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1. ABSTRACT 

 
Beta-adrenoceptors (ARs), members of the G 

protein-coupled receptor (GPCR) superfamily, play a key 
role in the rapid regulation of myocardial function. 
Meanwhile, chronic catecholamine stimulation of 
adrenoceptors has been proved to be involved in the 
adverse myocardial remodeling, including cardiac 
hypertrophy, fibrosis, and apoptosis, which finally develop 
into heart failure. In the clinical situation, sympathetic 
hyperactivity is a key factor in the development of heart 
failure, and beta-blockers greatly improve the outcome of 
the disease. However, heart failure is still one of the leading 
causes of death. Therefore, a full understanding of the 
mechanism of beta-AR-mediated cardiac remodeling could 
indicate more targets for treating heart failure. This review 
summarizes a number of important signaling pathways 
involved in the process of cardiac pathological remodeling 
under chronic adrenergic stimulation.  

 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

As members of the GPCR superfamily, beta-ARs 
exert crucial regulatory functions in both physiological and 
pathological conditions. The heart expresses three types of 
beta-ARs: beta1-AR, beta2-AR, and beta3-AR (1). The 
beta1-AR is the predominant receptor, with a proportion of 
60%-80% in the normal myocardium, while the proportion 
of beta2-AR is 20%-40% (2, 3), and the expression level of 
beta3-AR being the lowest (4). 

 
Both beta1- and beta2-ARs couple to Gs proteins, 

which in turn activate adenylyl cyclase (AC) and induce 
cAMP accumulation and protein kinase A (PKA) 
activation. PKA phosphorylates various substrates, 
including the L-type calcium channels (LCCs), 
phospholamban, ryanodine receptors (RyRs), troponin I 
and C-proteins, resulting in positively chronotropic, 
inotropic, and lusitropic effects on the heart (5). Activated 
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beta2-AR can also couple to Gi, thereby activating the 
phosphatidylinositol 3-kinase (PI3K) pathway and negating 
concurrent beta2-AR/Gs-mediated PKA signals. Beta2-
AR/Gi/PI3K signaling plays a key role in protecting 
cardiomyocytes against apoptosis (6-9). Moreover, the 
functional roles of beta2-AR may vary among different 
species. In ventricular myocytes from nonfailing rat hearts, the 
beta2-AR–Gs/cAMP pathway was found leading to relaxation 
only in the presence of pertussis toxin (10). This suggested that 
the rat cardiomyocyte beta2-ARs couple more tightly to Gi than 
to Gs. In contrast, beta2-AR–mediated relaxation could occur 
via the Gs/cAMP pathway in failing human ventricle, implying 
that the coupling between human cardiac beta2-ARs and Gs is 
tighter than in the case of Gi (11). Beta3-ARs also can couple to 
both Gs and Gi proteins (4), but the functional roles of beta3-
AR in the heart, especially in the human heart are still not fully 
understood. 
 

Beta-AR signaling pathways have been shown to be 
crucial during the cardiac remodeling and dysfunction process 
(12). Cardiac remodeling is generally accepted as a 
determinant of the clinical course of heart failure (13). Thus, a 
full understanding of the mechanism underlying this process 
would help to find a possible means of reversing 
pathological remodeling and mitigating cardiac 
dysfunction. Cardiac remodeling is defined as changes in 
size, shape, and function of the heart after cardiac injury. 
Cellular changes including myocyte hypertrophy, fibrosis, 
apoptosis etc (13). The anatomic and functional remodeling 
then alters cardiac electrophysiology which terms as electrical 
remodeling (14). Beta-AR activation is a well-known pro-
arrhythmogenic event through increasing sarcoplasmic 
reticulum (SR) Ca2+ load and the frequency of spontaneous SR 
Ca2+ release (15). Recently, Workman AJ (16) summarized the 
understanding of the involvement of the adrenergic system and 
its control in atrial fibrillation. In the present review, we will 
not include the portion concerning electrical remodeling. Here 
we will focus on the recent work about signaling pathways 
involved in cardiac hypertrophy, fibrosis, and apoptosis 
induced by chronic beta-AR activation. 

 
3. BETA-ADRENOCEPTORS AND CARDIAC 
HYPERTROPHY 
 

Pathological left ventricular hypertrophy (LVH) is a 
crucial condition triggering several serious cardiac events, 
including arrhythmias, heart failure, and sudden death (17, 18). 
Clinical trials suggested that sympathetic hyperactivity might 
be the key factor of LVH; therefore administration of beta-AR 
blockers such as metoprolol might alleviate this remodeling 
process (19, 20). In addition, experiences demonstrated that 
chronic stimulation of beta-AR with isoproterenol (ISO, non-
selective beta-AR agonist) or dobutamine (beta1-selective 
agonist) could induce cardiac hypertrophy in vivo (21, 22). In 
cultured neonatal rat cardiomyocytes, only stimulation of 
beta1-AR could lead to cardiac hypertrophy (23). However, 
transgenic mice overexpressing beta1-AR and those 
overexpressing beta2-AR eventually develop cardiac 
hypertrophy (24-26).  

 
The mechanism of cardiac hypertrophy induced 

by chronic beta-AR stimulation is not fully understood. In 

the following section, we review a series of key signalling 
pathways involved in the process of cardiac hypertrophy 
during chronic adrenergic stimulation. 

