and activation of Ca2+-release ryan-
odine receptors, (2) activation of the SERCA2a Ca2+/ATPase by direct phospho-
rylation, and (3) phosphorylation and inactivation of the Ca2+/ATPase inhibitory
protein, phospholambam. Other potential CaMKII targets include membrane chan-
nels such as voltage-gated Ca2+ channels (Grueter et al. 2006) and Na+ channels
(Wagner et al. 2006). Recent genetic studies evaluating conditional overexpression
of a CaMKII peptide inhibitor have strongly indicated the physiological significance
of the kinase in regulating cardiac homeostasis (Wu et al. 2006). Although only
limited studies along these lines have been carried out in vascular smooth muscle
(McCarron et al. 1992), it is reasonable to expect similar CaMKII-dependent regu-
lation of Ca2+ homeostasis in these cells. An important future area of research will
be to determine the function of CaMKII and the relative importance of each of these
mechanisms in the regulation of free intracellular [Ca2+] in differentiated vascular
smooth muscle.

Synthetic Phenotype Function

VSM cells in the medial wall of blood vessels are quiescent and differentiated
for contraction and regulation of blood vessel diameter and tone. VSM myocytes,
however, can undergo marked alterations in phenotype leading to development of
atherosclerotic plaques or neointimal hyperplasia following balloon angioplasty
and vascular grafting (Owens et al. 2004). Transition of differentiated VSM cells
to a “synthetic” phenotype is characterized by downregulation of smooth muscle-
specific contractile proteins and upregulation of proteins involved in matrix remod-
eling, DNA synthesis, cell migration, and proliferation (Owens 1995; Turley 2001;
Owens et al. 2004). A similar modulation of phenotype is observed in vitro fol-
lowing primary culture of freshly isolated VSM cells (Owens 1995; Owens et al.
2004).

Stimulation of cultured VSM cell migration by PDGF (Pauly et al. 1995) or by
scrape wounding a monolayer of VSM cells grown in serum (Zhang et al. 2003) is
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associated with activation of CaMKII. Simple adherence of cultured VSM cells to
extracellular matrix-coated substrates or to poly-l-lysine also results in significant
CaMKII activation and downstream signaling (Lu et al. 2005). Thus, as a multi-
functional serine/threonine kinase, CaMKII appears to be well positioned to coor-
dinate complex cellular events involved in cell migration. Consistent with this view,
pharmacological inhibition of CaMKII inhibits PDGF-stimulated VSM cell migra-
tion, suggesting a net positive role for the kinase in regulating this process (Pauly
et al. 1995; Lu et al. 2005). However, this interpretation is complicated by con-
flicting data resulting from application of molecular approaches to modify CaMKII
activity. Whereas stable overexpression of a constitutively active mutant of the
CaMKIIα isoform (an isoform not endogenously expressed in VSM) is associated
with enhanced migration (Pauly et al. 1995), transient overexpression of a constitu-
tively active mutant of CaMKIIδ2 (the endogenous isoform) was reported to inhibit
VSM cell migration and overexpression of a kinase-negative δ2 mutant enhanced
migration (Pfleiderer et al. 2004). Thus, although available evidence suggests a
role(s) for CaMKII in regulating VSM cell migration, the precise mechanisms and
substrates are not yet known and interpretation of results is complicated by po-
tential nonspecific effects of chemical inhibitors and/or CaMKII isoform-specific
effects.

The CaMKII substrates involved in cell migration have not been identified, but
results from work in differentiated muscle suggest cytoskeletal proteins are likely
targets. It is possible, for example, that CaMKII could act to modulate myosin light
chain kinase activity, or calponin function, both of which have been implicated in
the control of smooth muscle cell motility (Klemke et al. 1996; Jiang et al. 1997).
Another general mechanism by which CaMKII could exert diverse cellular effects
during a complex process like cell migration is through interaction with other in-
tracellular signaling pathways. There is now substantial evidence that CaMKII can
mediate activation of MAP kinase (ERK1/2) signaling by Ca2+-dependent stimuli
(Abraham et al. 1997; Ginnan and Singer 2002; Muthalif et al. 1998). This con-
clusion is supported by both pharmacological and molecular approaches, including
recent studies using siRNA to selectively suppress CaMKIIδ2 in VSM cells (Lu
et al. 2005). At least one of the mechanisms coupling CaMKII activation to ERK1/2
signaling involves the action of nonreceptor (src-family) tyrosine kinases and trans-
activation activation of EGF receptor tyrosine kinases (Ginnan and Singer 2002).
CaMKII-dependent activation of tyrosine kinases and ERK1/2 signaling provides a
general mechanism for the Ca2+-dependent regulation of diverse cellular responses
including gene transcription, cell growth/proliferation, and cell migration.

In addition to cell migration, another characteristic function of the VSM syn-
thetic phenotype is proliferation. CaMKII has been implicated in cell cycle control
in a number of systems, but investigations in this area have yield mixed results.
Most studies to date have relied on pharmacological inhibitors of CaMKII such as
KN-62 or KN-93 (Tombes et al. 1995) and point to a positive role for CaMKII
in mediating the cell cycle. Conversely, overexpression of a constitutively active
mutant of CaMKIIα suggested a negative role for kinase (Beauman et al. 2003).
Interpretation of the latter studies is complicated by potential nonspecific effects
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of overexpressing a persistently active multifunctional protein kinase and the fact
that CaMKIIα was not an endogenous isoform in the cell types studied. Selective
suppression of CaMKIIγ using siRNA has also been reported to disrupt regulation
of mitotic spindles in several human cell lines, inhibiting mitosis (Holmfeldt et al.
2005).

Until recently, the function of CaMKII in regulating VSM cell proliferation had
not been reported, although heparin, a selective inhibitor of VSM proliferation, was
reported to inhibit serum-stimulated activation and autophosphorylation of CaMKII
in VSM (Mishra-Gorur et al. 2002). Using molecular approaches to inhibit endoge-
nous CaMKIIδ2 activity (overexpression of kinase-negative CaMKIIδ2 mutant) or
suppress expression (siRNA targeting CaMKIIδ), we have demonstrated positive
regulation of cultured VSM cell proliferation through effects at the G2/M transition
and/or cytokinesis (House et al. 2007). One potential substrate for CaMKII at the
G2/M transition is the Cdc25C phosphatase that can be activated by CaMKII, re-
sulting in dephosphorylation and activation of the cyclin B/CDK1 complex required
for transition through G2/M (Patel et al. 1999). Potential substrates involved in cy-
tokinesis include many of the aforementioned cytoskeletal proteins or associated
regulatory proteins.

CaMKII in Vascular Disease

Molecular mechanisms governing phenotypic modulation of VSM are still incom-
pletely understood. Most studies have focused on identification of environmental
factors that induce changes in phenotype (e.g., growth factors and cytokines, oxida-
tive stress, mechanical stress, endothelial factors) or on transcriptional regulation of
phenotype-specific genes (Owens 1995). A few studies have raised the possibility
that changes in intracellular signaling components may also contribute to VSM phe-
notype modulation. For example, cGMP-dependent protein kinase has been shown
to be downregulated in synthetic VSM cells and reexpression promotes character-
istics of the differentiated contractile phenotype (Lincoln et al. 2006). Subcellular
localization of phosphodiesterase 1A, which selectively hydrolyzes cGMP, was re-
cently shown to change upon VSM phenotype modulation in vitro, with a nuclear lo-
calization promoting the synthetic phenotype and a cytosolic localization promoting
a differentiated contractile phenotype (Nagel et al. 2006). Changes in Ca2+ signal-
ing dynamics have been linked to transition of cerebral VSM to a proliferative phe-
notype in explant cultures (Wilkerson et al. 2006). One mechanism may involve dif-
ferential activation of CREB and NFAT transcription factors in response to specific
sources or dynamics of the Ca2+ signal (Dolmetsch et al. 2001; Barlow et al. 2006).
Other alterations in ion channel expression (Landsberg and Yuan 2004; Wilkerson
et al. 2006) that may affect Ca2+ signaling have also been demonstrated following
VSM cell culture and conversion to a proliferative phenotype. These studies support
the concept that altered patterns of Ca2+ signaling may be important components
of VSM phenotype modulation and contribute to regulation of phenotype-specific
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Fig. 18.4 Model depicting changes in CaMKII γand δ isoform expression as a function of vascular
smooth muscle phenotype modulation.

cell functions. By extrapolation, altered patterns of expression or activity of a ma-
jor Ca2+ signaling mediator, such as CaMKII, could be integral to VSM phenotype
modulation.

Upregulation of CaMKIIδ isoforms has been described in models of cardiac hy-
pertrophy and heart failure, and mechanisms involving CaMKII-dependent regula-
tion of histone deacetylase have been proposed to account for alterations in gene
expression associated with these pathologies (Grueter et al. 2007). Similarly, the
CaMKIIδ2 isoform is upregulated in regenerating skeletal muscle following injury
(Abraham and Shaw 2006). While it is tempting to speculate that similar mecha-
nisms might contribute to vascular pathologies involving VSM cell hypertrophy or
proliferation, this has not yet been critically examined. In support of this concept,
our recent in vitro studies have for the first time clearly demonstrated a rapid shift in
CaMKII isoform expression upon acute transition of VSM cells from a differenti-
ated to synthetic phenotype in primary culture (House et al. 2007). Upregulation of
the CaMKIIδ2 isoform and reciprocal downregulation of CaMKIIγ isoforms over
the course of hours was found to coincide with, or precede, the onset of VSM cell
proliferation. Furthermore, in keeping with a positive role for CaMKIIδ2 in regulat-
ing VSM cell proliferation, treatment with siRNA to prevent upregulation of the δ2
isoform attenuated subsequent VSM proliferation. In light of the rapid changes ob-
served in CaMKII isoform expression in response to cell culturing, CaMKII isoform
modulation may be a proximal event contributing to transition of VSM from a con-
tractile to synthetic phenotype through regulation of gene expression patterns pro-
moting VSM cell proliferation and migration-functions characteristic of synthetic
VSM cells (Figure 18.4). Since atherosclerosis, vein graft failure, and transplant
vasculopathy are dependent on pathologic VSM cell proliferation, we predict a role
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for CaMKII isoform modulation in each of these processes. In addition, increases
in VSM cell ploidy, similar to those observed following suppression of endogenous
CaMKIIδ2 in cultured aortic VSM cells, have been linked to vascular remodeling
associated with hypertension (Hixon and Gualberto 2003), and in this context, it
may be interesting to consider a role of CaMKII isoform modulation as a factor
contributing to vascular remodeling in hypertensive disease.

Summary and Future Directions

As a comparatively abundant multifunctional serine/threonine protein kinase regu-
lated by a universal second messenger, CaMKII is almost certainly a physiologically
important mediator of Ca2+ signals in vascular smooth muscle. Yet because of its
multifunctional nature, structural complexity, and to this point, a general lack of spe-
cific tools for modulating expression and activity, a reliable description of specific
functions and relevant protein substrates has been difficult to construct. With the
recent accumulation of knowledge regarding the specific isoforms of CaMKII ex-
pressed in arterial smooth muscle and consequent development of isoform-specific
molecular approaches for modifying expression and activity, it is now possible to
critically evaluate the function(s) of this kinase in differentiated VSM cells as well
as its participation in VSM phenotype modulation and vascular disease.
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Chapter 19
The KCa3.1 Channel in Endothelial Cells as
New Target for an EDHF-Based Control of
Vascular Tone: From Structure to Regulation
and Pharmacological Properties

Umberto Banderali, Line Garneau, Manuel Simoes,
Hélène Klein, and Rémy Sauvé

Abstract The vasodilator process known as endothelium-derived hyperpolarizing
factor (EDHF) has been documented to critically depend on the presence of the
KCa2.3 (SK3) and KCa3.1 calcium-activated potassium channels in endothelial
cells. Studies on the regulatory mechanisms and structure of the KCa3.1 chan-
nel were further prompted by the observation that KCa3.1 inhibition prevented
restenosis after angioplasty. In fact, both KCa2.3 and KCa3.1 are now considered
as new targets for a pharmacological control of vascular tone. The KCa3.1 channel
belongs to the six-transmembrane-domain channel family with a Ca2+ sensitiv-
ity conferred by the Ca2+-binding protein calmodulin that is constitutively bound
to the membrane-proximal region of the channel intracellular C-terminus. Recent
data have shown that the activation of KCa3.1 by Ca2+ also requires the pres-
ence of phosphatidylinositol 3-phosphate (PI(3)P) and is inhibited by MTMR6, a
PI(3)P phosphatase bound to KCa3.1 in C-terminus. Furthermore, channel activity
was reported to be regulated by ATP through the phosphorylation by the nucleo-
side diphosphate kinase NDPK-B of a histidine residue located within the KCa3.1
domain responsible for the Ca2+-dependent binding of calmodulin to the chan-
nel in C-terminus. Despite these important advances in our understanding of the
channel cellular regulation, structural and functional data concerning the KCa3.1
channel pore and gating regions remain scarce. With the solved 3D structures of
the KcsA, MthK, and Kv1.2 potassium channels, we combined predictions from
computer-based homology modeling and substituted cysteine accessibility mea-
surements to obtain structural information on the KCa3.1 pore region and gate
location. Residues lining the channel pore were for the first time identified provid-
ing the structural bases to characterize the molecular interactions between KCa3.1
and channel inhibitors such as TRAM-34 and clotrimazole. Similarly, the con-
formational changes involved in channel opening could be investigated at the
molecular level enabling a detailed description of how channel openers and in-
tracellular factors such as free radicals affect the channel open probability. This
information is essential to improve drug design targeted at KCa3.1 control and
EDHF regulation.
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Introduction

Endothelial cells are recognized to play a prominent role in the regulation of vascu-
lar tone by releasing vasoactive compounds such as NO and prostacyclin in response
to hormonal or physical stimuli. Numerous studies have in addition demonstrated
that there is an important endothelial pathway, distinct from cyclooxygenase and
NO-synthase, also involved in the relaxation of vascular smooth muscle cells (Busse
et al. 2002; Feletou and Vanhoutte 2004). This mechanism globally termed EDHF
(endothelium-dependent hyperpolarizing factor) depends to a large extent on the
presence of K+-selective channels that regulate the endothelial cell membrane po-
tential. Increasing evidence indicates that the calcium-activated KCa2.3 and KCa3.1
channels constitute key determinants to the EDHF response in various blood vessels
from different species including human (Feletou and Vanhoutte 2004). In this chap-
ter we present an overview of the KCa3.1 channel cellular regulation and pharma-
cological, properties in relation to emerging structural data obtained from cysteine-
scanning mutagenesis experiments and computer-based molecular modeling.

Ca2+-Activated K+ Channels in Endothelial Cells

Three main classes of Ca2+-activated K+ channels have been to date identified on
the basis of their permeation properties and pharmacological profiles. These include
the charybdotoxin- and iberiotoxin-sensitive KCa1.1 channels (MaxiK) of large
conductance (150–220 pS) (Miller et al. 1985), the apamin-sensitive and -insensitive
SK channels of small conductance (KCa2.1, KCa2.2, KCa2.3) (Kohler et al. 1996),
and the intermediate-conductance (20–50 pS) KCa3.1 (IKCa) channel inhibited by
CLT (clotrimazole) (Rittenhouse et al. 1997) and TRAM-34 (Wulff et al. 2000). It
is now generally recognized that the variations in membrane potential in response
to an increase in internal Ca2+ in endothelial cells are governed by KCa2.3 and
KCa3.1 channels, whereas KCa1.1 would play a determinant role in controlling the
voltage-dependent Ca2+ influx in nonproliferating VSMC (vascular smooth mus-
cle cells).

