
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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Chapter 2
β-Adrenoceptor-Linked Signal Transduction
Mechanisms in Congestive Heart Failure
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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



34 Melissa R. Dent et al.

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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Fig. 2.3 The beneficial mechanisms of action due to β-blockade in congestive heart failure.
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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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