 
3.1. Gs/AC/cAMP/PKA signaling 

Experiments showed that the classic beta-AR 
signaling pathway, Gs/AC/cAMP/PKA signaling cascades, 
not only contributes to regulation of normal heart function, 
but is also involved in harmful cardiac remodeling. A series 
of transgenic mice suggested that beta1-AR/Gs/PKA 
signaling mediate cardiac hypertrophy of chronic 
adrenergic stimulation. Overexpression of beta1-AR in the 
heart of transgenic mice initially increases contractile 
function and responsiveness to ISO, but eventually leads to 
processive deterioration of cardiac function and cardiac 
hypertrophy (24). Overexpression of Gs in transgenic 
animals also induced cardiac hypertrophy (27). Similar 
findings were obtained with transgenic mice 
overexpressing PKA (28).  

 
PKA can phosphorylate cAMP response binding 

protein (CREB)/cAMP response element modulator 
(CREM), which is a transcription factor, leading to CRE-
mediated transcription. CREM inactivation was found to 
prevent cardiomyocyte hypertrophy, fibrosis, and left 
ventricular dysfunction in beta1-AR-overexpressing mice 
(29). The underlying mechanism might involve altered 
expression of cardiac proteins, including the cardiac RyRs 
as well as the contractile proteins tropomyosin-1alpha and 
cardiac alpha-actin (29). However, some studies showed 
that CREB activation had cardiac protective effects. In 
spontaneously hypertensive rats (SHRs) which developed 
cardiac hypertrophy and subsequent heart failure, CREB 
activation was found to be significantly decreased. Exercise 
could protect SHRs from cardiac remodeling, with 
restoration of CREB function in the heart. It may be 
attributed to the inhibitory effect of CERB activation on 
cardiac apoptosis by enhancing bcl-2, PGC-1, and 
mitochondrial gene expression (30). 

 
Inducible cAMP early repressor (ICER), a 

member of the CREB and CREM family of transcription 
factors, has a DNA-binding domain identical to that in 
CREM but lacks the transactivation domain. Therefore it 
serves as an endogenous inhibitor for CREM/CREB-
mediated transcription (31). ICER expression is rapidly 
induced by beta-AR stimulation in cardiomyocytes, and 
overexpression of that factor significantly inhibits beta-AR-
induced cardiac hypertrophy, while antisense inhibition of 
endogenous ICER enhances beta-AR-induced increases in 
protein/DNA content and atrial natriuretic factor (ANF) 
transcription, which suggests that the degree of hypertrophy 
is increased (32, 33).  
 
3.2. MAPK signaling cascades 

The mitogen-activated protein kinase (MAPK) 
family is a critical group of factors in intracellular signal 
transduction and regulation. Classic MAPKs can be divided 
into three major subfamilies, namely extracellular signal-
regulated kinases (ERK1/2), c-Jun N-terminal kinases 
(JNK), and p38 MAP kinase. It has been demonstrated that 
stimulation of beta-AR could activate the three subfamilies 
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both in vitro and in vivo (34-36). However, beta-AR-
mediated activation of MAPK cascade is complicated and 
has not been fully understood. In response to beta-AR 
stimulation, PKA mediated the activation of ERK1/2 and 
p38 MAP kinase (37-39), and reactive oxygen species 
(ROS) mediated the activation of JNK (40) in cultured 
cardiomyocytes. Zhang et al. (36) also demonstrated that 
ROS is an important activator of cardiac MAPK cascades 
in response to ISO infusion in vivo. Recent studies showed 
that beta1-AR could active ERK through beta-arrestin-
mediated transactivation of epidermal growth factor 
receptor (EGFR), protecting the heart in the face of chronic 
catecholamine stimulation (41). Those experiments showed 
multiple signaling of beta1-AR, and it might be possible to 
explore new receptor blockers, which have the same ability 
to block the deleterious effects of beta1-AR overstimulation 
as standard beta-blockers, while simultaneously being able 
to activate cell protective pathways such as beta-arrestin 
signaling. We also found a novel PKA-independent, beta-
arrestin-1-dependent signaling pathway for p38 activation by 
beta2-ARs (42).  
 

The importance of MAPK cascades for the 
regulation of cardiac hypertrophy was proposed based on 
findings with transgenic mouse model. Overexpression of 
MAP kinase kinase 1 (MEK1) in the transgenic mouse heart, 
which showed specific activation of ERK1/2, resulted in 
considerable cardiac hypertrophy with an increased contractile 
function (43). The mechanism by which the MEK1-ERK1/2 
pathway induces cardiac hypertrophy in vivo might be partly 
attributed to enhancement of the transcriptional activity of 
nuclear factor of activated T-cells (NFAT), which indicated its 
crosstalk with the calcineurin-NFAT circuit (44). However, 
p38 kinase and JNK might have a negative regulatory effect on 
cardiac hypertrophy. Overexpression of activated MAP kinase 
kinase 3 (MKK3) or MAP kinase kinase 6 (MKK6) in 
transgenic mice showing specific activation of p38, induced 
heart failure in juveniles, which was characterized by abnormal 
cardiac function, fibrosis, and thinned ventricular walls (45). 
To the contrary, overexpression of dominant-negative 
p38alpha induced significant cardiac hypertrophy with normal 
cardiac function, and rescues cardiomyopathy induced by 
overexpressed beta2-AR, but not beta1-AR (46). It suggests that 
p38alpha MAPK mediates the development of 
cardiomyopathy following chronic beta2-AR stimulation, not 
beta1-AR stimulation. Similarly, transgenic mice expressing 
activated MAP kinase kinase 7 (MKK7) in the heart showed 
specific JNK activation and lethal cardiomyopathy in juveniles 
without hypertrophy (47). Transgenic mice expressing 
dominant negative JNK1/2 developed cardiac hypertrophy 
when subjected to stress stimulation (48). The mechanisms of 
p38 and JNK inhibiting cardiac hypertrophy remain to be 
determined, probably contributed to phosphorylating NFAT 
and reducing the effects of calcineurin signaling in the 
heart (48, 49). Since different MAPK cascades induced by 
beta-AR stimulation play different roles in the regulation of 
cardiac hypertrophy, the integrated effect of these signaling 
pathways is yet to be thoroughly investigated.  