Few electrophysiological studies on endothelial cells have provided direct evi-
dence for KCa2.x channels of small conductance. A voltage-independent apamin-
sensitive channel of 6–7 pS was identified in the endothelium of intact rat aorta
(Marchenko and Sage 1996) and single-channel measurements performed on pig
coronary artery endothelial cells have revealed an apamin-sensitive channel of
6.8 pS as well. The latter observations were corroborated by immunofluorescent
labeling and reverse transcriptase-polymerase chain reaction (RT-PCR) measure-
ments supporting the presence of KCa2.3 channels in these cells (Burnham et al.
2002). Despite the limited number of single-channel studies providing direct evi-
dence for KCa2.x channels in endothelial cells, the large number of studies where an
apamin-dependent inhibition of EDHF was measured (Dong et al. 2000; Andersson
et al. 2000) clearly argues for a broad expression of KCa2.3 in various endothelial
preparations.



19 KCa3.1 Molecular Structure 359

The presence of KCa3.1 channels was similarly confirmed in several single-
channel studies on vascular endothelial cells (Sauvé et al. 1988; Vaca et al. 1992;
Colden-Stanfield et al. 1992; Kohler et al. 2000; Bychkov et al. 2002). These ob-
servations were subsequently complemented by experiments performed in human
mesenteric artery and rat carotid artery endothelial cells using single–cell RT-PCR
analysis and patch clamping (Kohler et al. 2000, 2001). Again, most of the evidence
supporting a broad distribution of KCa3.1 in endothelial cells comes from the ob-
servation that apamin in combination with TRAM-34 or CLT, two rather specific
inhibitors of KCa3.1, impairs EDHF in a large number of blood vessels. In fact, nu-
merous studies have revealed that KCa3.1 in endothelial cells are rapidly activated
in response to humoral and/or mechanical stimuli leading to a hyperpolarization
of the cell membrane. It has often been proposed that a KCa3.1-induced hyperpo-
larization of the endothelium indirectly modulates vascular tone by increasing the
electrodriving force for Ca2+ entry and thus promoting the Ca2+-dependent synthe-
sis and release of vasoactive agents such as NO and prostacyclin. Studies in intact
peripheral arteries have shown, however, that the agonist-mediated Ca2+ influx in
endothelial cells responds poorly to KCa3.1+KCa2.3 blocking agents (such as CLT
or TRAM-34 plus apamin) suggesting that the main contribution of KCa3.1 to the
control of vascular tone is downstream of the endothelial Ca2+ response (Ghisdal
and Morel 2001; Marrelli et al. 2003). As the theoretical electrochemical potential
for Ca2+ ions at a membrane voltage of −30 mV approximates −260 mV, a 20- to
30-mV hyperpolarization is indeed expected to contribute little extra to the elec-
trodriving force acting on a passive Ca2+ entry. The mechanism by which KCa3.1
activation translates into VSMC hyperpolarization is not likely therefore to involve
an increase in NO and prostacyclin release. Evidence has been presented, however,
supporting an electrical coupling between the endothelium and the adjacent VSMC
via myoendothelial gap junctions (Yamamoto et al. 1999; Chaytor et al. 2001) (see
Figure 19.1). Other studies suggest in addition a stimulation of the smooth mus-
cle Kir channels and/or the Na-K-ATPase by a modest increase of the extracellular
K+ concentration (Edwards et al. 1998; Busse et al. 2002). Despite the diversity in
functional mechanisms proposed to date to account for the VSMC hyperpolariza-
tion following KCa3.1 activation, it is generally recognized that the stimulation of
KCa3.1 constitutes an obligatory step to the EDHF vasodilator process. In support
of this proposal is the recent observation that KCa3.1-knockout mice showed a sig-
nificant increase in arterial blood pressure and a mild left ventricular hypertrophy (Si
et al. 2006). These results confirmed that the endothelial KCa3.1 is a fundamental
determinant of endothelial hyperpolarization and EDHF signaling.

The role of KCa3.1 channels in endothelial cells is not strictly limited to the
hyperpolarization of the cell potential. Of special interest is the observation that
KCa3.1 channels play a pivotal role in cell proliferation. For instance, the expres-
sion of KCa3.1 has been reported to increase in mesenteric artery endothelial cells of
patients with colonic adenocarcinoma, resulting in an enhanced bradykinin-induced
endothelial hyperpolarization compared with controls (Kohler et al. 2000, 2001).
These findings support previous results obtained with fibroblasts where it was shown
that the increase in KCa3.1 expression observed following mitogen stimulation was
related to the activation of the Raf/Ras pathways (Pena and Rane 1997). Evidence
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Fig. 19.1 Regulation of KCa3.1 in endothelial cells. In the proposed scheme, stimulation of
receptors linked to the phosphoinositide cascade causes an increase in internal Ca2+ concen-
tration which in turn results in KCa2.x and KCa3.1 channel activation via a CaM-dependent
process and in a hyperpolarization of the endothelial cells. In one possible mechanism underly-
ing EDHF, the resulting voltage change is transmitted to adjacent smooth muscle cells directly
via gap junctions leading to vascular relaxation. Alternatively, KCa2.x and KCa3.1 channel acti-
vation may induce an elevation of the local K+ concentration in the interstitial space causing a
hyperpolarization of the smooth muscle cells through the activation of the Na-K-ATPase and/or
Kir channels. Endothelial cell stimulation by Ca2+-mobilizing agonists may also be accompa-
nied by an increase in the internal arachidonic acid (AA) concentration resulting in an inhibi-
tion of KCa3.1 through a direct effect of AA on KCa3.1. AA may in turn be converted into
epoxyeicosatrienoic acid (EETs) via the CYP2C epoxygenase pathway and exert a stimulatory
effect on KCa1.1 (Maxi KCa) in smooth muscle cells. Evidence has also been provided indi-
cating that the activation of KCa3.1 by Ca2+ critically depends on PI(3)P and is inhibited by
MTMR6, a PI(3)P phosphatase bound to KCa3.1 in C-terminus. PI(3)P did not appear to inter-
act directly with KCa3.1, but more probably exerts its effect via a yet-to-be-identified accessory
protein. In addition, KCa3.1 can be activated through the phosphorylation by NDPK-B of a histi-
dine residue at position 358 in C-terminus but the nature of the interactions between NDPK-B and
PI(3)P is not completely understood. A PKA and a PKC related modulation of KCa3.1 activity
was similarly reported but these effects appeared tissue dependent. Finally, KCa3.1 activity was
found to be ROS sensitive with an overproduction of hydroxyl radicals OH− leading to channel
inhibition.

was also provided for an impaired expression of KCa3.1 channels in regenerated
endothelium from rat carotid arteries after angioplasty (Kohler et al. 2001). It was
concluded on the basis of these observations that the regenerated endothelium has
a reduced capacity to hyperpolarize and dilate due to a decrease of the KCa3.1 ex-
pression. The functional link between KCa3.1 channel activity and DNA synthesis
remains, however, to be established. An altered KCa3.1 expression has also been re-
ported in rat coronary artery VSMC following balloon catheter injury (Kohler et al.
2003). In this case, neointimal formation was associated with a switch in expression
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from exclusively KCa1.1 in mature contractile VSMC to downregulated KCa1.1
and upregulated KCa3.1 expression during VSMC proliferation. More importantly,
the use of the KCa3.1 inhibitor TRAM-34 was found to prevent restenosis, thus sug-
gesting a novel therapeutic strategy for the prevention of restenosis after angioplasty
(Kohler et al. 2003). An upregulation of KCa3.1 expression was similarly observed
in human endothelium under long-term laminar shear stress conditions (Brakemeier
et al. 2003). Shear stress-induced KCa3.1 expression might therefore represent an
important mechanism in long-term vessel adaptation in response to an increase in
hemodynamic forces as present in hypertension. Taken together, these observations
argue for KCa3.1 as being a key determinant to the short- and long-term endothe-
lium regulation of vascular tone.

KCa3.1 Channel Regulation

Ca2+-Dependent Regulation

An important contribution to our understanding of the KCa3.1 channel molecular
identity came from the cloning of the human KCa3.1 channel (Joiner et al. 1997).
KCa3.1 channels are tetrameric proteins with each subunit comprising 427 amino
acids organized in six transmembrane segments S1–S6 with a pore motif between
segments 5 (S5) and 6 (S6) (Figure 19.2). The KCa3.1 Ca2+ sensitivity is conferred

Fig. 19.2 Membrane topology of KCa3.1. KCa3.1 is a tetrameric protein with each monomer or-
ganized in six transmembrane segments plus a pore region between segments 5 and 6. The channel
Ca2+ sensitivity is conferred by calmodulin constitutively bound (C-CAM) to the channel proximal
region in C-terminus [aa 312–329]. A stretch of 14 amino acids (aa 355–369) has been identified
in C-terminus as being essential for channel regulation by ATP and PI(3)P while the binding of the
MTMR6 phosphatase to the channel is thought to involve the coil-coil segment of MTMR6 and
the coil-coil domain of KCa3.1 in C-terminus (aa 383–406). Finally, KCa3.1contains two leucine
zipper motifs (LZ) in N[aa 18–39] and C[aa 378–406] terminus, respectively, critical for channel
assembly and trafficking.
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by the Ca2+-binding protein calmodulin (CaM) the C-lobe of which is constitutively
bound to a domain in the membrane-proximal region of the intracellular C-terminus
of the channel (Maylie et al. 2004). This is at variance with the KCa1.1 channel
where Ca2+ sensitivity is voltage dependent and arises from direct interactions of
Ca2+ with different segments of the channel C-terminus (Zeng et al. 2005). CaM
also regulates KCa3.1 channel assembly and trafficking and as such represents an
essential accessory protein for proper KCa3.1 functioning (Joiner et al. 2001). With
the exception of CaM, no auxiliary protein has been to date documented for KCa3.1.
The KCa3.1 amino acid sequence also contains two leucine zipper motifs (LZ) re-
spectively located at the channel N- and C-terminal ends (Figure 19.2). The presence
of these motifs is critical for channel assembly and trafficking (Syme et al. 2003).
KCa3.1 presents in addition a putative N-linked glycosylation site adjacent to the
pore, the importance of which remains to be established.

Phospholipids

The activation of KCa3.1 by Ca2+ was recently reported to specifically require
PI(3)P and to be inhibited by MTMR6 (phosphatase myotubularin-related protein
6), a PI(3)P phosphatase bound to the coil coil segment of KCa3.1 in C-terminus
(Srivastava et al. 2006a) (Figures 19.1 and 19.2). A PI(3)P-dependent channel ac-
tivation in the presence of Ca2+ was not observed with the KCa2.2 channel, in-
dicating that PI(3)P represents a unique signaling pathway for KCa3.1 regulation.
Because PI(3)P added internally in inside-out patch clamp experiments failed to re-
store channel activity in PI(3)P-depleted membrane patches, it was concluded that
PI(3)P does not interact directly with the channel, but requires the presence of a
regulatory subunit that would confer PI(3)P sensitivity (Srivastava et al. 2006a).

The possibility of a KCa3.1 channel regulation mechanism involving phospho-
lipids was also demonstrated in a study where arachidonic acid (AA) was found to
block KCa3.1 directly with an apparent inhibition constant of 425 nM (Devor and
Frizzell 1998; Hamilton et al. 2003). This observation is of particular interest as the
endothelial cells respond to an increase in cytosolic Ca2+ by an enhanced libera-
tion of AA and the release of the AA metabolites epoxyeicosatrienoic acids (EETs)
through the epoxygenase pathway (Figure 19.1) (Channon and Leslie 1990; Camp-
bell et al. 1996). Pharmacological evidence supports a role of EETs in EDHF with
EETs diffusing from the endothelial cells to the VSMC where they activate KCa1.1
channels (Harder et al. 1995; Campbell et al. 1996). AA is thus likely to contribute
to different EDHF-related mechanisms either by inhibiting the KCa3.1 channels in
endothelial cells or by activating KCa1.1 channel in VSMC via EETs or both.

ATP-Dependent Regulation

There is also evidence from inside-out patch-clamp experiments that the human
and canine KCa3.1 channels respectively expressed in Xenopus leavis oocytes and
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HEK-293 cells are activated by ATP in the presence of Ca2+. Similar results were
obtained with the KCa3.1 channels present in submandibular gland. The ATP-
dependent stimulation of KCa3.1 could be reversed by both alkaline and acid phos-
phatases, suggesting that ATP activates KCa3.1 via a membrane-delimited kinase.
Such a behavior contrasts with the absence of ATP-dependent control of the KCa2.1
and KCa2.2 channel activity (Gerlach et al. 2001). The contribution of PKA and
PKC to KCa3.1 regulation remains, however, tissue dependent as the stimulatory ac-
tion of ATP on KCa3.1 could be prevented using the PKA inhibitor PKI5–24 in T84
cells, but not in HEK-293 cells expressing KCa3.1 (Gerlach et al. 2000). Further-
more, PKA was reported to inhibit, not activate, the rat homologue KCa3.1 chan-
nel expressed in X. laevis oocytes through direct phosphorylation of a modulatory
locus in the cytoplasmic region of the channel (Neylon et al. 2004). These obser-
vations argue for an ATP-dependent regulation of the KCa3.1 channel activity that
involves multiple intracellular sites and several ATP-sensitive auxiliary proteins. An
analysis of the KCa3.1 sequence shows a single PKA phosphorylation consensus
site at position 334 in C-terminus, and four potential sites for phosphorylation by
PKC (T101, S178, T329, S388). Mutating the PKA-consensus site S334 did not,
however, affect the basal and/or ATP-activated currents, arguing for KCa3.1 being
not itself the target for phosphorylation at this site (Gerlach et al. 2001). An ex-
tensive study in which both truncated KCa3.1 and KCa3.1-KCa2.2 chimeras were
functionally analyzed, led to the identification of a region in C-terminus of KCa3.1
critical for ATP-dependent activation (Gerlach et al. 2000, 2001). Indeed, the seg-
ment R355-A413 was reported to be necessary and sufficient for an ATP-dependent
regulation of KCa3.1 activity, with the first 14 amino acids playing a critical role
as they impart partial ATP dependence when transferred to the KCa2.2 channel
(Figure 19.2). This 14-residue segment is located within the Ca2+-dependent CaM
binding domain of KCa3.1 in C-terminus (Figure 19.2) suggesting an ATP-related
modulation of the Ca2+-dependent binding of CaM to KCa3.1 (Srivastava et al.
2006a). Notably, the same 14-amino-acid span was reported to confer PI(3)P sensi-
tivity to KCa3.1 and to critically contribute to the recruiting and binding of the nu-
cleoside diphosphate kinase NDPK-B to the channel (Figures 19.1 and 19.2). Once
bound, NDPK-B is thought to directly phosphorylate a His at position 358, lead-
ing to channel activation (Srivastava et al. 2006b). The interplay between PI(3)P,
NDPK-B, and KCa3.1 still remains to be clarified, but the evidence gathered to date
does not support a model involving the binding of NDPK-B to PI(3)P or a control of
the NDPK-B kinase activity by PI(3)P (Srivastava et al. 2006b). The possibility of
a yet-to-be-identified regulatory protein mediating the stimulatory action of PI(3)P
on KCa3.1 cannot currently be ruled out (Figure 19.1).

