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Abstract
β-adrenergic receptor blockers have demonstrated significant survival benefit and have become
standard therapy for adults with dilated cardiomyopathy, although their efficacy in pediatric
patients is still unproven. Recent data suggests that the two major cardiac β-adrenergic receptor
subtypes (β1 and β2) couple differentially to intracellular signaling pathways regulating
contractility and remodeling. This has led some to suggest that the β1 receptor is the “cardiotoxic
subtype” whereas the β2 receptor is “cardioprotective.” Given this paradigm, there could be
situations where subtype selective β-blockade or even subtype selective β-stimulation might be
beneficial. However, since most of these studies have been performed in isolated cardiomyocytes,
their application to clinical practice is unclear. To better understand the roles of β1- vs. β2-
receptors in the pathogenesis of clinical cardiomyopathy, we and others have taken advantage of
several well-characterized murine models of cardiovascular disease. These studies demonstrate
that β-receptor regulation of the balance between cardioprotection and cardiotoxicity is even more
complex than previously appreciated: the role of each β-receptor subtype may vary depending on
the specific cardiac stressor involved (e.g. ischemia, pressure overload, genetic mutation,
cardiotoxin). Furthermore, the remodeling effects of β-receptor signaling have a temporal
component, depending on whether a cardiac stress is acute vs. chronic.
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The role of the sympathetic nervous system in causing or exacerbating cardiac disease has
been recognized since the early 1900s, when a popular treatise on nervous conditions
referred to the sympathetic nervous system as the “Mischief-Making Mechanism” of the
body. In the 1990s, when initial studies were undertaken to find a biomarker for heart failure
mortality, plasma norepinephrine was found to be one of the best predictors of one year
survival (1,2) and studies in cultured cardiomyocytes showed dramatic cell death after brief
norepinephrine exposure. Over the past twenty years, armed with the tools of molecular cell
biology, researchers began to unravel the mechanisms of catecholamine-mediated cell
signaling. The α- and β-adrenergic receptors served as a model system for understanding
how changes in extracellular hormones are transduced into intracellular signals (3–6).
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At the same time as these advances were occurring in the laboratory, in the clinic the
pendulum began to swing away from the use of β-agonists for patients with chronic heart
failure towards the use of β-blockers. In the 1990s, large adult clinical trails such as CIBIS-
II (bisoprolol) (7), MERIT-HF (metoprolol-XL) (8) and Copernicus (carvedilol) (9) showed
30–35% reductions in mortality risk for patients treated with these β-antagonists.

More recently, our understanding of β-AR signaling has changed radically. In the classical,
linear model (Figure 1), β-adrenergic receptors were thought to primarily mediate cardiac
function (inotropy, chronotropy, lusitropy) through activation of the stimulatory guanylyl
nucleotide binding protein (Gs) pathway, adenylyl cyclase, and the second messenger
cAMP. Increased cAMP activates protein kinase (PKA) which phosphorylates several
downstream targets, including phospholamban (PLB) and the sarcoplasmic/endoplasmic
reticulum calcium ATPase (SERCA) enhancing intracellular calcium dynamics. Under this
linear model, coupling β-receptors to cardiac function, there was no explanation for how β-
receptor stimulation resulted in cardiac cell injury.

Lefkowitz and colleagues, using predominantly in vitro systems, demonstrated that β-
receptors were downregulated after exposure to an agonist such as epinephrine, i.e. the
density of receptors on the cell surface decreased, leading to an attenuation of their activity
(and thus explaining the clinical phenomenon known as tachyphylaxis) (10). In a pioneering
study in humans, Bristow and colleagues demonstrated that β1-receptors were
downregulated by 60% in failing human hearts explanted at the time of transplantation (11).
This began the modern molecular era of β-receptor signaling research in heart failure and
sparked a debate as to whether β-receptor downregulation was pathogenic in heart failure or
whether it was part of a homeostatic process to protect the heart against catecholamine
overload.

If β-receptor downregulation was a cause of cardiac dysfunction, then restoring receptor
density to normal should rescue the failing heart. Initial studies using transgenic mice in
which β-receptor expression was increased 50 to 200-fold seemed to support this hypothesis,
as baseline contractility was enhanced dramatically compared to controls (12). However, as
these mice aged, they developed progressive myocardial fibrosis and eventually a dilated
cardiomyopathy (13). Further supporting the hypothesis that β-receptor downregulation was
not the cause of heart failure, we totally deleted both β1 and β2-adrenergic receptors in the
mouse using gene knockout technology (14–16). Despite the absence of both key cardiac β-
adrenergic receptors, these mice developed normal hearts, had normal resting cardiac
physiology and were even able to exercise as well as normal controls.