 
3.3. Ca2+/calcineurin/NFAT signaling 

Calcium is an important intracellular signaling 
factor; an increase in its intracellular concentration is 

involved in a series of signal transduction pathways 
regulating cell growth, apoptosis, and excitation-
contraction coupling (E-C coupling). The beta-AR induced 
increase of intracellular Ca2+ is a complicated process that 
has not been fully understood. Influx of extracellular Ca2+ 
and SR Ca2+ release are the main sources of intracellular 
Ca2+, which is at a concentration much lower than the 
extracellular concentration. Beta-AR mediates PKA 
activation and subsequent phosphorylation of LCCs and 
RyRs, which induce rapid increase of intracellular Ca2+ (5).  

 
In normal conditions, SR Ca2+-pump can re-

uptake Ca2+ rapidly, hence the concentration of intracellular 
Ca2+ would not remain at a high level, thereby ensuring a 
transient increase of intracellular Ca2+, which is essential 
for excitation-contraction coupling in cardiomyocytes. 
Under chronic beta-AR stimulation, the inflow of Ca2+ is 
greater than its outflow, and the consequent increase of 
intracellular Ca2+ activates many downstream signaling 
factors including calcineurin and calmodulin-dependent 
protein kinase II (CaMKII) (Figure 1). Previous studies 
observed that calcineurin and CaMKII activities are 
increased in many animal models of cardiac hypertrophy 
and heart failure induced by chronic beta-AR stimulation 
(50-53).  
 

Calcineurin is a serine-threonine phosphatase 
expressed in multiple tissues including the heart. The 
physiological role of calcineurin is highly related to its 
downstream signaling factor NFAT. Calcineurin 
dephosphorylates NFAT, resulting in translocation of 
NFAT proteins to the nucleus and activation of many 
hypertrophic genes (54) (Figure 1). There is evidence 
supporting the role of calcineurin as a central pro-
hypertrophic signaling molecule in the myocardium. 
Constitutive activation of cardiac calcineurin in a 
transgenic mouse resulted in massive cardiac hypertrophy 
and eventually heart failure (55). Conversely, lack of 
calcineurin A beta in a transgenic mouse model led to a 
12% reduction in basal heart size and considerable 
resistance to various hypertrophic stimuli such as pressure 
overload, and infusion of angiotensin II (Ang II) and ISO 
(56). Furthermore, some studies also observed that 
calcineurin has a critical regulatory effect on cardiac 
hypertrophy using several endogenous calcineurin 
inhibitors such as Cabin/Cain. Overexpression of the 
Cabin/Cain attenuated cardiac hypertrophy induced by 
pressure overload or ISO (57). 
 
3.4. PI3K signaling cascades 

PI3Ks have been linked to some important 
physiological functions including control of cell growth, 
survival, and proliferation. The enzymes of PI3K family of 
can be activated by several receptor tyrosine kinases, such 
as insulin-like growth factor 1 (IGF-1) (58, 59). Many 
experiments also found that GPCRs could activate PI3K (6-
9, 60). In both neonatal rat cardiomyocytes and adult 
mouse cardiomyocytes, only beta2-AR stimulation 
markedly increased PI3K activity and Akt/PKB (AKT) 
phosphorylation in a Gi-Gbeta gamma-dependent manner (6-9, 
60) (Figure 1). It is known that with the increase of 
sympathetic tone, chronic agonist exposure leads to a 
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Figure 1. Beta-adrenoceptors signaling pathways mediate cardiac hypertrophy. (1) Beta-ARs mediate the activation of PKA via 
classic signaling pathway, PKA in turn phosphorylates various substrates including the transcription factor CREB/CREM; (2) 
Beta-ARs increase the activation of NAD(P)H oxidase, a major source of cellular ROS, then lead to the activation of MAPKs 
cascades including ERK1/2, p38 kinase, JNK, which mediate activation of many transcription factors; (3) Beta-ARs mediate the 
phosphorylation of LCCs and RyRs, resulting in the increase of intracellular Ca2+, which lead to activation of calcineurin and 
CaMKII. Calcineurin activates transcription factors such as NFAT, MEF2; (4) Beta2-ARs increase PI3K activity and AKT 
phosphorylation by coupling to Gi. AKT increases mTOR activity and inhibits GSK-3beta activity, which leads to an increase in 
transcription of GATA4 and p70S6K.  

 
decrease in beta1-AR density in patients or animal models 
of heart failure, while the density of beta2-AR is 
unchanged. In that case, the ratio of beta2-ARs/beta1-ARs is 
increased. This change in receptor density indicates that 
beta2-AR signaling might play a more important role during 
cardiac hypertrophy and heart failure develops (61, 62).  

 
Experiments demonstrated that PI3K activity is 

essential for both basal cell growth and 
adaptive/maladaptive hypertrophy (63-68). Overexpression 
of a constitutively active PI3K in transgenic mice resulted 
in cardiac hypertrophy characterized by increased 
cardiomyocyte size, whereas overexpression of dominant-
negative PI3K led to significant reduction in both body size 
and heart size in transgenic mice (64). The mechanism by 
which the PI3K cascades induce cardiac hypertrophy might 
be contributed to enhancement of the activity of AKT, 
which phosphorylates mammalian target of rapamycin 
(mTOR) and inhibits glycogen synthase kinase-3 beta 
(GSK3beta) signaling in the heart (Figure 1). 