ROS-Related Regulation

Work from our laboratory has provided single-channel evidence for a redox con-
trol of the KCa3.1 channel in bovine aortic endothelial cells (Cai and Sauvé 1997).
In these cells, exposure to the reactive oxygen species (ROS) generating system
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Fig. 19.3 Inhibition of KCa3.1 by ROS. (A) Inside-out patch-clamp experiment illustrating
KCa3.1 inhibition by hydroxyl radicals OH•. The channel appeared insensitive to H2O2 but a clear
decrease in channel activity was observed following the mixture of the H2O2 and Fe2+ solutions.
Current recording performed at a pipette potential of 60 mV. Perfusion with a Ca2+-free solution
is represented by the black rectangle. (B) OH• were generated according to the Fenton reaction by
mixing two 200 mM K2SO4 plus 25 µM free Ca2+ solutions respectively containing 10 mM H2O2
and 10 µM Fe2+ directly at the tip of the patch pipette.

H2O2 caused a channel inhibition that was partly reversible by dithiothreitol (DTT).
Patch excised experiments performed on KCa3.1 channels expressed in X. laevis
oocytes confirmed that KCa3.1 can be irreversibly inhibited by H2O2 in the presence
of Fe2+, suggesting that hydroxyl radicals (OH•) specifically react with KCa3.1
residues (cysteine, methionine, histidine, lysine) leading to a nonfunctional channel
(Figure 19.3). This proposal is further supported by the observation that KCa3.1 re-
mained insensitive to the OH• generating system H2O2 + Fe2+ in the presence of
vitamin C, a OH• scavenger (data not shown). As the production of ROS has been
associated with dysfunctions of the endothelial cells in pathologies such as hyper-
tension and diabetes, an inhibitory action of ROS on KCa3.1 would further exacer-
bate the impaired vasorelaxation function of the endothelium in ROS conditions.

Molecular Basis of KCa3.1 Regulation and
Pharmacological Properties

Structural Features of the KCa3.1 Channel Pore

Although the primary structure of KCa3.1 has been established in a variety of cell
preparations, little is actually known on the 3D structure of KCa3.1. In the absence
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of X-ray structural data, our laboratory has implemented an approach combin-
ing substituted cysteine accessibility measurements and computer-based homology
modeling to generate the first molecular description of the open/closed KCa3.1 pore
region (Banderali et al. 2004). To model the KCa3.1 channel in the open confor-
mation we used as template the bacterial Ca2+-activated potassium channel MthK.
The resulting structure predicts that the V275, T278, and V282 residues should be
lining the channel pore with V275 and T278 contributing to the formation of a cen-
tral inner cavity approximately 10 Å wide and with pore dimensions exceeding 18
Å in diameter for the region extending from the channel central cavity to the in-
ternal medium (Figure 19.4A). Results from an analysis of the KCa3.1 channel
voltage-dependent block by the quaternary ammonium cation tributylammonium
(TBA) (Banderali et al. 2004) have indicated in this regard that the pore diameter of
the open KCa3.1 should be wide enough to accommodate a molecule with a diam-
eter greater than 5 Å with more than 81% of the applied transmembrane potential
restricted to the selectivity filter region. It was concluded that the open channel pore
structure is compatible with the structure reported for the bacterial MthK channel,
with a pore inner vestibule wide enough for K+ ions to have an unrestricted access
to the channel cavity up to the selectivity filter (Figure 19.4A).

A combined SCAM (substituted cysteine accessibility method) and molecular
modeling approach was also used to address the question of the KCa3.1 channel
pore structure in the closed configuration. We had proposed in a previous work a
3D homology-based model of the pore-forming S6 transmembrane segment for the
closed KCa3.1 configuration using the bacterial KcsA channel structure as tem-
plate (Simoes et al. 2002). This model predicts that the diameter of the KCa3.1
conducting pathway should vary along the channel central axis of diffusion with
a minimum van der Waals diameter of 2.0 Å at the level of the V282 residue
(Figure 19.4B). The pore structure for the closed KCa3.1 channel based on a KcsA
template would thus be characterized by a bundle-crossing region extending from
V282 to A286 with the presence of a tight hydrophobic seal at the level of the
V282 residue (Figure 19.4B). Data supporting this model would strongly argue
for a KCa3.1 activation gate located at the C-terminal end of the transmembrane
S6 segments capable of controlling K+ ion flow. The SCAM results we obtained
showed, however, that the bundle-crossing region of closed KCa3.1 is permeable
to hydrophilic molecules with a diameter as large as 4.8 Å, indicating (1) that the
bundle-crossing region of KCa3.1 in the closed state cannot be adequately repre-
sented by a KcsA-like structure and (2) that the Ca2+-dependent gating of KCa3.1
involves different sections of the S6 segment with the C-terminal end of S6 not
constituting a hydrophobic seal capable of controlling K+ ion flow (Klein et al.
2007).

A Molecular View of the KCa3.1 Ca2+-Dependent Activation

The exact molecular mechanism underlying KCa3.1 opening in response to Ca2+
binding to the CaM–KCa3.1 complex in C-terminus remains to be elucidated.
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Fig. 19.4 Model structures of the S5–pore–S6 segment of KCa3.1 channel generated by homol-
ogy modeling. (A) Model of the S5–pore–S6 region for the open KCa3.1 conformation computed
using the MthK structure as template. In green, residues predicted to be lining the channel pore
and to form the channel central cavity (V275, T278, V282). Also illustrated in white is the selec-
tivity filter region with three K+ ions (in gold). (B) Model of the KCa3.1 S5–pore–S6 segment
for the closed IKCa3.1 generated using the KcsA potassium channel as template. According to
this representation, the bundle-crossing region (V282 in green, A283 and A286 in blue) should
form a constriction in the channel pore tight enough to generate an impermeable barrier to K+ ion
flow. (C) Model representation of two CaM molecules (in blue) bridging two KCa3.1 C-terminal
segments extending from D304 to K373 (orange cylinders) leading to the formation of a dimeric
structure between two adjacent KCa3.1 monomers. This bridging process has been proposed to
induce a rotation/translation of the S6 transmembrane segments resulting in channel opening. The
model was generated by homology modeling using the crystallized KCa2.2–CaM complex (PDB:
1G4Y) as template. Molecular representations using VMD (University of Illinois). (D) Schematic
representation of the model proposed for the KCa3.1 closed configuration based on SCAM mea-
surements of the KCa3.1 pore structure performed in zero Ca2+ conditions. This model predicts
that C-terminal end of the S6 segments cannot form a barrier to the diffusion of K+ ions, but that
the control of K+ ion flow by Ca2+ involves a structural change at the level of the selectivity filter
or a region close to it. (See color plate.)
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Structural information pertinent to channel gating has, however, been obtained
through the crystallization of CaM bound to the rat KCa2.2–CaM binding domain
in the presence of Ca2+. These experiments confirmed that CaM binds endoge-
nously to KCa2.2 in C-terminus close to the S6 transmembrane domain. Because
the amino acid sequence of the CaM binding domains in KCa2.2 and KCa3.1 are
highly homologous, a computer-based homology modeling approach was imple-
mented to obtain structural information on the CaM binding domain of KCa3.1.
The resulting model predicts that the CaM binding domain in KCa3.1 consists of a
helical segment of 91 amino acids starting at the residue D304, with a hairpin fold-
ing 5 amino acids long centered at R331 (Figure 19.4C). The C-lobe of CaM would
be constitutively bound to the KCa3.1 segment extending from K312 to T329 with
a stoichiometry of 1 CaM molecule per channel subunit. Upon Ca2+ binding, it has
been proposed that a large-scale conformational rearrangement would take place
in which the N-lobe of CaM would interact with the C-terminus of an adjacent
channel subunit at L356–M376, resulting in a subunit–subunit dimerization process.
This rearrangement would in turn lead to a rotation/translation of the associated
S6 transmembrane domains and to the opening of the ion-conducting pore (Schu-
macher et al. 2001, 2004; Wissmann et al. 2001; Maylie et al. 2004). Our SCAM
results confirmed that Ca2+ binding to the CaM–KCa3.1 complex in C-terminus
initiates a widening of the pore at the C-terminal end of the S6 segments (Klein
et al. 2007). This conformational change would not, however, be responsible for the
Ca2+-dependent channel opening as cysteine residues engineered inside the channel
cavity were found to be accessible to reagents as large as 4.8 Å with KCa3.1 in the
closed state. This observation argues for a closed KCa3.1 structure (not conduct-
ing) where K+ ions can freely diffuse in and out of the channel cavity. Our results
would thus support a model whereby the S6 segments act as transducers conveying
the structural changes occurring at the C-terminal end of the S6 segments to the
selectivity filter. Changes in the selectivity filter structure or in a region close to it
could in turn affect the passage of K+ ion inside the pore and thus be responsible
for KCa3.1 activation (Figure 19.4D).

KCa3.1 Structure and Pharmacological Properties

The channel inhibitors CLT (Rittenhouse et al. 1997) and TRAM-34 (Wulff et al.
2000) have been extensively used to confirm the contribution of KCa3.1 channels
to the endothelial hyperpolarization underlying the EDHF-induced vascular smooth
muscle relaxation (Edwards et al. 1998, 1999, 2000; Yamamoto et al. 1999; Dong
et al. 2000; Coleman et al. 2001). More importantly, TRAM-34 was shown to
prevent restenosis after angioplasty (Kohler et al. 2003) and abolish the endothe-
lial cell proliferation induced by either the basic fibroblast growth factor or vas-
cular endothelial growth factor in vitro, suggesting that KCa3.1 blockade repre-
sents a new strategy to prevent tumor angiogenesis (Grgic et al. 2005). There is
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therefore an urgent need for the rational design of selective KCa3.1 blockers as
therapeutic agents. The design of a specific KCa3.1 blocking agent will largely
depend, however, on the information available concerning the KCa3.1 pore struc-
ture. The model of the KCa3.1 central cavity derived on the basis of our SCAM
results (Simoes et al. 2002; Klein et al. 2007) presents the V275, T278, and V282
residues as lining the channel pore. According to our current model, both T250
and V275 should be projecting inside the channel cavity with T250 located at
the inner entrance of the selectivity filter (Figure 19.5B). These residues are thus
likely to form a coordination site for several different inhibitors, such as TBA
(Dunn 1998; Hamilton et al. 2003; Banderali et al. 2004; Lenaeus et al. 2005), CLT
(Rittenhouse et al. 1997), and TRAM-34 (Wulff et al. 2000) (see Figure 19.5A).
In support of this proposal is the observation that mutating the Val at position 275
substantially modifies the potency of TBA and TRAM-34 to inhibit KCa3.1. For
instance, substituting the Val at 275 by a Cys increased by 10-fold the affinity of
KCa3.1 to TBA (Banderali et al. 2004) whereas the mutations V275A and T250S
decreased by more than 1000-fold the sensitivity of KCa3.1 to TRAM-34 (Wulff
et al. 2001). Both T250 and V275 are also likely to account for the direct inhibitory
effect of AA on KCa3.1 as the double mutation T250S–V275C was found to elim-
inate the AA sensitivity of KCa3.1 (Hamilton et al. 2003). Taken together these
results argue for a rational design of specific KCa3.1 inhibitors based on the mole-
cular structure proposed for the KCa3.1 channel cavity. Docking calculations have
already proven in this regard that it is possible to qualitatively account for the inter-
actions between TRAM-34 and KCa3.1. Figures 19.5B and 5C illustrate a schematic
representation of one of the docking configurations obtained using the Affinity pro-
gram (Accelrys) where both the ligand and the binding pocket are allowed to be
flexible during the calculations. In the proposed configuration, the pyrazole group
of TRAM-34 is seen to strongly interact with the T250 residue of monomer C, while
two of the phenyl rings are stabilized by strong hydrophobic interactions at the level
of the T250 and V275 residues on monomer A and T278 on the adjacent monomer
D. These predictions are in accordance with the mutagenesis results reported on the
binding of TRAM-34 to KCa3.1 (Wulff et al. 2001).

KCa3.1 is also sensitive to toxins applied externally. For instance, charybdo-
toxin (ChTX) was reported to inhibit KCa3.1 from the external side. In accordance
with the ChTX blocking mechanism described for the Kv1.3 and KCa1.1 channels,
the blocking action of ChTX on KCa3.1 most likely involves the formation of a
hydrogen bond between the residue K27 of the toxin and the Tyr at position 253
deep in the channel selectivity filter. The toxin would be further stabilized by ad-
ditional hydrogen bonds in the channel external vestibule with the interaction N30
(ChTX)–D239 (KCa3.1) playing the major role (Gao and Garcia 2003; Visan et al.
2004). These modeling results tend to support the overall topology of the KCa3.1
external vestibule derived from computer-based homology modeling using KcsA as
template.

Finally, several molecules such as 1-EBIO (1-ethyl-2-benzimidazolinone) or
7,8-benzoquinoline have been identified as KCa3.1 channel openers. These mole-
cules do not substitute for Ca2+ as their stimulatory effect is Ca2+ dependent. The
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Fig. 19.5 Molecular determinants of KCa3.1 block by TRAM-34. (A) Inside-out patch clamp
recording illustrating the inhibitory effect of TRAM-34 applied internally. Experiment performed
in symmetrical 200 mM K2SO4 solutions plus 25 µM free internal Ca2+ at an applied pipette po-
tential of 60 mV. Black boxes refer to perfusion with a Ca2+-free solution. (B) TRAM-34 molecule
trapped in the channel central cavity. The S6 segments of three monomers are presented as cylin-
ders whereas TRAM-34 and T250 residues are shown in a CPK atomic presentation. Molecular
representation by VMD (University of Illinois). Docking calculations were performed using the
Affinity module of InsightII (Accelrys). No hydrogen bonding or tethered subsets were defined.
The ligand was confined to stay within 5 Å of its starting position at the center of the cavity. The
TRAM-34 molecule plus all of the KCa3.1 channel residues within a 7.5-Å radius from the center
of the cavity were flexible during the calculations. A Monte Carlo search was performed leading
to 100 structures with no acceptance filter. We used the nonbonded method: Quartic VDW with
coulombic interactions off and VDW scaled to 0.1, flexible ligand with an energy range of 200
and tolerance to 106 and 100 steps minimization. (C) Schematic representation of the docking
results using the LIGPLOT software. This analysis illustrates hydrophobic interactions between
the pyrazole moiety of TRAM-34 and the T250 residue of monomer C, while predicting that the
stabilization of two of the phenyl rings by strong hydrophobic interactions involves the T250 and
V275 residues on monomer A and T278 on the adjacent monomer D. (See color plate.)

molecular mechanism underlying the action of KCa3.1 openers remains ill defined,
but an analysis of the action of EBIO on chimeric KCa3.1/KCa2.2 channels suggests
a modification of the interaction between the CaM N-lobe and the CaM binding do-
main of KCa3.1 resulting in an apparent increase in Ca2+ sensitivity (Pedarzani
et al. 2001). A better description of how KCa3.1 openers affect channel gating will
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largely depend on our future understanding of the conformational changes respon-
sible for channel opening.