Our current appreciation of β-receptor signaling involves multiple pathways by which these
receptors crosstalk with other signaling pathways (Figure 2). Recent studies suggest that β2-
receptors can activate both cardiostimulatory (Gs) as well as cardioinhibitory (Gi) pathways
(17), and crosstalk with pathways regulating gene transcription and cardiac remodeling
(hypertrophy, apoptosis) (18,19). Furthermore, the process of downregulation, initially
thought to result only in removal of active receptor from the cell surface, is now understood
to also be a mechanism for cell signaling (18,20). Downregulation occurs due to the
phosphorylation of serine and threonine residues on intracellular domains of the β-receptor
by protein kinase A, the same key enzyme involved in enhancing cardiac function. Another
mechanism involved in receptor desensitization, and one that does not require agonist
activation, is mediated by G-protein receptor kinase (GRK), which leads to the recruitment
to the cell membrane of β-arrestin along with a group of signaling molecules including
mitogen activated protein kinase (MAPK). These signaling pathways are well know
mediators of the remodeling processes of both hypertrophy and programmed cell death
(apoptosis). β-receptors also contain regions on their carboxyl terminus known as PDZ
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domain-binding motifs, which participate in the binding of additional signaling molecules,
such as AKAP79, and lead to additional crosstalk, e.g. with protein kinase C, another
important group of enzymes involved in control of both function and remodeling (21,22).

There is also evidence that each β-receptor subtype signals within its own cellular
microdomain: for example, β1-receptor-induced cAMP accumulation is cell-wide and
activates both PKA as well as phosphorylates phospholamban (PLB). In contrast, β2-
receptor-induced cAMP accumulation is localized, where it activates local pools of adenylyl
cyclase as well as L-type calcium channels (23).

There is accumulating evidence, largely derived from studies in isolated cells, suggesting
that β1-receptors are cardiotoxic and β2-receptors are cardioprotective (Figure 3) (24) This
has led to the suggestion that there could be situations where subtype selective β1-blockade
combined with subtype selective β2-stimulation might be beneficial (25). β1-receptors
mediate pro-apoptotic signaling by activation of both PKA and calcium/calmodulin-
dependent protein kinase (CaMK), acting through increased levels of intracellular calcium,
alterations in several MAPKs, as well as by inhibiting the anti-apoptotic effects of protein
kinase B (Akt) (26). In another example of the complexities of crosstalk, these cell
remodeling pathways can also exert a negative influence on cardiac function. CaMK
activation decreases contractility and increases arrhythmogenesis through its
phosphorylation of the ryanodine receptor, increasing diastolic calcium leak from the
sarcoplasmic reticulum (27).

In contrast, β2-ARs appear to mediate anti-apoptotic signaling through activation of Gi,
PI3K and Akt (28–30) (28–30). Interestingly, when Gi signaling is blocked, β2-receptor
signaling is able to switch from being anti-apoptotic to pro-apoptotic, mediated through p38
MAPK (30). β2-agonists can prevent apoptosis induced in vitro by catecholamines, hypoxia
or reactive oxygen species (ROS) (28,29,31), and in vivo, by coronary ligation (32,33).
Genetic deletion of the β2-receptor increases susceptibility to isoproterenol-induced
apoptosis (34). We have also shown that β2-receptor signaling is involved in the protective
effects of some forms of preconditioning (35). However, not all in vivo data suggests that
β2-receptors are cardioprotective. As mentioned earlier, although transgenic overexpression
of the β2-receptor initially increases contractility, these mice develop cardiomyopathy as
they age, with the severity related to the “dose” of β2-receptor (how many fold over baseline
the protein is expressed) (13). β2-receptor overexpression fails to rescue the genetic
cardiomyopathy induced by the knockout of the sarcomeric structural protein muscle LIM
protein (MLP) although interestingly, overexpression of an inhibitor of GRK (the kinase
which mediates β-receptor downregulation) does rescue these mice (36). Finally, β2-
receptor overexpression increases susceptibility to ischemia reperfusion injury, although
only in male mice (37). The fact that overexpression of the β1-receptor results in a more
severe cardiomyopathy at lower receptor expression levels than the β2-receptor (38), has
been cited as further evidence suggesting that β1-receptors are more closely coupled to
cardiotoxic pathways.

The majority of data on the cardiotoxic/cardioprotective role of β-receptor subtypes has been
obtained using isolated cardiomyocytes in culture. In most of these experiments, the receptor
or signaling protein of interest is often overexpressed to supraphysiologic levels to increase
readout. Whether these in vitro systems represent accurate models of β-receptor subtype
signaling in vivo at physiologic levels of receptor expression is a critical question (39).