Current studies showed that PI3Kalpha and 
PI3Kgamma are strongly associated with cardiac hypertrophy. 
These two kinases are composed of a regulatory subunit and a 
catalytic subunit (69, 70). Several pieces of evidence indicate 
that PI3Kalpha plays a critical role in adaptive growth and its 
activity is increased in response to various physiological 
stimuli including exercise and IGF-1(63, 65). On the other 
hand, PI3Kgamma/AKT might be involved in GPCR-induced 
pathological hypertrophy (66). Pressure overload selectively 
activated p110gamma without affecting p110alpha in the case 
of pathological hypertrophy (67, 68). The lack of PI3Kgamma 
inhibited activation of AKT and ERK1/2 signaling pathways 
and attenuated hypertrophic response in cardiomyocytes to 
beta-AR stimulation (66). Moreover, PI3Kgamma is involved 
in down-regulation of beta-ARs under conditions of chronic 
catecholamine stimulation, yet cardiac-specific overexpression 
of a catalytically inactive mutant of PI3Kgamma (dominant-
negative-PI3Kgamma) was observed to prevent beta-AR 
down-regulation and desensitization induced by chronic 
ISO stimulation (71). 
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3.5. Autocrine/paracrine 
 Beta-AR activation can promote the production 

of a number of neurohumoral factors such as Ang II (72), 
interleukin-6 (IL-6) (73, 74), and endothelin-1(ET-1) (52), 
which are involved in beta-AR-induced cardiac 
hypertrophy. 

 
3.5.1. Renin-angiotensin system   

The renin-angiotensin system (RAS) has a 
prominent role in cardiac hypertrophy during heart failure 
development, since increased cardiac Ang II levels could 
lead to cardiomyocyte hypertrophy both in vitro and in vivo 
(75-77). Experiments showed that all components required 
for Ang II production were available in the heart, and the 
formation of cardiac Ang II seemed to be regulated 
independently of circulating RAS (78, 79). Indeed, the 
excessive stimulation of beta-AR in the heart induces 
myocardial hypertrophy with an increase in both cardiac 
Ang II production and angiotensin converting enzyme 
(ACE) activity, which does not depend on the increase in 
peripheral vascular resistance (80). In addition, lack of 
alpha2A/alpha2CAR results in chronic sympathetic 
hyperactivity and elevated Ang II level in the transgenic 
mouse heart. These mice developed cardiac hypertrophy, 
and the detrimental cardiac effects could be counteracted 
by ACE inhibitor treatment (81). These experiments 
suggest that the secretion of Ang II may be a key mediator 
in cardiac hypertrophy induced by beta-AR stimulation. 

 
3.5.2. IL-6 /STAT3 signaling pathway   

It was reported that IL-6 cytokine level is 
elevated in heart failure patients and that IL-6 is a strong 
prognostic marker for the morbidity and mortality of 
patients with heart failure or after myocardial infarction 
(82). IL-6 regulates the Janus kinases (JAK)/signal 
transducers and activator of transcription (STAT) signaling 
pathway via the gp130 receptor system (83). It has been 
demonstrated that the IL-6/STAT3 signaling pathway 
might be involved in cardiac hypertrophy. We found that 
the IL-6/gp130/STAT3 signaling pathway mediated beta-
AR-induced atrial natriuretic factor expression in cultured 
neonatal rat cardiomyocytes (84). Another study reported 
two different actions of IL-6 in adult rat cardiomyocytes: 
inducing STAT3 phosphorylation and activating cellular 
markers of cardiac hypertrophy in the presence of its 
soluble receptor, activating a separate pathway leading to 
the phosphorylation of ERK1/2, AKT, and S6 kinase in the 
absence of its soluble receptor, which has a heart protective 
effect (85). 

 
We found that ISO treatment can significantly 

increase IL-6 levels in serum and mouse myocardium. And 
ISO-induced IL-6 is primarily from cardiac fibroblasts 
rather than cardiomyocytes. The results suggested that IL-6 
mediates ISO-induced delayed STAT3 activation in mouse 
heart (73). We further found that ISO-induced secretion of 
IL-6 was mainly mediated by beta2-AR-Gs-AC-cAMP 
signaling cascade and could be negatively regulated by Gi 
and PI3K. However, the downstream pathway is not 
classical PKA but p38 MAPK which mediates beta2-AR-
induced IL-6 production in neonatal mouse cardiac 
fibroblasts (74).   

 
3.6. Novel signaling pathways 
3.6.1. Epac signaling pathway   

Stimulation of beta-AR induces production of 
cAMP, which could activate exchange protein directly 
activated by cAMP (Epac) as well as PKA. Epac is 
subdivided into Epac1 and Epac2, both characterized by a 
regulatory domain directly binding to cAMP and a catalytic 
region containing an exchange factor motif that catalyzes 
the exchange of GDP from GTP on Rap GTPases (86). 
Experiments demonstrated that Epac might participate in 
regulation of cardiac hypertrophy. Cardiomyocyte 
hypertrophy was found induced by a selective Epac 
activator (8-CPT) and by Epac protein overexpression after 
transfection by an adenovirus encoding Epac1 (87). Epac 
activation leads to cytoskeletal reorganization, increases in 
protein synthesis, and expression of markers of cardiac 
hypertrophy. In addition, the expression of Epac1 was 
increased in hypertrophic myocardium (87). A recent study 
showed that Epac1 greatly contributed to beta-AR-induced 
myocyte hypertrophy. Silencing Epac1 expression blocked 
the hypertrophic effect of ISO in vitro (88). Epac activated 
a pro-hypertrophic signaling pathway independent of its 
classic effector, Rap1, but involving the small GTPase Ras, 
the phosphatase, calcineurin, and Ca2+/ CaMKII (88) 
(Figure 1). 