KCa3.1 Structure and ROS Effects

One of the key features of the KCa3.1 pore-forming S6 helix is the presence of four
cysteine residues over a 10-amino-acid span from C267 to C277. According to the
model proposed for the KCa3.1 filter region and central cavity (Figures 19.4A, B),
the cysteines at positions 276 and 277 would be oriented opposite to the central
cavity whereas the cysteines at 267 and 269 would be located at the level of the
selectivity filter with C267 in close proximity (less than 3.5 Å) of the Y253 residue
at the interface between the channel cavity and the selectivity filter region. Be-
cause of their strategic location along the pore-forming S6 transmembrane segment,
these residues constitute potential targets for a regulation of KCa3.1 by free
radicals. This proposal would be in accordance with a recent observation in-
dicating that exposure of KCa3.1 to the oxidative agent thimerosal results in
an enhanced KCa3.1 activation, an effect attributable to the C276 and C277
residues (Bailey and Devor 2007). Results obtained from our laboratory have
shown furthermore that the inhibitory action of the cysteine-specific reagent DTNB
[5, 5′-dithio-bis(2-nitrobenzoic acid)] was largely dependent on the C267 residue
with 50% of the DTNB-induced current inhibition being lost with the C267S mu-
tant. Notably, a DTNB-insensitive channel could only be observed following the
mutation of the 9 cysteine residues located either in the channel transmembrane
segments or intracellular linkers, suggesting a synergic action of several cysteines to
the KCa3.1 channel activation and integrity. Our results thus support a model where
C267 constitutes a potential target for the redox control of KCa3.1 in endothelial
cells owing to its critical location near the selectivity filter region.

Concluding Remarks

KCa3.1 is now recognized as a major constituent of the Ca2+ signaling pathway
underlying the control of vascular tone by the endothelium. Accumulating evidence
indicates furthermore that KCa3.1 is critically involved in the proliferation process
of endothelial and vascular smooth muscle cells. It is therefore not surprising that
KCa3.1 has become an important pharmacological target for the treatment of vascu-
lar diseases related to the endothelium (Jensen et al. 2002). Key residues involved in
drug binding inside the channel pore have already been identified, and SCAM results
have provided the first mechanistic model of the conformation changes underlying
channel activation by Ca2+. Additional structural information is still needed, how-
ever, to define new potential sites for drug binding and develop alternative strategies
for the pharmacological control of the endothelium function.
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Leptin Signaling in the Cardiovascular System
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Abstract Since its initial discovery as a satiety product of the obesity gene, leptin
has received extensive attention especially in terms of its potential role in appetite
suppression and regulation of energy expenditure. The primary sources of leptin
production are adipocytes and the peptide exerts its principal effects on the hy-
pothalamus by acting on its receptors, termed OBR. Plasma leptin levels are greatly
elevated in obese individuals and this finding has been closely related to the degree
of adipocity. Although once considered to be solely derived from adipose tissue, it
is now apparent that leptin can be produced by various tissues including those com-
prising the cardiovascular system. Moreover, identification of OBR expression has
been demonstrated in numerous cardiovascular tissues as well as bloodborne fac-
tors such as platelets suggesting that leptin exerts biological effects beyond those
initially identified and related to appetite suppression. In terms of the cardiovas-
cular system, OBR have been identified in both vascular and cardiac tissues. The
increased cardiovascular risk associated with obesity is well known and many of
the effects of leptin appear to be compatible with its potential role as a contributing
factor to increased cardiovascular morbidity associated with obesity. In both my-
ocardial and vascular tissues, leptin exerts its effects via multifaceted cell signaling
mechanisms. In terms of leptin’s ability to produce vascular or cardiomyocyte hy-
pertrophy or hyperplasia, the effects appear to MAPK-dependent. Recent evidence
suggests that p38 activation is of particular importance although how this occurs is
uncertain. Leptin also activates the RhoA/ROCK pathway resulting in altered actin
dynamics which in turn may be important to p38 activation resulting in hypertro-
phy. Understanding the cell signaling mechanisms underlying the effects of leptin
is of major importance in terms of developing therapeutic intervention targeting the
leptin system as a novel approach for treating cardiovascular disorders, particularly
those associated with hyperleptinemia.

Introduction

The discovery and cloning of the obesity gene (ob) in 1994 (Zhang et al. 1994) has
led to an explosion of studies aimed at unraveling the molecular and cellular basis
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Fig. 20.1 Leptin receptor isoforms. Leptin receptor isoforms (Ob-Ra to Ob-Re) are the result of
alternative gene splicing. Ob-Rb is considered to be the active isoform for carrying out downstream
signaling. The extracellular region of the receptor is comprised of two CK (cytokine receptor do-
main) and three F3 (fibronectin domain) domains. The extracellular domain is followed by the
transmembrane domain. The intracellular region consists of B1 (box 1) and B2 (box 2) for JAK2
binding and STAT (signal transducers and activators of transcription) binding domain.

of obesity and its accompanying disorders. Although originally thought to repre-
sent a disease reflecting an imbalance between food intake and energy expenditure,
the identification of ob and the demonstration of its overexpression in obesity lent
credence to the notion of a biochemical and molecular basis for obesity. The find-
ing that ob encodes a circulating satiety peptide, subsequently named leptin for the
Greek word leptos,meaning thin, was particularly exciting in view of the peptide’s
potential for treating obesity.

Leptin exerts its effects via membrane-bound receptors, termed OBR, which in-
clude various short forms possessing short intracellular domains (OBRa, OBRc,
OBRd, OBRf) and a long form (OBRb) which is highly homologous to the type I
cytokine receptor family. Their structures are illustrated in Figure 20.1. OBRb has a
long intracellular domain and its activation is coupled to the activation of the Janus
kinase (JAK)-signal transducers and activators of transcription (STAT) pathway. As
will be discussed later, cardiovascular tissues possess a multiplicity of OBR linked
to various components of cell signaling processes.

Leptin Synthesis and Structure

Leptin is located on chromosome 7q31.1, 4, and 6 in human, rat, and mouse, re-
spectively. The gene spans ∼20 kb consisting of three exons and two introns. The
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promoter region is ∼3 kb having TATA box, multiple C/EBP (CCAAT/enhancer
binding protein) sites, glucocorticoid response element (GRE), and many cAMP
response element-binding protein (CREB) sites.

Leptin is a 16-kDa, 167-amino-acid polypeptide with a 21-amino-acid signal se-
quence at the amino-terminus which is cleaved following the translocation of leptin
into microsomes and then secreted into the bloodstream. Thus, circulating leptin in
humans is actually a polypeptide of 146 amino acids having a molecular mass of 14–
16 kDa. Mouse leptin is 84 and 83% homologous to human and rat, respectively. The
peptide contains a single intramolecular disulfide bond that is conserved in mouse,
rat, and human, resulting in a loop at the C-terminal region and a N-terminal region.
It has been proposed that the N-terminal region and not the C-terminal region or
disulfide bond is essential for leptin’s biological activity and receptor binding activ-
ity (Imagawa et al. 1998), although it has also been suggested that the disulfide bond
is of importance for the secretion, stability, and solubility of the peptide (Montague
et al. 1997).

Leptin Resistance

The concept of leptin resistance is important for understanding the biological effects
of leptin and also in terms of explaining the failure of leptin as a potential treatment
for obesity. The latter reflects leptin resistance at the central level in obese individu-
als with concomitant chronic hyperleptinemia although it should also be noted that
resistance to leptin may also occur at peripheral tissues. Humans develop resistance
to leptin-induced effects resulting in decreased central nervous system signaling and
no reduction in body weight (Schwartz et al. 1996). The precise mechanisms for re-
sistance are not known with certainty although it has been suggested that leptin re-
sistance may be due to defective transport of leptin through the blood–brain barrier,
a concept supported by the observation that obese individuals have disproportion-
ately low cerebral spinal fluid concentrations of leptin compared with plasma levels
(Banks et al. 1996; Caro et al. 1996; Schwartz et al. 1996). It has recently been
postulated that chronic elevations in leptin result in activation of STAT-3 which pro-
duces elevations of SOCS-3, a natural inhibitor of leptin signaling. This would result
in attenuated or abolished leptin-induced OBR activation and downstream signaling
(Munzberg and Myers 2005). A recent study also suggested that excess NO produc-
tion in the hypothalamic regions contributes to central leptin resistance (Jang et al.
2007).

There are various examples of development of peripheral resistance to leptin.
For instance, leptin loses its restrictive effects on insulin secretion from pancreatic
β-cells in obese individuals (Seufert 2004). As will be alluded to below, cardiac
myocytes from spontaneously hypertensive and hyperleptinemic rats do not re-
spond to leptin while normotensive controls show a decrease in contraction (Wold
et al. 2002). The mechanism of peripheral resistance is unknown but may involve
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effects on receptor/cell signaling functions (Clement et al. 1998; Vaisse et al.
1996), although this does not appear to involve downregulation of the OBRb lep-
tin receptor (Wold et al. 2002). Recently, it has been proposed that leptin bind-
ing to C reactive protein contributes to peripheral leptin resistance (Chen et al.
2006).

Is Leptin a Link Between Obesity and Increased
Cardiovascular Risk?

The relationship between obesity and increased risk for the development of cardio-
vascular disease is well known (Okerberg and Hamilton 2003; Sowers 2003; Sundell
2005) and obesity produces distinct changes in myocardial biochemistry, structure,
and function (Ricci et al. 2006; Wong and Marwick 2007). Although a clear mecha-
nistic basis for increased cardiovascular risk in obese individuals is uncertain (Hall
et al. 2002), leptin has received some attention as a potential causative, or at least
a contributing, factor to this phenomenon particularly as it pertains to hypertension
(Aneja et al. 2004; El-Atat et al. 2003) but also to a host of other cardiovascu-
lar conditions. One of the manifestations of obesity is increased sympathetic tone
which results in catecholamine-related cardiovascular dysfunction and as such the
ability of leptin to stimulate sympathetic activity could suggest its involvement in
this phenomenon (Grassi 2004; Hall et al. 2003; Rahmouni et al. 2005). Leptin has
also been shown to directly stimulate catecholamine synthesis in cultured bovine
adrenal medullary cells through a mechanism involving tyrosine hydroxylase and
MAPK activation (Shibuya et al. 2002). This would suggest that leptin-induced
catecholamine elevation may occur via two mechanisms, activation of the sympa-
thetic nervous system and direct stimulation of catecholamine synthesis in adrenal
medulla.

A significant correlation between plasma leptin concentrations and systolic blood
pressure has been reported by various investigators although a cause-and-effect re-
lationship has not been established (El-Gharbawy et al. 2002; Guagnano et al. 2003;
Henriksen et al. 2000; Hu et al. 2001; Livshits et al. 2005). Such a relationship
was also observed in obese children who also demonstrated a strong relationship
between plasma leptin and insulin levels suggesting that leptin could be a marker
or contributor to insulin resistance in obese subjects (Nishina et al. 2003). Plasma
leptin has also been associated with a potential for increased thromboembolic risk
in obesity via two potential mechanisms, first through impaired fibrinolysis (Skurk
et al. 2002) and second through increased levels of fibrinogen (Gomez-Ambrosi
et al. 2002). Dietary-mediated reduction in body weight reduces blood pressure
as well as leptin concentrations in obese hypertensive individuals (Mori et al.
2004). The link between leptin and blood pressure appears to be rather convincing
although it should be noted that the effects of leptin on vascular reactivity are mul-
tifaceted since the peptide likely directly produces vasorelaxation via a nitric oxide
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(NO)-dependent process (Fruhbeck 1999). In this regard, NO production following
leptin administration has been shown to be markedly depressed in obese animals
(Beltowski et al. 2003). Interestingly, dietary-induced obesity in hypertensive rats
results in slower recovery from stress-induced elevations in blood pressure and
heart rate which was associated with myocardial hypertrophy and hyperleptinemia
(Sedova et al. 2004).

Expression of Leptin Receptors in Cardiovascular Tissues

The first demonstration of the presence of OBR gene expression in cardiac tissue
was reported in 1996 upon the discovery of the gene encoding the db/db mutation
(Lee et al. 1996). Further characterization of OBR isoforms indicated that cardiac
tissue expressed OBRa, OBRb, and OBRe (Lollmann et al. 1997; Wold et al. 2002).
Recent work from the authors’ laboratory suggests that OBR gene expression in
the heart differs in terms of regional distribution and is also affected by gender
(Purdham et al. 2004). Semiquantitative real-time polymerase chain reaction re-
vealed that in both males and females all three isoforms investigated were expressed
in both atria, left and right ventricular walls as the interventricular septum although
the greatest gene abundance was found in the atria. In terms of gender differences,
OBR expression was generally higher in tissues from female rats especially in the
right atria (Purdham et al. 2004).

The functions of each of the OBR isoforms in the heart, the relevance of regional
distribution expression patterns, or the influence of gender are currently unclear
although some potential functions for leptin signaling in the heart will be discussed
later in this review. The identification of OBRe in cardiac tissue was of particular
interest since this soluble receptor represents the primary binding protein for leptin
in plasma and may thus dictate leptin availability to tissues. It is possible that the
presence of OBRe in cardiac tissues is a consequence of proteolytic cleavage of
the extracellular domains of one of the other isoforms (Ge et al. 2002; Maamra
et al. 2001). Although the function of OBRe in the heart is currently unknown, it
is interesting to speculate that its local tissue production serves to “fine tune” leptin
concentrations in that specific tissue which would be in keeping with its role as a
clearance receptor, although evidence for this hypothesis needs to be obtained with
further studies.

In addition to cardiac tissue, leptin receptors have also been identified in both
cerebral and coronary vessels (Bjorbaek et al. 1997; Knudson et al. 2005). With re-
spect to the latter it was proposed that OBR-mediated leptin-induced vasodilation
occurs through an NO-dependent process and which was abolished by hyperleptine-
mia. This finding emphasizes the potential dual role of leptin on vascular tissue,
a direct NO-dependent vasodilation and vasoconstriction occurring secondarily to
central stimulation of the sympathetic nervous system. These effects will be dis-
cussed below in greater detail.
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Cardiovascular Actions of Leptin

Effect on Cardiomyocyte Function

Under in vivo conditions, the cardiovascular actions of leptin can be predicted based
on the central sympathetic stimulatory effect of the peptide resulting in sympa-
thetic nervous system-dependent effects such as elevations in blood pressure and
positive inotropic and chronotropic effects. However, leptin can exert direct effects
on both the heart and blood vessels through OBR-dependent cell signaling mecha-
nisms. In isolated ventricular myocytes, leptin produces a negative inotropic effect
via an NO-dependent pathway as the effect was abrogated by NO synthase inhi-
bition with L-NAME and associated with increased NO synthase activity (Nickola
et al. 2000). The negative inotropism is also associated with both JAK-STAT as well
as MAP kinase p38 activation (Hintz et al. 2003; Wold et al. 2002). The negative
inotropic effect of leptin can also be significantly augmented by ceramide. Leptin
has also been shown to stimulate fatty acid oxidation in working perfused rat hearts
in the absence of any effect on glucose oxidation while lowering cardiac triglyceride
content (Atkinson et al. 2002).