To address this issue, we utilized β1- and β2-receptor knockout mice to examine the role of
each subtype in mediating cardiotoxicity and cardioprotection using in vivo models of
cardiovascular disease. One such model is the toxic cardiomyopathy secondary to the
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chemotherapeutic anthracycline doxorubicin (Adriamycin). In this model, mice are
administered a single dose of 15 mg/kg, equivalent to the therapeutic-range dose of 40 mg/
m2 in humans. Wildtype control mice show no acute effects, but gradually develop a dilated
cardiomyopathy over a period of several weeks. When doxorubicin was given to β1-receptor
knockout mice, no acute effects were observed, similar to wildtype. However, when given to
β2-receptor knockout mice, 100% died within 30 minutes (40). Blood pressure and
fractional shortening dropped precipitously within the first several minutes of drug
administration. The pro-death MAPK p38 was activated 20-fold over baseline compared to
wildtype, and there was evidence of disruption of mitochondrial integrity. Signaling
pathways, such as Akt and PKC, which regulate mitochondrial cell death signaling, and
which have been previously shown to crosstalk with β2-receptors, were altered by the
deletion of the β2-receptor. As further proof of this subtype-specific effect, we were able to
recapitulate these effects in cardiomyocytes isolated from each of the β-receptor knockout
mice (41).

These data would seem to confirm in vitro data that the β2-receptor is primarily
cardioprotective. However, when we treated mice with a lower dose regimen of doxorubicin
(2 mg/kg weekly for 8 weeks), resulting in a more gradually developing cardiomyopathy,
the role of the β2-receptor switched from being cardioprotective to cardiotoxic: the β2-
receptor knockout mice survived longer than the wildtype controls (42).

Finally, using the same genetic model of cardiomyopathy (MLP knockout) that Rockman et
al. had failed to rescue with β2-receptor overexpression, we have found a similar switching
of the roles of the two β-receptor subtypes. For these studies, we crossbred β-receptor
knockouts with the MLP knockouts, producing mice lacking both the β1-receptor and MLP
or both the β2-receptor and MLP. In contrast to our findings with acute doxorubicin toxicity,
the β2-receptor knockout rescued the MLP mice from cardiomyopathy, suggesting that in
this genetic cardiomyopathy, the β2-receptor was acting in a cardiotoxic fashion (43). The
β1-receptor knockout so dramatically enhanced the toxicity of the MLP model such that no
β1/MLP double knockout mice survived to birth. As has been described in vitro, β-receptor
mediation of intracellular calcium transients appears to play an important role in rescuing/
worsening this genetic cardiomyopathy.

These data show that in vivo, β-receptor subtypes do regulate cardiotoxicity and
cardioprotection. As in vitro, they do so through crosstalk with other signaling pathways
(CaMK, PI3K, the MAPKs, several isozymes of PKC, and Akt), through alterations in
intracellular calcium transients, and through the regulation of the intrinsic mitochondrial cell
death pathway. However, the assignment of one β-receptor subtype to the classification
“cardiotoxic” and the other to “cardioprotective” is probably overly simplistic. This
dichotomy between cell survival and cell death appears to be regulated by β-receptor
subtypes in a manner dependent not only on the type of cardiac stressor but also by the
duration of the cardiac stress.
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Figure 1.
β-adrenergic receptor signaling: the classic (linear) model. Abbreviations: Gs=stimulatory
guanylyl nucleotide binding protein; cAMP=cyclic adenosine monophosphate; PKA=protein
kinase A.
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Figure 2.
β-adrenergic receptor signaling crosstalk: the model undergoes revision. Abbreviations:
Gs=stimulatory guanylyl nucleotide binding protein; Gi=inhibitory guanylyl nucleotide
binding protein; Gβγ = a subunit of Gs which is dissociated from the α subunit after Gs is
activated by the β-receptor; cAMP=cyclic adenosine monophosphate; PKA=protein kinase
A; ASK1=apoptosis signal-regulating kinase 1; MKK4=mitogen activated protein kinase
kinase 4; MAPK=mitogen activated protein kinase; JNK3= c-Jun N-terminal kinase.
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Figure 3.
β-adrenergic receptor signaling: differential regulation of apoptosis. Gs=stimulatory
guanylyl nucleotide binding protein; cAMP=cyclic adenosine monophosphate; PKA=protein
kinase A; CaMKII=calcium/calmodulin-dependent protein kinase II;
PI3K=phosphoinositide 3-kinase; Akt=protein kinase B; GSK3β=glycogen synthase kinase
3β; Bad=Bcl-2-associated death promoter.
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Figure 4.
Scaffolding proteins mediate β-receptor crosstalk. Abbrevations: Gs=stimulatory guanylyl
nucleotide binding protein; Gi=inhibitory guanylyl nucleotide binding protein;
PLB=phospholamban; cAMP=cyclic adenosine monophosphate; PKC=protein kinase C;
PKA=protein kinase A; AdCyc=adenylyl cyclase; AKAP79=A-kinase anchor protein 79.
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