 
3.6.2. Endocytosis signaling pathway   

Following exposure to chronic ISO stimulation, 
the endocytosis of beta-AR is triggered which turns off the 
downstream signaling pathways, avoiding excessive 
stimulation. This process of endocytosis is accompanied by 
a series of signal transduction. Previous studies showed that 
endocytosis of beta-ARs induced activation of MAPK, 
including p38 kinase and ERK1/2 (42, 89). Morisco et al. 
(90) reported that beta1-AR underwent prolonged 
endocytosis (>4 hours) after ISO stimulation. Inhibition of 
the endocytosis blocked ISO-induced AKT activation, 
attenuated myocyte hypertrophy and ANF transcription 
(90). These results suggested that activation of the 
endocytosis is required for ISO-induced cardiac 
hypertrophy. 

 
4. BETA-ADRENOCEPTORS AND CARDIAC 
FIBROSIS 
 

Cardiac fibroblasts account for about two thirds 
of the total cells in the heart and are crucial to normal 
myocardial function. However, Cardiac fibroblasts are also 
involved in the adverse cardiac remodeling, which 
accompanies with hypertension, myocardial infarction, and 
heart failure. 

 
Cardiac fibroblasts expressed beta2-AR but not 

beta1-AR, which was verified by many independent studies. 
With radioligand binding assay to detect the expression of 
subtypes of beta-ARs, we demonstrated that the affinity to 
ICI 118551 (a selective inhibitor of beta2-AR) was higher 
than that to CGP20712A (a selective inhibitor of beta1-AR) 
in neonatal rat cardiac fibroblasts (91). It suggests that 
beta2-AR is the preponderant beta-AR subtype in cardiac 
fibroblasts. Reverse transcription PCR also revealed high-
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level expression of beta2-AR in adult rat cardiac fibroblasts 
(92), and adult human cardiac fibroblasts (93), with little or 
no beta1-AR detected. Thus, the effects of catecholamine 
on cardiac fibroblasts may be mediated predominantly via 
activation of beta2-AR. 
 
4.1. Beta2-AR and cardiac fibroblast proliferation 

It has been observed that beta2-AR stimulation 
could induce cardiac fibroblast proliferation in vitro (88, 
90), yet the mechanism remains unclear. Proliferation 
signals such as ERK1/2 and p38 MAP kinase activation 
were observed after beta2-AR stimulation. In addition, 
cardiac fibroblasts secrete many cytokines in response to 
beta2-AR stimulation such as ET-1, IL-6, and transforming 
growth factor-beta1 (TGF-beta1). Turner et al. (94) 
demonstrated that beta2-AR-mediated human cardiac 
fibroblast proliferation was dependent on autocrine of ET-
1. 
 
4.2. Beta2-AR and collagen synthesis 

The development of cardiac fibrosis is always 
accompanied with increased collagen synthesis, and the 
ability of beta-AR stimulation to influence extracellular 
matrix (ECM) protein expression by cardiac fibroblasts 
remains unclear. There is a little evidence about the 
increase of ECM protein induced by beta-AR stimulation in 
vitro. Conversely, there was a study showed that beta-AR 
activation inhibited TGF-beta1-stimulated collagen 
synthesis via inhibiting ERK 1/2 and Smad signaling in 
cardiac fibroblasts (95).  

 
4.3. Beta-AR stimulation induced cardiac fibrosis in 
vivo 

A series of experiments showed that both mice 
and rats developed cardiac fibrosis after a moderate or a 
high dose of ISO injection for one or two weeks in vivo 
(96, 97). Nakatsuji et al. (98) reported that alpha-smooth 
muscle actin-expressing cardiac myofibroblasts were 
observed at the border of the injured myocardium 3-7 days 
after ISO injection. Benjamin et al. (99) purported the 
cardiac fibroblast proliferation in ISO-treated hearts to be a 
direct response to ISO rather than a result of myocyte loss. 
Although beta2-AR stimulation induced cardiac fibroblast 
proliferation in vitro, cardiac fibrosis was not observed in 
vivo after beta2-AR stimulation (100, 101), indicating that 
apart from cardiac fibroblasts, cardiomyocytes also played 
a key role in the regulation of cardiac fibrosis. 
 
4.4. Cell-cell communications in beta-AR-mediated 
cardiac fibrosis  

Although cardiac fibroblasts are pivotal in the 
progress of cardiac fibrosis, the specific overexpression of 
some pro-hypertrophic genes in cardiomyocytes such as Gs 
(27) could also result in cardiac fibrosis. Both the 
transgenic mice with specific overexpression of beta1-AR 
and those with beta2-AR under the control of the alpha-
myosin heavy chain promoter developed cardiac fibrosis 
(24-26), with no changes in the amount of beta2-AR in 
cardiac fibroblasts. Besides, stimulation with a selective 
beta1-AR agonist (dobutamine) could also induce cardiac 
fibrosis (22). The mechanism is not fully understood and 

may be attributed to the communications between 
myocytes and fibroblasts.  