Cardiomyocyte Hypertrophic Effects of Leptin

Evidence for leptin as a hypertrophic and progrowth factor stems primarily from
studies examining the direct effect of the peptide on myocyte preparations. For ex-
ample, our laboratory reported that leptin produces marked hypertrophy in cultured
neonatal rat ventricular myocytes as manifested by increased cell size, elevated pro-
tein synthesis, and upregulation of a number of genetic hypertrophic markers (Ra-
japurohitam et al. 2003). Leptin-induced hypertrophy was associated with MAPK
activation including both the p44/42 and p38 pathways whereas the hypertrophy
was prevented only by p38 inhibition (Rajapurohitam et al. 2003). Although the
latter suggests a p38-dependent pathway of leptin-induced hypertrophy, the mech-
anism may be multifaceted and involve other contributing factors. Thus, Xu et al.
(2004) demonstrated that leptin-induced endothelin-1 release from neonatal rat ven-
tricular myocytes results in activation of the endothelin-1 ETA receptor which then
stimulates production of reactive oxygen species, the latter inducing cardiomyocyte
hypertrophy (Xu et al. 2004). This study suggests that leptin does not induce hy-
pertrophy directly per se but rather as a consequence of upregulation of other pro-
hypertrophic factors. Accordingly, both ETA receptor blockade as well as catalase
were effective in abrogating the hypertrophic response (Xu et al. 2004). In view
of the fact that endothelin-1 and other hypertrophic factors such as angiotensin II
are upregulated in obesity (reviewed by Barton et al. 2003), this study describes
an important potential synergistic relationship between various neurohumoral fac-
tors in the overall hypertrophic process. This relationship between leptin is further



20 Leptin Signaling in the Cardiovascular System 383

highlighted by recent evidence from our laboratory that leptin mediates the hyper-
trophic effects of endothelin-1 and angiotensin II in cultured myocytes (Rajapuro-
hitam et al. 2006). In this study, the hypertrophic effects of either endothelin-1 or
angiotensin II were associated with increased OBR expression and release of lep-
tin into the culture medium. Moreover, anti-OBR antibodies completely abrogated
the hypertrophic responses to both endothelin-1 and angiotensin II (Rajapurohitam
et al. 2006). These results need to be confirmed in other models but if validated they
suggest that leptin plays a critical paracrine or autocrine obligatory role in mediat-
ing the hypertrophic responses to both endothelin-1 and angiotensin II and possibly
other prohypertrophic factors.

Leptin has been shown to increase hyperplasia of the murine atrial HL-1 cell line
as well as pediatric cardiomyocytes (Tajmir et al. 2004). Activation of ERK and
phosphatidylinositol 3-kinase was demonstrated and implicated in the increase in
cell number. It should be noted that leptin-induced hypertrophy has also been shown
in human pediatric ventricular myocytes which was associated with increased ERK,
p38, and JAK phosphorylation (Madani et al. 2006).

Vascular Effects of Leptin

Leptin appears to exert a multiplicity of effects on vascular tisssues which may
increase the risk of pathology. One such effect involves decreasing vascular com-
pliance possibly via stimulation of calcification. Indeed, leptin receptors have been
identified on calcifying vascular cells (Parhami et al. 2001) and the peptide has been
shown to induce vascular calcification by increasing alkaline phosphatase activity, a
marker of osteogenic differentiation and calcification of osteoblastic cells (Parhami
et al. 2001). Vascular vessel distensibility could also be reduced by smooth muscle
cell proliferation and migration or the formation of neointima. In this regard, Oda
and coworkers demonstrated that leptin stimulates vascular smooth muscle cell pro-
liferation through a mechanism involving, at least in part, increased phosphatidyli-
nositol 3-kinase activity (Oda et al. 2001). The activation of cell proliferation and
migration can lead to acceleration of neointimal formation in vivo (Schafer et al.
2004; Stephenson et al. 2003) which would reduce arterial distensibility (Oda et al.
2001).

Leptin also exerts proangiogenic effects which likely occurs through activation
of various factors including VEGF (Suganami et al. 2004), serine/threonine kinase
Akt (Akt, protein kinase B, or Rac kinase) (Goetze et al. 2002), ERK1/2 (Bouloumie
et al. 1998; Jin et al. 2003), and enhancement of metalloproteinase (MMP) expres-
sion (Park et al. 2001). How Akt mediates angiogenesis is not known although it has
been shown to induce reorganization of actin cytoskeleton resulting in increased cell
migration, an important part of the angiogenesis process (Morales-Ruiz et al. 2000).
MMPs are members of the zinc-dependent proteinase family, which have an impor-
tant function in cell migration by virtue of their ability to digest extracellular com-
ponents (Park et al. 2001) as well as their ability to release growth factors leading
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to cell proliferation (reviewed by Stetler-Stevenson 1999). Other angiogenic factors
which are increased by leptin are reactive oxygen species (Bouloumie et al. 1999;
Maingrette and Renier 2003). Oxidative stress has the ability to induce angiogene-
sis indirectly by increasing the secretion of atherogenic factors such as lipoprotein
lipase from macrophages (Maingrette and Renier 2003). In addition, smooth muscle
cell proliferation and migration are important processes in angiogenesis (reviewed
by D’Amore and Thompson 1987) and leptin has been shown to stimulate vascu-
lar smooth muscle proliferation and migration in cell cultures (Oda et al. 2001) as
well as under in vivo conditions by acceleration of neointimal hyperplasia forma-
tion after injury (Schafer et al. 2004). Interestingly, the formation of neointima in
ob/ob leptin-deficient mice was markedly attenuated compared to wild-type animals
(Stephenson et al. 2003) suggesting the involvement of endogenous leptin in smooth
muscle proliferation and migration.

Lastly, leptin also exerts potent hypertrophic effects on vascular tissue (Zeidan
et al. 2005). Interestingly, the effects appeared to be dependent on both the an-
giotensin and endothelin systems as demonstrated by a marked upregulation of
these pathways following leptin administration coupled with the ability of both an-
giotensin and endothelin receptor antagonists to mitigate leptin’s hypertrophic in-
fluence (Zeidan et al. 2005).

Leptin as a Cardioprotective Agent

Although the hypertrophic/pro-remodeling effect of leptin is suggestive of an im-
portant role in cardiac pathology, salutary effects of the peptide have also been
demonstrated particularly in terms of its effect in protecting cardiac tissue against
hypoxia or ischemia. Indeed, leptin has been shown to exert protection against hy-
poxia/reoxygenation injury in cultured myocytes (Erkasap et al. 2006) or in isolated
perfused mouse hearts subjected to ischemia and reperfusion in terms of infarct size
reduction possibly acting via the PI3-Akt and ERK pathways (Smith et al. 2006).
The rapid upregulation of expression of leptin and OBR following initiation of my-
ocardial ischemia (Matsui et al. 2007; Purdham et al. 2004) suggests that stimulation
of the leptin system represents a potential endogenous cardioprotective mechanism.
It has even been suggested that mild obesity, and its attendant elevation in leptin
levels, may offer cardiac protection following ischemia (Heusch 2006) which may
explain reported improved outcomes observed in some clinical studies in obese pa-
tients following coronary events (Kennedy et al. 2005).

Postreceptor Leptin Signaling

In general, the complexity and diversity of leptin’s effects is exemplified by its abil-
ity to activate several signal transduction pathways. It is beyond the scope of this
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of the leptin receptor (OBRb) can result in the activation of various cell signaling components
many of which are dependent on the activation of the JAK/STAT. This results in a multiplicity of
cell signaling responses many of which subsequently target the nucleus resulting in transcriptional
changes. See text for further discussion.

review to comprehensively discuss leptin-mediated signaling in all tissues or organ
systems. Instead, the discussion below focuses on signaling pathways which have
been elucidated in cardiovascular tissue or which appears to be particularly relevant
for understanding leptin-mediated cardiac signaling and its possible relationship to
pathology particularly in view of harnessing these pathways for cardiac therapeu-
tics. For a more general treatise of this subject, interested readers can consult various
reviews appearing elsewhere (Ahima and Flier, 2000; Hegyi et al. 2004; Sweeney
et al. 2001; Zabeau et al. 2003). A general summary of cell signaling pathways
which have been proposed to mediate the actions of leptin, and which are discussed
in the following sections, is illustrated in Figure 20.2.

The JAK-STAT Pathway

It is generally accepted that OBRb is the fully competent signal transduction iso-
form of the receptor, and that the short-form OBRs (a, c, d, f) while capable of signal
transduction, do so to a lesser extent (Bjorbaek et al. 1997; Uotani et al. 1999). The
major signaling pathway activated by leptin binding to OBRb is the Janus kinase
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(JAK)–signal transducer and activator of transcription (STAT) pathway (Bjorbaek
et al. 1997). Upon binding of leptin to its receptor, JAK1 and JAK2 are both capable
of associating with the cytoplasmic domain of OBRb; however, recently it has been
demonstrated that JAK2 activation likely represents the physiologically relevant ac-
tivated JAK during OBR signaling (Kloek et al. 2002). Activation of JAKs results in
transphosphorylation of other JAK as well as phosphorylation of tyrosine residues of
OBRb (Banks et al. 2000). Recently, protein tyrosine phosphatase 1B (PTP1B) has
been shown to be a negative regulator of JAK-STAT signaling (Cheng et al. 2002;
Kaszubska et al. 2002). PTP1B dephosphorylates the consensus recognition motif
on JAK2 resulting in inactivation of downstream STAT proteins (Zabolotny et al.
2002). PTP1B knockout mice exhibit increased leptin sensitivity, STAT3 activation,
and decreased leptin-to-body-weight ratios (Zabolotny et al. 2002). Phosphorylation
of the cytoplasmic domain of the receptor results in a docking site for STAT protein
binding. STAT1, STAT3, STAT5, and STAT 6 have all been associated with leptin
signaling in vitro (Baumann et al. 1996; Bendinelli et al. 2000; Briscoe et al. 2001).
Upon binding the receptor complex, STAT is phosphorylated by JAK where it disso-
ciates from the receptor, forms a homo- or heterodimer, and then translocates to the
nucleus to act as a transcription factor (Baumann et al. 1996; Bendinelli et al. 2000;
Heim 1996). STAT3 can be inhibited by PIAS3, an endogenous protein inhibitor of
this transcriptional factor (Chung et al. 1997).

Evidence for JAK-STAT-dependent signaling in cardiac tissue in terms of phys-
iological effects is at present limited but recent evidence suggests that it may be
involved in the negative inotropic effect of leptin in cardiomyocytes based on the
ability of the JAK2 inhibitor AG-490 to abrogate these effects (Wold et al. 2002).
Interestingly, however, the effect of AG-490 was mimicked by the MAP kinase in-
hibitor SB203580 suggesting that leptin exerts its effects via multiple, and likely
independent, cell signaling pathways (Wold et al. 2002).

MAP Kinases

Mitogen-activated protein kinase (MAPK) represents an additional target for leptin-
mediated effects. In fact, OBRa has signal transduction capabilities through MAPK
pathways both dependently and independently of JAK phosphorylation (Banks et al.
2000; Bjorbaek et al. 1997, 2001). JAK2 phosphorylation of OBR tyrosine residue
985 (Tyr985) results in docking of an SH2-domain-containing protein tyrosine phos-
phatase (SHP-2), which associates with an adapter molecule, Grb-2, to activate ex-
tracellular regulated kinase (ERK) signaling (Banks et al. 2000). Although ERK
activation is possible in the absence of Tyr985, it still requires SHP-2 phosphatase
activity (Banks et al. 2000). SHP-2 activation by leptin–OBR interaction leads to
ERK activation, possibly through MEK1, but this has not as yet been confirmed
(Hegyi et al. 2004). Activation of ERK results in alterations in gene expression pat-
terns for several genes including c-fos (Bjorbaek et al. 2001). Another MAPK, p38,
has not been studied as extensively as ERK, but has been shown to be activated
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by leptin in mononuclear cells (van den Brink et al. 2000). In contrast, leptin was
shown to reduce insulin-induced p38 activation, while having no effect on p38 acti-
vation on its own (Sweeney et al. 2001). The role of leptin signaling through c-jun
NH2-terminal protein kinase (JNK) has not been well characterized. However, there
are two reports of leptin activating JNK in endothelial cells (Bouloumie et al. 1999)
and in prostate cancer cells (Onuma et al. 2003).

In the cardiovascular system, leptin has been demonstrated to activate compo-
nents of the MAPK pathways. In cultured neonatal myocytes, ERK1/2 and p38,
but not JNK, were activated by leptin; inhibiting ERK had no effect, while in-
hibition of p38 completely inhibited leptin-induced cardiomyocyte hypertrophy
(Rajapurohitam et al. 2003). Leptin has also been shown to induce hyperplasia in
the immortalized atrial HL-1 cell line via an ERK-dependent pathway (Tajmir et al.
2004). The results from studies using the HL-1 cell line are difficult to compare to
primary culture of ventricular myocytes since the two models would likely respond
to stimuli differently in view of the fact that the primary response of HL-1 cells is
hyperplasia, not hypertrophy.

Stimulation of p38 may also mediate hypertrophic responses to leptin in vascular
tissue. Recently, leptin has been shown to produce hypertrophy in aortic smooth
muscle which was associated with p38 activation and which was blocked by p38
inhibition whereas neither ERK nor JNK inhibition exerted any effect (Shin et al.
2005). In cultured rat portal veins, leptin-induced hypertrophy is associated with
p38, JNK, and ERK (unpublished data), suggesting that cell signaling mechanisms
involved in leptin-induced hypertrophy may reflect the nature of the vascular tissues
used to assess leptin-induced hypertrophy.

Pivotal Role for the RhoA/ROCK System in Mediating
the Hypertrophic Effects of Leptin

It has become apparent that the Rho/ROCK pathway, a downstream target protein
of small GTP-binding protein Rho important for regulation of cell morphology, is
likely also an important contributor to hypertrophy although the mechanism leading
to activation of Rho GTPases and subsequently to cardiac hypertrophy has not been
well characterized (reviewed by Loirand et al. 2006; Noma et al. 2006). RhoA acti-
vates several protein kinases, including Rho kinases (ROCK). This leads to the ac-
tivation of LIM kinase-2 (LIMK2) resulting in phosphorylation (inactivation) of the
actin-binding protein cofilin, an important factor in the regulation of actin dynam-
ics which in turn leads to depletion of globular actin (G-actin) pool and enhanced
actin polymerization (F-actin). Work from our laboratory has recently shown that
leptin is a potent activator of the RhoA/ROCK pathway leading to a decrease in
the G/F-actin ratio (Zeidan et al. 2006). The precise mechanism of how activation
of this pathway leads to cardiac hypertrophy is not known with certainty. Interest-
ingly, however, activation of RhoA/ROCK by leptin results in a caveolae-dependent
selective translocation of p38, but not other MAPK isoforms, to the nucleus
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(Zeidan et al. 2008) a finding in agreement with our initial observation that leptin-
induced hypertrophy can be blocked by p38, but not by ERK inhibition (Rajapuro-
hitam et al. 2003). A summary of the potential role of the RhoA/ROCK system in
mediating the hypertrophic effect of leptin is shown in Figure 20.3.

AMP-Activated Protein Kinase (AMPK)

Although it has been known for several years that leptin can activate AMPK, re-
cently this pathway has come into focus as it was demonstrated to be of utmost
importance in regulating food intake in the hypothalamus (Minokoshi et al. 2002,
2004). AMPK plays a particularly important role in the regulation of fatty acid
oxidation. Fatty acids which are not oxidized are stored in cytoplasm as triglyc-
erides. Malonyl CoA is an important fatty acid in maintaining a balance between
storage of fatty acids and transport into the mitochondria for oxidation. Elevated
malonyl CoA results in impaired transport into the mitochondria and consequently



20 Leptin Signaling in the Cardiovascular System 389

prevents oxidative phosphorylation (McGarry et al. 1977). Leptin has been shown
to cause phosphorylation and activation of AMPK resulting in phosphorylation of
acetyl CoA carboxylase, the enzyme responsible for production of malonyl CoA
(Minokoshi et al. 2002; Steinberg et al. 2003). Phosphorylation results in ACC in-
activation thus decreasing the amount of malonyl CoA in the cell and stimulating
oxidative phosphorylation (Winder and Hardie 1999). In the isolated working heart,
leptin was shown to increase fatty acid oxidation independently of AMPK activa-
tion (Atkinson et al. 2002). Moreover, Gonzalez and colleagues demonstrated that
AMPK activity in the heart was not altered by calorie restriction or fasting in mice
despite a reduction in plasma leptin concentrations (Gonzalez et al. 2004).

Modulation of Leptin Receptor Expression
in the Cardiovascular System

The ability of various factors, especially pathological factors, to modulate OBR ex-
pression is important in the understanding of the role of the leptin system in cardio-
vascular pathology. Compared to changes in leptin per se, modulation of its recep-
tors has not been extensively studied. Isolated rat hearts subjected to 30 minutes of
global complete ischemia resulted in substantial downregulation of OBRa, b, and e
isoforms which was more pronounced in hearts from male versus female animals
(Purdham et al. 2004). The relevance of this finding is presently uncertain but the
results demonstrate the dynamic nature of these receptors and suggest at least that
OBR expression can be altered by pathological changes. Whether this occurs in vivo
or whether receptor expression is dependent on severity of ischemia are other impor-
tant questions to address. Cardiac OBRb protein abundance has also been studied in
spontaneously hypertensive rats. Ventricular myocytes from these animals exhibited
resistance to the negative inotropic effect of leptin although this was not associated
with any changes in OBRb protein levels and more likely reflective of defective
postreceptor cell signaling function (Wold et al. 2002).

Summary and Conclusions

Since the first identification of leptin as a key satiety regulator, there has been a
tremendous explosion of research into this intriguing peptide which is now known
to exert a myriad of effects on a large number of tissues. The identification of leptin
receptors in different tissues coupled with findings that diverse organs and tissues
can produce leptin leads to the conclusion that leptin exerts effects which are sub-
stantially more extensive than initially thought. This clearly applies to the cardiovas-
cular system where leptin and its receptors have been identified in many cell types.
Indeed, leptin has diverse cardiovascular effects which are mediated by complex cell
signaling mechanisms. Identification of leptin-induced cell signaling is important to
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fully appreciate the basis for the peptide’s cardiovascular effects as well as for devel-
opment of therapeutic targets involving the leptin system. Therefore, a potentially
important outcome of such research will be the development of novel therapeutic
strategies for the treatment of cardiovascular disease associated with hyperleptine-
mic conditions.
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Chapter 21
AMPK Regulation of Cardiac Metabolism
in Heart Disease

Ding An, Min-Suk Kim, and Brian Rodrigues

Abstract AMP-activated protein kinase (AMPK) plays an important role in reg-
ulating cardiac metabolism, and once stimulated, AMPK turns on ATP-generating
mechanisms believed to be essential in maintaining a normal heart function. AMPK
is activated during various physiological or pathophysiological conditions. Dur-
ing cellular stresses, such as glucose deprivation, ischemia, hypoxia, and oxidative
stress, ATP generation is compromised, leading to a rise in AMP/ATP ratio and
activation of AMPK. During physiological conditions such as exercise, increased
ATP consumption, rather than impaired ATP generation, changes the AMP/ATP ra-
tio and stimulates AMPK. In cardiac muscle, AMPK promotes glucose uptake and
glycolysis (through recruiting GLUT4 to the plasma membrane), fatty acid (FA)
utilization (through its control of acetyl-CoA carboxylase), FA delivery (through
its regulation of the FA transporter CD36 and lipoprotein lipase), and glycogen
metabolism. Changes in metabolism have been closely linked to the development
of heart disease. For example, in the heart, elevated FA use has been implicated in
“lipotoxicity.” In addition to lipotoxicity, excessive FA compromises glucose oxi-
dation, and glycogen accumulates, with attendant effects on cardiac contractility.
Understanding the regulation of this important stress kinase is expected to shed
light on how changes in cardiac metabolism play a crucial role in the development
of heart disease.

Introduction

As uninterrupted contraction is a unique feature of the heart, cardiac muscle has a
high demand for provision of energy. Under normal physiological conditions, the
heart can utilize multiple substrates, including fatty acid (FA), carbohydrate, amino
acids, and ketones (Avogaro et al. 1990). Among these substrates, carbohydrate and
FA are the major sources from which the heart derives most of its energy. In a nor-
mal heart, 70% of ATP generation is through FA oxidation, while glucose and lactate
account for approximately 30% of energy provided to the cardiac muscle (Saddik
and Lopaschuk 1991; Neely et al. 1972; Gertz et al. 1988). It should be noted that the
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heart can rapidly switch its substrate selection to accommodate different physiolog-
ical and pathphysiological conditions involving altered extracellular hormones, sub-
strate availability, and work load (energy demand) (Atkinson et al. 2002; Rodrigues
et al. 1995; Stanley et al. 1997; Schonekess 1997; King et al. 2005). Acutely or
chronically, this regulation occurs through various mechanisms. Although substrate
switching is essential to ensure continuous ATP generation to maintain heart func-
tion, it has also been associated with deleterious consequences (Barger and Kelly
2000; Young et al. 2002).

Recent studies have suggested that AMP-activated protein kinase (AMPK) plays
an important role in regulating cardiac metabolism. During metabolic stresses as-
sociated with energy depletion like ischemia (when manufacture of ATP is hin-
dered) or exercise (when ATP expenditure is augmented), changes in intracellu-
lar AMP/ATP levels promote threonine (Thr172) phosphorylation and activation
of AMPK (Hardie and Carling 1997; Hong et al. 2003). Once stimulated, AMPK
switches off energy-consuming processes like triglyceride (TG) and protein syn-
thesis whereas ATP-generating mechanisms are turned on. These regulations are
believed to be essential in maintaining a normal heart function. Increasing evidence
suggests that AMPK plays an important role in regulating cardiac metabolism and
is implicated in a number of myocardial diseases.

Structure of AMPK

Mammalian AMPK is a heterotrimer with α, β, and λ subunits (Hardie et al. 2003;
Carling 2004). Each of these subunits has multiple isoforms. Up to now, two α iso-
forms (α1 and α2), two β isoforms (β1 and β2), and three λ isoforms (λ1, λ2,
and λ3) have been identified. Therefore, a total of 12 different combinations of het-
erotrimer exist, and show tissue specificity. In the heart, α2 and β2, rather than α1
and β1, is highly expressed (Sambandam and Lopaschuk 2003). λ1 and λ2 are both
expressed in the heart, while λ3 is only found in skeletal muscle (Cheung et al.
2000).

The C-terminus of the α subunit contains the binding sites for β and λ sub-
units, which forms a complex with the other two subunits (Crute et al. 1998). The
N-terminus contains a serine/threonine protein kinase catalytic domain (Hanks et al.
1988). The α subunit also contains several residues that can be phosphorylated, such
as Thr172, Thr258, and Ser485 (Woods et al. 2003b). Thr172 is located in the acti-
vation loop of the catalytic domain, and its phosphorylation leads to the activation of
AMPK. The β subunit contains two conservative regions: KIS and ASC (Jiang and
Carlson 1997). A recent study has indicated that the ASC domain functions as an
anchor to connect α and λ subunits, whereas the KIS domain is a glycogen-binding
domain (GBD) (Hudson et al. 2003). The exact function of GBD is still unclear.
Interestingly, AMPK is localized with glycogen, and removal of GBD abolished
this co-localization (Hudson et al. 2003). Thus, one hypothesis is that GBD is able
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to regulate AMPK activity by binding with glycogen. The λ subunit has four tan-
dem repeats of cystothionine β synthase (CBS) domains (Hardie and Hawley 2001).
Two CBS form a dimer as a functional unit. Recent studies have revealed that CBS
dimers contain a binding site for AMP and ATP, and binding with AMP is essential
for the activation of AMPK (Scott et al. 2004).

Regulation of AMPK

Cellular regulation of AMPK has been suggested through multiple mechanisms,
and phosphorylation of Thr172 on AMPK is a key mechanism that controls
AMPK activity. AMPK phosphorylation is regulated through both AMP-dependent
and -independent mechanisms.

As constant ATP generation and supply is fundamental for a cell to maintain
its function, a balance of ATP/ADP turnover is required (10:1 under normal aero-
bic conditions) (Hardie 2004). During energy stress, an increase in AMP/ATP ra-
tio activates AMPK through three mechanisms. First, AMP allosterically activates
AMPK by binding to the λ subunit (Sambandam and Lopaschuk 2003). This mech-
anism only mildly activates AMPK. The second mechanism by which AMP acti-
vates AMPK is through an indirect process. Binding with AMP also makes AMPK
a worse substrate for protein phosphatases, which are known to dephosphorylate
Thr172 and inactivate AMPK (Davies et al. 1995). Finally, binding with AMP also
makes AMPK a better substrate to its upstream kinase, which was recently identi-
fied as LKB1 (Hawley et al. 2003; Woods et al. 2003a; Shaw et al. 2004). Following
AMP binding, the Thr172 site of the α subunit is phosphorylated by LKB1, leading
to 50–100 times increase in AMPK activity (Hawley et al. 1995). Indeed, Thr172
phosphorylation is essential for AMPK activity. Using an antibody that specifically
recognizes AMPK with Thr172 phosphorylated, studies have shown that phospho-
rylation of Thr172 mirrors AMPK activity (Carling 2004). Mutation of this site
abolishes activation of AMPK (Crute et al. 1998; Stein et al. 2000). Besides Thr172,
several other sites in the α subunit are also phosphorylated by LKB1 (Woods et al.
2003a). However, phosphorylation of these sites does not change the activity of
AMPK (Woods et al. 2003b). The roles of phosphorylation in these sites remain
unknown. It should be noted that a recent study suggests that LKB1 is constitutive
active and can phosphorylate AMPK independent of AMP. The authors suggest that
AMP activates AMPK through two mechanisms: direct allosteric activation and by
making AMPK a poor substrate for protein phosphatase 2C. Compared to AMP,
ATP competitively inhibits AMPK. A high concentration of ATP has been shown to
antagonize the AMP activation of AMPK (Hawley et al. 1996). As AMP activates
AMPK while ATP antagonizes this activation, a rise of AMP/ATP ratio is a more
accurate indicator of AMPK activation.

Additionally, AMPK can also be regulated through AMP/ATP-independent
mechanisms. In response to increases in intracellular calcium concentration,
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calmodulin-dependent protein kinase kinases (CaMKK) can phosphorylate Thr172
and activate AMPK. Moreover, both leptin and adiponectin, hormones secreted from
adipose tissue, activate AMPK in the skeletal muscle and liver, through ATP/AMP-
independent mechanisms (Minokoshi et al. 2002; Tomas et al. 2002; Yamauchi et al.
2002). Moreover, insulin antagonizes AMPK activation in the heart during ischemia
through an ATP-independent mechanism (Gamble and Lopaschuk 1997; Beauloye
et al. 2001). Given that overexpression of active Akt in cardiomyocytes suppressed
AMPK activity, it is likely that activation of Akt mediates the effect of insulin (Ko-
vacic et al. 2003). Finally, a physiological concentration of fatty acid has been
shown to increase AMPK phosphorylation in the heart with unclear mechanism.
These studies suggest that AMPK may sense the substrate availability and regulate
metabolism accordingly. Interestingly, high concentration of fatty acids has been
shown to decrease AMPK phosphorylation in the heart. The mechanisms that medi-
ate such an action are currently unclear. In addition, long-chain acyl-CoA esters pre-
vent AMPK phosphorylation by the upstream kinase AMPKK (Kirchgessner et al.
1989). In another study using ob/ob mice or ZDF rats, decreased cardiac AMPK
phosphorylation was found to be associated with augmented lipid oversupply and
overexpression of protein phosphatase 2C, which is known to dephosphorylate and
inactivate AMPK (Pillutla et al. 2005).

AMPK is activated during various physiological or pathophysiological condi-
tions. During cellular stresses, such as glucose deprivation, ischemia, hypoxia, and

Stress

AMPK

AMP/ATP

LKB1 PP2C

Insulin

Akt

CaMKK AMPKK

Fig. 21.1 Regulation of AMPK in cardiomyocyte. External metabolic stresses induce an in-
crease in AMP/ATP ratio. Binding with AMP makes AMPK a better substrate to its upstream
kinases, and a poor substrate for protein phosphatases 2C, which is known to dephosphorylate and
inactivate AMPK. Moreover, insulin through activation of Akt also decreases AMPK activity in
cardiomyocyte.
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oxidative stress, ATP generation is compromised, leading to a rise in AMP/ATP
ratio and activation of AMPK (Kahn et al. 2005). Moreover, during physiological
conditions, such as exercise and muscle contraction, increased ATP consumption,
rather than impaired ATP generation, changes the AMP/ATP ratio and stimulates
AMPK (Kahn et al. 2005). Thus, following exercise, AMPK activation has been
observed in heart, skeletal muscle, and liver (Coven et al. 2003; Vavvas et al. 1997;
Ruderman et al. 2003). Additionally, recent studies have demonstrated that antidi-
abetic drugs also promote AMPK activity. Metformin, a drug commonly used in
the management of Type 2 diabetes, activates AMPK through an unknown mecha-
nism (Zhou et al. 2001; Fryer et al. 2002). Interestingly, a recent study has demon-
strated that LKB1 knockout in liver abolished the effects of metformin to activate
AMPK and lower blood glucose, suggesting LKB1 is required by metformin for
AMPK activation (Shaw et al. 2004). Thiazolidinediones, PPAR-γ agonists, also
activate AMPK, likely though inhibition of complex 1 in the mitochondrial respira-
tory chain, and changes in AMP/ATP ratio (Fryer et al. 2002; Brunmair et al. 2004)
(Figure 21.1).