 
The paracrine activities of cardiomyocytes are 

crucial for regulating the function of cardiac fibroblasts. 
Stimulation of the beta-AR in cardiomyocytes can induce 
secretion of cytokine and growth factor including Ang II, 
endothelin, and TGF-beta (102, 103), which in turn exert a 
profibric effect on fibroblast. There is also a direct cell-cell 
communication between cardiomyocytes and cardiac 
fibroblasts. Recently studies suggested that every 
cardiomyocyte was in direct contact with one or more 
fibroblasts (104). That viewpoint was confirmed by a series 
of experiments: Vatner et al. (105) generated chimeric mice 
that carried both overexpressing Gs protein cells and wild-
type cells. The chimeric mice developed cardiac fibrosis, 
and importantly most of the clustered fibrosis was found to 
be surrounding cardiomyocytes carrying the overexpressing 
Gs protein. Besides paracrine and mechanical force, 
Cardiac fibroblasts would also connect to cardiomyocytes 
by connexins, which play a key role in the regulation of the 
electrical activity of heart (106). However, the effect of 
these connections on beta-AR-mediated cardiac fibrosis 
remains elusive. 

 
5. BETA-ADRENOCEPTORS AND 
CARDIOMYOCYTE APOPTOSIS 
 

Many studies in both humans and animals have 
demonstrated that myocyte apoptosis is associated with a 
variety of cardiac pathological states including heart failure 
(107). In cultured neonatal rat cardiomyocytes, 
norepinephrine-induced myocyte apoptosis was abolished 
by the beta-AR antagonist propranolol, and mimicked by 
both ISO and cAMP analogue, 8-Br-cAMP (108). In 
addition, the ISO-induced neonatal rat cardiomyocyte 
apoptosis was completely inhibited by PKA inhibitor 
KT5720 (108). These findings suggest that cAMP/PKA 
pathway is necessary to mediate cardiomyocyte apoptosis 
induced by beta-AR agonist. Both mice overexpressing 
beta1-AR (109) and Gs (110) in the myocardium exhibited 
cardiomyocyte apoptosis and developed heart failure. 
Sustained beta1-AR stimulation promotes apoptosis of 
myocardial cells, whereas sustained beta2-AR stimulation 
protects myocytes against apoptosis through Gi/PI3K 
pathway (6, 8). An experiment with adult rat 
cardiomyocytes suggested that beta-AR stimulation 
increased cytochrome c release and decreased 
mitochondrial membrane potential through ROS/JNK 
pathway (40). Further study found that Rac1 activation is 
required for myocyte apoptosis and results in the activation 
of JNK and mitochondrial death pathway (111).   

 
In the condition of sustained beta1-AR 

stimulation, disturbance of Ca2+ handling was noticed 
(112). Ca2+-induced CaMKII activation has been shown to 
be an important PKA-independent mechanism in beta1-AR-
induced cardiomyocyte apoptosis via the primary 
mitochondrial death pathway (113, 114). On the other 
hand, in vivo studies suggest that CaMKII inhibition 
protects against cardiomyocyte apoptosis and cardiac 
remodeling from enhanced beta-AR stimulation (115, 116). 
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Increase of intracellular Ca2+ induced by beta-AR 
stimulation also results in calcineurin activation. Saito et al. 
(117) found that both nifedipine (a LCCs antagonist) and 
calcineurin inhibitors could suppress ISO-induced 
cardiomyocyte apoptosis. ISO stimulation induced 
dephosphorylation of a pro-apoptotic molecule Bad which 
promotes cell death and cytochrome c release from 
mitochondria to cytosol, both required for calcineurin 
activation. These results suggest that beta-AR activation 
induces apoptosis through Ca2+/calcineurin pathway. 
However, another study has reported that the activation of 
calcineurin protected cardiomyocytes against apoptosis 
induced by 2-deoxyglucose, staurosporine, and ischemia-
reperfusion (118). The calcineurin activation has also been 
reported to be required for the inhibitory effect of endothelin-1 
on oxidant stress-induced cardiomyocyte apoptosis (119). 
These findings suggest that the calcineurin pathway might be 
either pro- or anti-apoptotic depending on the stimuli. Under 
beta-AR activation, the effect of this pathway is pro-apoptotic.  

 
Another pro-apoptotic factor in beta-AR-stimulated 

apoptosis is matrix metalloproteinase-2 (MMP-2). Beta-AR 
stimulation increases the expression and activity of MMP-2, 
and inhibits tissue inhibitor of metalloproteinase-2 (TIMP-2) 
expression, possibly through JNK activation (120). MMP-2 
interacts with beta1- integrins and interferes with beta1-
integrin-mediated survival signals, leading to JNK activation 
and mitochondrial death pathway (120). Intact beta1-integrin 
protects cardiomyocytes against beta-AR-stimulated apoptosis 
and cardiac remodeling (121, 122), but it is cleaved under beta-
AR stimulation, and its cytoplasmic domain has been shown to 
induce apoptosis in adult cardiomyocytes (123). MMPs 
inhibitor, on the other hand, could suppress beta1-integrin 
shedding in cardiac fibroblasts (124). These findings suggest 
that MMP-2-induced apoptosis might involve integrin 
fragmentation during beta-AR stimulation. A recent study 
reported that glycogen synthase kinase-3beta (GSK-3beta) 
plays a key role in beta-AR/MMP-2 induced apoptosis and 
beta1-integrins involved anti-apoptotic effect. The pro-
apoptotic effect of GSK-3beta may be mediated via its 
nuclear localization and induction of pro-apoptotic genes 
such as Gadd153. This activity of GSK-3beta activity could 
be inhibited by beta1 integrin through PI3K pathway (125). 