Downstream Targets of AMPK

AMPK acts as a cellular “fuel gauge.” Through regulating a number of downstream
targets, AMPK maintains cellular energy status by two main events: increasing
ATP production and decreasing ATP-consuming processes. Thus, upon activation,
AMPK rapidly modulates downstream targets acetyl-coA carboxylase (ACC) to
promote FA oxidation (Hardie 2004; Kahn et al. 2005). Moreover, AMPK phos-
phorylates Akt substrate 160 (AS160) and phosphofructokinase 2 (PFK), leading
to increased glucose transporter 4 translocation, glucose uptake, and glycolysis.
All of these regulations promote energy generation. Conversely, through regula-
tion of targets like ACC1 and FAS, AMPK reduces energy consumption (Hardie
2004). Besides these acute actions, through regulation of gene and protein expres-
sion, AMPK also has long-term effects to modulate energy metabolism. For exam-
ple, through upregulating PGC1, AMPK promotes expression of numerous genes
involved in mitochondria biogenesis (Terada et al. 2002). Moreover, through down-
regulating SREBP expression, AMPK decreases expression of genes involved in
lipogenesis (Zhou et al. 2001). AMPK also influences protein synthesis, which ac-
counts for 20% of energy turnover in growing cells. This effect is mediated through
three different mechanisms. First, through phosphorylation and activation of elon-
gation factor 2, AMPK inhibits protein synthesis (Horman et al. 2002). Another
mechanism of AMPK modulating protein synthesis is through inhibition of tar-
get of rapamycin (TOR) pathway, which is a main regulator of protein synthesis
(Bolster et al. 2002). Finally, AMPK also affects mRNA stability. Through reducing
RNA-binding protein HuR, which is known to stabilize specific mRNAs, AMPK re-
duces mRNA levels, leading to a decrease in protein translation (Wang et al. 2002,
2003).
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Fig. 21.2 Major effects of AMPK activation on numerous tissues. AMPK plays a key role in
regulating whole body energy storage and expenditure. In hypothalamus, AMPK is involved in
regulation of satiety and food intake. Activation of AMPK in the hypothalamus increases food in-
take, whereas inhibition decreases intake. In peripheral tissues such as skeletal muscle and liver,
activation of AMPK increases energy expenditure by stimulating mitochondrial genesis and en-
ergy substrate utilization. AMPK also regulates lipolysis in adipose tissue and insulin secretion in
pancreas.

Physiological Roles of AMPK

As expression of different isoforms of AMPK subunits is in a tissue-specific man-
ner, it is likely that these isoforms may show different functions in the regula-
tion of metabolism in different organs. Indeed, numerous studies demonstrate that
AMPK regulates whole body metabolism through its effects on different organs. In
the hypothalamus, fasting activates AMPK, leading to augmentation of food intake
(Minokoshi et al. 2002). Inhibition of AMPK in the hypothalamus by high levels
of glucose, leptin, or insulin suppresses food intake and weight gain (Minokoshi
et al. 2002). Besides controlling food intake, AMPK also regulates energy expen-
diture in peripheral tissues. In skeletal muscle and liver, activation of AMPK in-
creases glucose disposal and FA oxidation (Merrill et al. 1997). In the liver, AMPK
also inhibits gluconeogenesis (Lochhead et al. 2000). In pancreatic β cells, activa-
tion of AMPK reduces insulin secretion (da Silva Xavier et al. 2003; Tsuboi et al.
2003). Taken together, AMPK, through its regulation of food intake and energy ex-
penditure, is believed to play a key role in controlling whole body energy balance
(Figure 21.2).

AMPK Regulates Cardiac Metabolism

Cardiac AMPK is activated during pathological conditions, such as ischemia or
hypoxia, when the energy generation is hindered (Young et al. 2005). More-
over, during physiological conditions, like exercise, increased ATP expenditure
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Fig. 21.3 Role of AMPK in regulating metabolism in cardiomyocyte. AMPK increases both
glucose and fatty acid utilization in cardiomyocyte. Through recruiting translocation of GLUT4 to
the plasma membrane and activation of phospho-fructokinase 2, AMPK promotes glucose uptake
and glycolysis, respectively. Moreover, AMPK recruits lipoprotein lipase to the coronary lumen as
well as increases translocation of the fatty acid transporter CD36 to the plasma membrane, leading
to increased fatty acid uptake. Through inhibiting ACC, AMPK is able to decrease malonyl-CoA
and minimize its inhibition of CPT-1, resulting in enhanced fatty acid oxidation.

also activated AMPK (Young et al. 2005). Once stimulated, AMPK switches off
energy-consuming processes like protein synthesis, whereas ATP-generating mech-
anisms, such as FA oxidation and glycolysis, are turned on (Horman et al. 2002;
Hardie 2003). In cardiac muscle, AMPK promotes glucose uptake and glycolysis
through recruiting GLUT4 to the plasma membrane and activating PFK2. Moreover,
AMPK also facilitates FA utilization through its control of ACC (Kudo et al. 1995,
1996). As ACC catalyzes the conversion of acetyl-CoA to malonyl-CoA, AMPK
by inhibiting ACC is able to decrease malonyl-CoA and minimize its inhibition of
CPT-1, the rate-limiting enzyme controlling FA oxidation. AMPK has also been
implicated in FA delivery to cardiomyocytes through its regulation of the FA trans-
porter, CD36 (Luiken et al. 2003). Additionally, a strong correlation between ac-
tivation of whole heart AMPK and increases in coronary lumen LPL activity has
been demonstrated (An et al. 2005). Finally, AMPK regulates glycogen metabolism.
Mutations of gamma subunit of AMPK induce myocardial glycogen accumulation.
In isolated perfused rat hearts, AICAR increased glycogen breakdown without af-
fecting glycogen synthase or glycogen phosphorylase activity. The mechanism(s)
that mediates AMPK in controlling glycogen synthesis and breakdown remain to be
elucidated. Interestingly, recent studies using transgenic mice with a dominant neg-
ative form of AMPK have demonstrated that lack of AMPK activity does not affect
cardiac metabolism under physiological conditions (Russell et al. 2004; Xing et al.
2003). At present, it is unclear as to what compensatory mechanisms are developed
following knockout of AMPK (Figure 21.3).
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Role of AMPK in Myocardial Disease: Ally or Adversary?

Myocardial ischemia

Myocardial ischemia is the most common cause of death in Western countries. In
1995, ischemic heart disease was responsible for 21% of deaths in Canada (Health
Statistics Division 1997). During ischemia, reduced blood supply decreases oxida-
tive metabolism of both glucose and fatty acid, leading to impaired ATP production,
cell death, and cardiac dysfunction. Interestingly, myocardial AMPK is activated
during ischemia. To investigate the role of AMPK in myocardial ischemia, hearts
from AMPK-α2 knockout mice were exposed in ischemia ex vivo (Russell et al.
2004). This study demonstrated that activation of AMPK during ischemia promotes
glycolysis and fatty acid oxidation, which is critical to lower energy depletion, limit
cell death, and preserve cardiac function (Russell et al. 2004). It should be noted that
a low concentration of fatty acid in the absence of lipoproteins was used in heart per-
fusion in these experiments. Given that the concentrations of plasma free fatty acid
and lipoprotein are much higher in vivo (Lopaschuk et al. 1994), this study may not
represent real in vivo situations. In the presence of high fatty acid, AMPK-stimulated
fatty acid oxidation can suppress glucose oxidation, leading to dissociation of gly-
colysis and glucose oxidation (Folmes et al. 2006). As a consequence, activation
of AMPK by ischemia may contribute to ischemic injuries. Moreover, even though
depletion of AMPK makes the heart more vulnerable to ischemia/reperfusion, it is
unknown if activation of myocardial AMPK through pharmacological manipulation
can protect the heart against ischemic damages. Taken together, whether activa-
tion of AMPK during ischemia is beneficial or detrimental remains unclear. Future
studies should investigate if activation of AMPK is able to protect the heart from
ischemic injuries using in vivo models.

Myocardial hypertrophy

Myocardial hypertrophy is an adaptational response of the heart to increased work
load. It can be developed in response to exercise so the heart can pump more ef-
ficiently. Myocardial hypertrophy may also be caused by a variety of pathological
conditions, such as hypertension and valvular heart disease. Although the molecu-
lar mechanism(s) have not yet been resolved, recent studies suggest that the AMPK
pathway is implicated in myocardial hypertrophy (Allard et al. 2007; Tian et al.
2001; Daniel and Carling 2002; Shibata et al. 2004). Activation of AMPK is ob-
served during myocardial hypertrophy, associated with depletion of intracellular en-
ergy (Tian et al. 2001). A recent study also reported activation of AMPK in aortic-
constriction-induced hypertrophy hearts, which is through an energy-independent
mechanism (Allard et al. 2007). Interestingly, the activation of AMPK is associated
with augmented glucose uptake, indicating it may be involved in the development of
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myocardial hypertrophy. However, another opinion is that AMPK negatively regu-
lates cell growth and suppresses development of myocardial hypertrophy. In support
of this hypothesis, activation of AMPK by adiponectin is reported to suppress hyper-
trophy (Shibata et al. 2004). Moreover, Akt1-induced hypertrophy is accompanied
by inactivation of AMPK (Chan et al. 2004). Activation of AMPK through phar-
macological manipulation (Chan et al. 2004) or expression of active AMPK kinase
LKB1 inhibits protein synthesis associated with hypertrophy (Noga et al. 2007). To
further elucidate the role of AMPK in myocardial hypertrophy, transgenic mice with
decreased activity of AMPK were studied. These mice exhibited normal cardiac
mass and function (Russell et al. 2004; Xing et al. 2003). Conversely, inactivation
of AMPK through a mutation in the γ2 subunit of AMPK decreases AMPK activity
and contributed to hypertrophic growth (Sidhu et al. 2005).

Due to these discrepancies, it remains unclear if AMPK is beneficial or detrimen-
tal for the heart during hypertrophy. One hypothesis is that AMPK activation may
play dual roles in the development of myocardial hypertrophy (Dyck and Lopaschuk
2006). In the early stage of myocardial hypertrophy, pharmacological activation of
AMPK may play a role in inhibiting hypertrophic growth. However, the activation
of AMPK during pathological hypertrophy may be an adaptive response to ensure
the energy generation. Further studies are required to elucidate the role of AMPK in
the development of myocardial hypertrophy.

Cardiomyocyte apoptosis

Cardiomyocyte apoptosis is accelerated during diabetes or heart disease and is one
of the major factors causing heart failure. Numerous studies have shown that AMPK
is implicated in regulating cardiomyocyte apoptosis. In an early study, incubation of
cardiomyocytes with palmitic acid decreased AMPK activity and fatty acid oxi-
dation, leading to augmentation of intracellular triglyceride, ceramide, and apop-
tosis (Hickson-Bick et al. 2002). This study suggests that impaired AMPK activ-
ity decreases fatty acid oxidative capacity in the cardiomyocyte, which initiates
cell apoptosis. In agreement with this study, activation of AMPK by metformin
has been shown to decrease palmitic acid-induced cardiomyocyte apoptosis (An
et al. 2006). AMPK is also suggested to prevent ischemia/reperfusion-induced cell
apoptosis through impeding energy depletion (Russell et al. 2004). Additionally,
activation of AMPK by AICAR has been shown to protect cardiomyocytes against
hypoxia through attenuation of endoplasmic reticulum stress (Terai et al. 2005).
Similarly, cardiomyocytes treated with adiponectin were also resistant to hypoxia-
induced apoptosis, an effect likely through activation of AMPK (Shibata et al. 2004).
In the same study, adiponectin deficiency augmented myocardial apoptosis in re-
sponse to ischemia and reperfusion. Activation of AMPK through adiponectin sup-
plementation lowered apoptosis (Shibata et al. 2004). Taken together, all of these
studies suggest that AMPK can provide protection to cardiomyocytes against apop-
tosis. However, activation of AMPK by high concentration of metformin induces
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cell death, likely through acidosis resulting from uncoupling of glycolysis and glu-
cose oxidation (An et al. 2006). Moreover, a recent study suggests that AMPK in-
duces translocation of Bax to mitochondria, an early apoptotic step in ischemia that
occurs via AMPK activation of p38 MAPK (Capano and Crompton 2006).

Conclusion

It is generally accepted that AMPK plays an important role in regulating myocardial
metabolism and apoptosis. Even though the mechanisms are not fully understood,
increasing evidence suggests that AMPK is implicated in various heart diseases. It
should be noted that a recent study demonstrated that chronic activation of AMPK in
the absence of energy deficiency induces glycogen storage cardiomyopathy (Luptak
et al. 2007). Thus, one should be cautious when considering AMPK as a treatment
target. Future studies are necessary to improve our understanding of the role of
AMPK in myocardial diseases.
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Guanine nucleotide regulatory proteins. See

G-proteins

H
Hamsters, cardiomyopathic, 7
Heart

AMPK phosphorylation, 400
β-adrenergic responses

ATP and isoproterenol, 160
cardiac electrophysiological effects, 159
cardiac ion channels, 161
sympathetic nervous system, 158

β-adrenergic responses in rat
dietary selenium, effects of, 165

oxidative stress, regulation of
activation of NF-κB, 169
antioxidants, 167
cellular damaging effect, 168
ischemia/reperfusion-mediated cardiac

function, 169
sodium selenite, effects of, 169, 170
tumor necrosis factor-α, 170

rat, importance of sodium selenite, 162
redox regulation in

antioxidant therapy, 161
AR system, 162
cardiomyopathy, 161
ISO, effects of, 166
oxidant stress in, 162
selenium in diet, 163

sodium selenite, effects of, 170
sodium selenite treatment of, 170
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Heart failure
adrenoceptor signaling in, effect of, 29–31
β-adrenergic receptors in, role of, 28
pathological mechanisms of, 32

Heart muscle cells, relaxation of, 158
Hearts disease

thioredoxin
and atherosclerosis, 148
and diabetes, 147–148
and hypertension, 147

HEK-293 cells, KCa3.1 activation in, 363
Hematopoietic stem cells (HSC), 303
Heparin, 351
Heparin-binding epidermal growth factor

(HB-EGF), 203
Heparin-binding glycoprotein, 302
Highdensity lipoproteins (HDL), 193
High-performance liquid chromatography, 142
H2O2 in neutrophils, by MG, 200
Homocysteine (Hcy)

metabolomics of, 55–56
MMP activation, 61
modulating cardiovascular function, role

in, 60
and NMDAR, 56–57
NMDAR signaling cascade, activation of,

57
HPLC. See High-performance liquid

chromatography
H89, protein kinase A inhibitor, 74, 76
HSP27 protein and beta-adrenergic precondi-

tioning, 79–80
Human umbilical vein endothelial cells

(HUVECs), 183, 305
Hyperglycemia

adenylyl cyclase activity stimulation, 183
endothelin-1 and angiotensin II formation,

178
ERK and JNK/SAPK activation, impact on,

180
Giα proteins expression, 185
nitrotyrosine formation, 186
PKC activity activation, 179
voltage-gated K+-channel current, 184

Hyperhomocysteinemia, volume/pressure
load-induced, 60–61

Hypertension, G-proteins signaling in, 10–16
Hypertension, MG level in, 198–200
Hypertrophy, cardiac

G-protein signaling in, 6–9
left ventricular, 7
leptin-induced, 382–383
by volume and pressure overload, 32–34

Hypoxia-inducible factor-1 (HIF-1), 218, 302

I
Inducible nitric oxide synthase (iNOS), 129
Inositol 1,4,5-triphosphate
Insulinlike growth factor-1 (IGF-1)

expression, 238
mRNA level in, 233

in porcine heart, 234
regulation of, 235
role in cardiac hypertrophy, 236–237

Insulinlike growth factor-1 receptor (IGF-1R),
212

AngII and ET-1 signaling
mechanism of, 221
transactivation in, 217–218

Insulin receptor substrate (IRS)-2, 128
Insulin resistance, 193–194

causes and mechanisms
FFA in obese people, 194

methylglyoxal (MG) and
in diabetes, 197–198
formation and degradation, 194–196
in hypertension, 198–200

IP3. See Inositol 1,4,5-triphosphate
Ischemia heart disease, angiogenic therapy for,

289–290
angiogenic protein use, 290–291
bone marrow mononuclear cell (MNC)

implantation, 291–292
hematogenous cytokine use, 293
peripheral blood EPCs, 292–293
transplantation of cell, 293–294

Ischemia, myocardial, G-protein signaling in,
9–10

Ischemic cardiac myocytes, 312
Ischemic heart diseases, 141
Ischemic preconditioning

beta-adrenergic activation as trigger in,
70–73

beta-adrenergic receptor activation in,
69–70

cAMP accumulation in, 77–79
signal transduction, 68–69

Ischemic reperfusion, 31, 147, 316
Isoproterenol (ISO)

for cardiac hypertrophy, 6, 8
effects of, 160
for pharmacological preconditioning, 71,

79

J
JAK-STAT signaling pathway, 304
Janus family kinases (JAK), 93
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Janus kinase–signal transducer and activator of
transcription (JAK–STAT) pathway,
385–386

K
KCa3.1 channel

ATP-dependent regulation, 362–363
Ca2+-dependent regulation, 361–362
molecular view of, 365–367
pore structure of, 364–365
ROS-related regulation, 363–364
structure

and pharmacological properties,
367–370

and ROS effects, 370
KcsA potassium channel, molecular structure

of, 365, 366
KN-93, CaMKII inhibitor, 349

L
Landiolol, for ischemic preconditioning,

74
Left ventricular hypertrophy (LVH), 7
Leptin. See also Leptin receptors

cardiomyocyte functions of, 382
as cardioprotective agent, 384
hypertrophy, 382–383
origin of, 378
postreceptor signaling, 384–385
synthesis and structure of, 379
vascular muscle cell, effect on, 383–384

Leptin receptors
in cardiovascular tissues, 381
isoforms, 378
modulation of, 389

Leptin resistance, 379–380
Leu-Leu bond, 90
Leu-Val peptide bond, 90
Lipopolysaccharide (LPS), 202
Losartan, for blood pressure, treatment of,

12, 15
Lymphangiogenesis, 303

M
Malonyl CoA, role of, 388–389, 403
Mammalian heart

thioredoxin and glutathione system, 143
Trx and Grx, 145

MAPK. See Mitogen-activated protein kinase
MAPK ERK 1/2, 179

hyperglycemia effect, 180

MAP kinase, hypertension, role in, 12–13
MAP kinase phosphatase 1, 127
Marrow mononuclear cell (MNC)

implantation, for ischemic heart
disease, 291–292

Matrix metalloproteinases
structural remodeling, cardiac, 54–55
vascular cell migration, 383

MCBP. See Myristoyl-CoA binding protein
MEK. See Mitogen-activated protein kinase

kinase
Methylglyoxal (MG), 193

AGE precursor, 196
and calcium homeostasis, 201–202
in diabetes, 197–198
in hypertension, 198–200
and insulin resistance

formation and degradation, 194–196
and MAPK, 203–204
reaction with guanyl residues, 197
and ROS/RNS, 200–201
and vascular proliferation, 202–203

Metoprolol, 38–39
MG-induced glycation, of lysine residue, 196
Mice expressing VEGF188, 310
Mitochondrial permeability transition (MPT),

130–132
Mitogen-activated protein kinase, 386–387
Mitogen-activated protein kinase kinase, 119,

120
Mitogen-activated protein kinases (MAPK),

95, 166, 177, 276
activation by dual phosphorylation, 179
activation of, 180

by AngII and ET-1, in VSMC, 213
classification of, 179
ERK1/2, 212
and MG, 203–204
ROS-induced activation, 180
serine/threonine protein kinase, 179

Mitogen extracellular signal-regulated kinase
kinase (MAPKK), 179

MLCK. See Myosin light chain kinase
MMPs. See Matrix metalloproteinases
Molecular modeling

KCa3.1 channel pore, sturctural analysis
of, 365

MPT. See Mitochondrial permeability
transition

MthK potassium channel
MthK potassium channel, molecular structure

of, 365, 366
Myocardial ECM, 253
Myocardial hypertrophy, 404, 405
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Myocardial infarction
β-adrenergic receptor signaling in, effect

of, 35–37
ventricular remodeling, 145

Myocardial infarction (MI), 285
in left ventricle, 286

Myocardial ischemia, 314, 404
Myocarditis, 267
Myocyte-enriched calcineurin interacting

protein (MCIP), 241
Myofibroblast, 254
Myosin light chain kinase, phosphorylation of,

348
Myosin regulatory light chain (MLC), 99
Myristoyl-CoA binding protein, 330

NIP71, inhibition of, 332
protein-myristoyl-CoA complex, time-

dependent incorporation of,
331

purification of, 331, 333

N
N-acetylcysteine, 17, 18
NADPH oxidase, expression of, 179
NDPK-B, nucleoside diphosphate kinase, 363
Nebivolol, 39
Neuropilin-1 (NP-1), 304
NF-κB activation, 203
NF-κB protein, 171
Nip21 expression, 274
Nitrendipin, 12
Nitric oxide synthases (NOS), 62

in beta-adrenergic late preconditioning,
84

NMDA receptor (NMDAR) activation, 53
crosstalk mechanism of, 58–59
and G-proteins modulation, 59–62
homocysteine and, 56–57

NMT. See N -myristoyltransferase
N-myristoyltransferase

immunohistochemical localization of,
330

types of, 327
Non-receptor tyrosine kinases (NRTKs), 96

O
Obesity, 194. See also Leptin

cardiovascular disease risk, 380–381
cloning, of obesity gene (ob), 378
dietary-induced, 381
free fatty acids (FFAs) in, 194
MG metabolism and, 204

thromboembolic risk in, 380
treatment for, 379

Oxidative stress
actions of angiotensin II and, 126
in Ang II-induced enhanced levels of Giα

proteins, 12, 13
angiogenesis, 384
and angiogenesis, 384
and ERK1/2 signal cascade, 57
extracellular MG and, 198, 203
and Grx-1, 144
hyperglycemia and, 184
hypertension, 12–13
peptide and activation of NADPH oxidase,

179
regulation of heart under, 167–171
regulation of MPT pore by, 130
in transactivation of EGF receptor, 122

Oxidized low-density lipoprotein (oxLDL), 94
Oxygen tension, 287, 302

P
Paraventricular nucleus (PVN), 52
PD 98059, for hypertension, 16
PDGF-R. See Platelet-derived growth factor

receptor
Pertussis toxin (PT), 5, 12, 13, 30, 123, 124
Phenylephrine, 6, 8, 9, 69, 71
Phorbol 12-myristate 13-acetate (PMA), 178
Phosphatidylinositol 3-Kinase (PI3-K)

pathway, 278
AngII-and ET-1-induced, 214
cardiac hypertrophy and, 241–242
heterodimeric lipid kinase, 215

Phospholipase C (PLC), 4, 5, 30, 59, 98, 119,
122

Phospholipids, KCa3.1, activation of, 362
phVEGF165 gene, 290
PI3K signaling, hypertension, role in, 12
PKB pathway

AngII-and ET-1-induced, 214
isoforms, 214–215
PIP3binding, 215
PTEN inactivation, 222

PKC. See Protein kinase C
Platelet-derived growth factor (PDGF), 102,

203, 349
Platelet-derived growth factor receptor

(PDGF-R), 93, 212, 215, 218, 219,
222

PLC-γ activation, 98, 99. See also
Phospholipase C
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P38mapk, 179. See also p38 MAPK signaling
pathway

AG1024 effecting on, 218
apoptosis signaling-related kinase (ASK) 1

and, 101
EGF-R transactivation require for, 101
hyperglycemia and, 180
role in CVB3, 276

p38 MAPK signaling pathway, 79
activation of, 83, 276
AMPK activation of, 406
apoptosis, protection of, 82–83
beta-adrenergic preconditioning, 79
and HSP27, 79
temporal pattern of JNK and, 82

p38 mitogen-activated protein kinase. See p38
MAPK

Poly(A) binding protein (PABP), 269, 271
interaction with eIF4γ, 272, 273

Proliferating cell nuclear antigen (PCNA), 279
Proline-rich tyrosine kinase (Pyk), 2, 101
Prostaglandin E1 (PGE1), 11, 183
Protein kinase C (PKC)

development, 288
hypertrophy, development and progression

of, 3, 8
isozymic forms, 178

Protein-myristoyl-CoA complex, deacylation
of, 332

Protein tyrosine kinase (PTK), 211, 213, 214,
274

Protein tyrosine phosphatase 1B (PTP1B), 386
Protein tyrosine phosphatases (PTPs), 101,

122, 123, 275, 315
p90rsk, nuclear substrate/transcription factor,

179, 180, 212
PTPs. See Protein tyrosine phosphatases
Pyrrolidine dithiocarbamate (PDTC), 279

Q
Quiescent blood vessels, 311

R
RAS. See Renin-angiotensin system
RAS-MAPK signaling cascade, 146
Reactive oxygen species (ROS), 122, 278

cellular function, heart tissues, 162
deleterious effects, 142
electron spin resonance (ESR), 142
hypertrophy and cardiac remodeling, 145
KCa3.1, inhibition of, 363–364
MAPK activation by, 180

and MG, 200–201
myocyte loss and heart failure, 146
PTPase inhibition, 220, 222

Receptor-activated Smad2 (R-Smad2),
phosphorylation by TGF-β1, 251

Receptor tyrosine kinases (RTKs), 93, 286
Redox regulation

of cardiomyocytes, 171
kinase activity, 168

Redox-sensing proteins
glutaredoxin (Grx), 143
thioredoxin (Trx), 143

Renin–angiotensin system (RAS), 36, 37, 52,
89, 91, 107, 212

Resistin, 194
Restenosis, 102, 310, 313, 361, 367
Resveratrol, 317
Reverse remodeling and β-AR blockade, 32,

38
ROS. See Reactive oxygen species
R-PTK, transactivation of, 212
RTKs. See Receptor tyrosine kinases
Ryanodine, 53

S
Sarcoplasmic reticulum Ca2+-ATPase

(SERCA2), 232, 233, 238
Sarcoplasmic reticulum, homeostasis in, 349
Sarcoplasmic reticulum (SR), 158
SDS-polyacrylamide gel electrophoresis, 331
Second mitochondria-derived activator of

caspases (SMAC), 271
Selenium, for treatment, 163, 169
Semicarbazide-sensitive amine oxidase

(SSAO), 195, 198
SH2 domain adapter proteins, 306
Signal transducers and activators of

transcription (STAT), 125
Signal transduction, β-AR-induced, 28

cardiomyopathy-induced changes in, 34–35
components of, 33
hypertrophy-induced changes in, 30–31
ischemia-reperfusion-induced changes in,

34
myocardial infarction-induced changes in,

35–37
Single nucleotide polymorphism (SNP), 93
Smad anchor for receptor activation (SARA)

protein, 255
Smad7 protein, 250, 253

activation, 254
function, 254
role, 251



Index 423

Smad2, role for collagen gene, 250, 254
Smad signaling

in cardiac myofibroblasts, 251
in post-myocardial infarction, 250

SNP. See Single nucleotide polymorphism
Sodium selenite, 162, 163
Spontaneously hypertensive rats (SHRs), 95
Src kinase, blockade of, 312
Stress-activated protein kinases (SAPKs), 277
Stromal cell-derived factor-1α (SDF-1α), 318
Substituted cysteine accessibility method

(SCAM), 365
Suramin, antiangiogenic action, 316
Sympathetic nervous system (SNS)

activation, 36–37
cardiovascular system, neurohumoral

regulation of, 159
heart function, role in, 158

T
T1DM. See Type 1 diabetes mellitus
T2DM. See Type 2 diabetes mellitus
TGF-β1

c-Ski in, 255–258
fibrillar collagens regulation, 253
pleuripotent ligand, 253
profibrotic stimulator, 250
role in cardiac hypertrophy, 236–238
R-Smad2 phosphorylation by, 251
signaling in myofibroblasts, 254

Therapeutic angiogenesis, 285, 286, 312, 314,
315

Thiol proteins, 143
Thioredoxin

antioxidant functions, 144
in mammalian hearts, 145
myocardial ischemia/reperfusion injury,

146–147
redox regulation, 145
redox sensors, ROS, 146
thioredoxin-1 (Trx-1), 143–148
thioredoxin-2 (Trx-2), 148
in tissues, 144
ventricular remodeling, 145

Thrombin, tyrosine phosphorylation
enhancement, 212

Timolol, for pharmacological preconditioning,
71

TNP-40, reducing plaque growth, 311
α-Tocopherol treatment, 178–179
Topotecan, 318
TRAM-34 channel inhibitor, 367–368
Tributylammonium (TBA), 368

Tumor necrosis factor-α (TNF–α), 194
Tyrosine kinase domain, 216–218, 304, 316
Tyrosine phosphorylation, 274

U
Ubiquitin–proteasome system (UPS),

279–280

V
Vascular disease, CaMKII, role in, 351–353
Vascular endothelial growth factor (VEGF),

286
angiogenesis regulator, 286–287
binding of, 304
for blood vessel formation, 287
cardiovascular system

and atherosclerotic, 310–311
cardiovascular diseases, role in, 310
heart and vessels, development of, 310
ischemic preconditioning (IP), 312–313
and myocardial infarction, 311–312
pulmonary hypertension, 313
in restenosis, 313

and endothelial progenitor cells, 318–319
EPC mobilization, 318
family of, 302
gene expression, 302
infusion into iliac artery, 289
macrovascular endothelial cells, 301
microvascular permeability, 303
NO and PGI2 production, 308–309
oxygen tension, 287
vascular protective action of, 309

Vascular smooth muscle cells (VSMCs), 211,
221, 309

Ang II, microinjection of, 96
Ang II treatment of, 179
AT1R expression, regulation of, 94
CaMKII activation in, 345–346
CaMKII, functions of, 347
differentiation, 348–349
glucose concentration, 183
G-protein expression in, effect of, 13,

15–16
hypoxia-inducible factor-1 (HIF-1) in,

218
incubation with α-tocopherol, 178–179
MAPK pathway activation, 212

by AngII and ET-1, 213
migration, 349–350
proliferation, 350–351
SSAO secretion, 195
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Vascular smooth muscle cells . . . (cont.)
treatment, 178

with peroxynitrite, 185
tyrosine phosphorylation, of PDGF-R,

218–219
Vasoactive peptides. See also Angiotensin II

(AngII); Endothelin-1 (ET-1)
activation, 211–212
PKB phosphorylation, 215

VE-cadherin, 317
VEGF. See Vascular endothelial growth factor
VEGF family, members of, 304
VEGF gene expression, regulation of

cytokines and growth factors, 302–303
hypoxia, 302

VEGF-induced EC migration, signaling
pathways, 307

VEGF-induced EC proliferation, 306
signaling pathways, 307

VEGF165-induced KDR autophosphorylation,
317

VEGF-induced NO and PGI2 synthesis, 308,
309

VEGF receptor, VEGF signaling, 303–304
VEGF signaling

in endothelial cells (ECs), 303
protein binding, 303

VSMCs. See Vascular smooth muscle cells

X

Xenopus leavis oocytes, KCa3.1 channels
expression in, 362–363
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