 
Notably, beta-AR activation does not always 

result in detrimental effects on the heart. A recent study 
showed that beta1-AR and beta2-AR activation increased 
the secretion and uptake of ubiquitin in adult rat ventricular 
myocytes possibly via the AC pathway, the increased 
extracellular ubiquitin in turn inhibits the pro-apoptotic 
effects of beta-AR stimulation (126). The mechanism 
involves activation of the PI3K/AKT pathway, resulting in 
the inactivation of GSK-3beta/JNK and mitochondrial 
pathways. This negative feedback protects cardiomyocytes 
from beta-AR-stimulated apoptosis in a paracrine manner. 

 
6. CONCLUSIONS 
 

During the process of heart failure, it is now 
known that chronic beta-AR activation plays a key role in 
pathological cardiac remodeling. Exploring and 
characterizing of the beta-AR signaling pathways could 

help us to find a way to reverse the pathological remodeling 
and to improve cardiac function. Recently, various new 
methods have been applied to this field of study such as 
transgenic technology, which greatly promoted the 
comprehensive understanding of the beta-AR signaling 
pathways. More and more new signaling pathways have 
been discovered with diverse effects in the beta-AR-
mediated cardiac remodeling, some of which may become 
therapeutic targets for new drugs. 

 
7. ACKNOWLEDGEMENTS  
 

Yongnan Fu and Han Xiao equally contributed to 
this article. This work was supported by the National 
Natural Science Foundation of China (81030001, 
30821001), International Cooperation and Exchanges 
NSFC (30910103902), and the National Basic Research 
Program of China (2007CB935602, 2011CB503900973). 
 
8. REFERENCES  
 
1. D.B. Bylund, D.C. Eikenberg, J.P. Hieble, S.Z. Langer, 
R.J. Lefkowitz, K.P. Minneman, P.B. Molinoff, R.R. 
Ruffolo Jr and U. Trendelenburg: International Union of 
Pharmacology nomenclature of adrenoceptors. 
Pharmacol Rev 46, 121-136 (1994) 
 
2. O.E. Brodde: Beta1-and beta2-adrenoceptors in the 
human heart: properties, function, and alterations in 
chronic heart failure. Pharmacol Rev 43, 203-242 
(1991) 
 
3. D.S. Feldman, C.A. Carnes, W.T. Abraham and 
M.R. Bristow: Mechanisms of disease: beta-
adrenergic receptors--alterations in signal 
transduction and pharmacogenomics in heart failure. 
Nat Clin Pract Cardiovasc Med 2, 475-483 (2005) 
 
4. B. Rozec and C. Gauthier: Beta3-adrenoceptors in 
the cardiovascular system: putative roles in human 
pathologies. Pharmacol Ther 111, 652-673 (2006) 
 
5. Y. Xiang and B.K. Kobilka: Myocyte adrenoceptor 
signaling pathways. Science 300, 1530-1532 (2003) 
 
6. A. Chesley, M.S. Lundberg, T. Asai, R.P. Xiao, S. 
Ohtani, E.G. Lakatta and M.T. Crow: The beta(2)-
adrenergic receptor delivers an antiapoptotic signal to 
cardiac myocytes through G(i)-dependent coupling to 
phosphatidylinositol 3'-kinase. Circ Res 87, 1172-
1179 (2000) 
 
7. W. Zhu, X. Zeng, M. Zheng and R.P. Xiao: The 
enigma of beta2-adrenergic receptor Gi signaling in 
the heart: the good, the bad, and the ugly. Circ Res 
97, 507-509 (2005) 
 
8. M. Zaugg, W. Xu, E. Lucchinetti, S.A. Shafiq, 
N.Z. Jamali and M.A. Siddiqui: Beta-adrenergic 
receptor subtypes differentially affect apoptosis in 
adult rat ventricular myocytes. Circulation 102, 344-
350 (2000) 



Beta-adrenoceptor signalings mediate cardiac remodeling 

1632 

9. M. Zheng, Q.D. Han and R.P. Xiao: Distinct beta-
adrenergic receptor subtype signaling in the heart and their 
pathophysiological relevance. Sheng Li Xue Bao 56, 1-15 
(2004) 
 
10. R.P. Xiao, X. Ji and E.G. Lakatta: Functional coupling 
of the beta 2-adrenoceptor to a pertussis toxin-sensitive G 
protein in cardiac myocytes. Mol Pharmacol 47, 322-329 
(1995) 
 
11. A. Kaumann, S. Bartel, P. Molenaar, L. Sanders, K. 
Burrell, D. Vetter, P. Hempel, P. Karczewski and E.G. 
Krause: Activation of beta2-adrenergic receptors hastens 
relaxation and mediates phosphorylation of 
phospholamban, troponin I, and C-protein in ventricular 
myocardium from patients with terminal heart failure. 
Circulation 99, 65-72 (1999) 
 
12. I.S. Anand, L.D. Fisher, Y.T. Chiang, R. Latini, S. 
Masson, A.P. Maggioni, R.D. Glazer, G. Tognoni and J.N. 
Cohn: Changes in brain natriuretic peptide and 
norepinephrine over time and mortality and morbidity in 
the Valsartan Heart Failure Trial (Val-HeFT). Circulation 
107, 1278-1283 (2003) 
 
13. J.N. Cohn, R. Ferrari and N. Sharpe: Cardiac 
remodeling-concepts and clinical implications: a consensus 
paper from an international forum on cardiac remodeling. 
Behalf of an International Forum on Cardiac Remodeling. J 
Am Coll Cardiol 35, 569-582 (2000) 
 
14. T. Aiba and G.F. Tomaselli: Electrical remodeling in 
the failing heart. Curr Opin Cardiol 25, 29-36 (2010) 
 
15. M. Scoote and A.J. Williams: Myocardial calcium 
signalling and arrhythmia pathogenesis. Biochem Biophys 
Res Commun 322, 1286-1309 (2004) 
 
16. A.J. Workman: Cardiac adrenergic control and atrial 
fibrillation. Naunyn Schmiedebergs Arch Pharmacol 381, 
235-249 (2010) 
 
17. B.H. Lorell: Transition from hypertrophy to failure. 
Circulation 96, 3824-3827 (1997) 
 
18. N. Frey and E.N. Olson: Cardiac hypertrophy: the good, 
the bad, and the ugly. Annu Rev Physiol 65, 45-79 (2003) 
 
19. F. Waagstein, M.R. Bristow, K. Swedberg, F. Camerini, 
M.B. Fowler, M.A. Silver, E.M. Gilbert, M.R. Johnson, 
F.G. Goss and A. Hjalmarson: Beneficial effects of 
metoprolol in idiopathic dilated cardiomyopathy. 
Metoprolol in Dilated Cardiomyopathy (MDC) Trial Study 
Group. Lancet 342, 1441-1446 (1993) 
 
20. E.J. Eichhorn, C.M. Heesch, J.H. Barnett, L.G. Alvarez, 
S.M. Fass, P.A. Grayburn, B.A. Hatfield, L.G. Marcoux 
and C.R. Malloy: Effect of metoprolol on myocardial 
function and energetics in patients with nonischemic 
dilated cardiomyopathy: a randomized, double-blind, 
placebo-controlled study. J Am Coll Cardiol 24, 1310-1320 
(1994) 

21. O.E. Osadchii: Cardiac hypertrophy induced by 
sustained beta-adrenoreceptor activation: 
pathophysiological aspects. Heart Fail Rev 12, 66-86 
(2007) 
 
22. M. Anderson, D. Moore and D. Larson: Comparison of 
isoproterenol and dobutamine in the induction of cardiac 
hypertrophy and fibrosis. Perfusion 23, 231-235 (2008) 
 
23. C. Morisco, D.C. Zebrowski, D.E. Vatner, S.F. Vatner 
and J. Sadoshima: Beta-adrenergic cardiac hypertrophy is 
mediated primarily by the beta(1)-subtype in the rat heart. J 
Mol Cell Cardiol 33, 561-573 (2001) 
 
24. J.D. Bisognano, H.D. Weinberger, T.J. Bohlmeyer, A. 
Pende, M.V. Raynolds, A. Sastravaha, R. Roden, K. Asano, 
B.C. Blaxall, S.C. Wu, C. Communal, K. Singh, W. 
Colucci, M.R. Bristow and D.J. Port: Myocardial-directed 
overexpression of the human beta(1)-adrenergic receptor in 
transgenic mice. J Mol Cell Cardiol 32, 817-830 (2000) 
 
25. G.W. Dorn 2nd, N.M. Tepe, J.N. Lorenz, W.J. Koch 
and S.B. Liggett: Low- and high-level transgenic 
expression of beta2-adrenergic receptors differentially 
affect cardiac hypertrophy and function in Galphaq-
overexpressing mice. Proc Natl Acad Sci U S A 96, 6400-
6405 (1999) 
 
26. Du XJ, D.J. Autelitano, R.J. Dilley, B. Wang, A.M. 
Dart and E.A. Woodcock: beta(2)-adrenergic receptor 
overexpression exacerbates development of heart failure 
after aortic stenosis. Circulation 101, 71-77 (2000) 
 
27. C. Gaudin, Y. Ishikawa, D.C. Wight, V. Mahdavi, B. 
Nadal-Ginard, T.E. Wagner, D.E. Vatner and C.J. Homcy: 
Overexpression of Gs alpha protein in the hearts of 
transgenic mice. J Clin Invest 95, 1676-1683 (1995) 
 
28. C.L. Antos, N. Frey, S.O. Marx, S. Reiken, M. 
Gaburjakova, J.A. Richardson, A.R. Marks and E.N. Olson: 
Dilated cardiomyopathy and sudden death resulting from 
constitutive activation of protein kinase a. Circ Res 89, 
997-1004 (2001) 
 
29. G. Lewin, M. Matus, A. Basu, K. Frebel, S.P. 
Rohsbach, A. Safronenko, M.D. Seidl, F. Stumpel, I. 
Buchwalow, S. Konig, S. Engelhardt, M.J. Lohse, W. 
Schmitz and F.U. Muller: Critical role of transcription 
factor cyclic AMP response element modulator in beta1-
adrenoceptor-mediated cardiac dysfunction. Circulation 
119, 79-88 (2009) 
 
30. P.A. Watson, J.E. Reusch, S.A. McCune, L.A. 
Leinwand, S.W. Luckey, J.P. Konhilas, D.A. Brown, A.J. 
Chicco, G.C. Sparagna, C.S. Long and R.L. Moore: 
Restoration of CREB function is linked to completion and 
stabilization of adaptive cardiac hypertrophy in response to 
exercise. Am J Physiol Heart Circ Physiol 293, H246-259 
(2007) 
 
31. C.A. Molina, N.S. Foulkes, E. Lalli and P. Sassone-
Corsi: Inducibility and negative autoregulation of CREM: 



Beta-adrenoceptor signalings mediate cardiac remodeling 

1633 

an alternative promoter directs the expression of ICER, an 
early response repressor. Cell 75, 875-886 (1993) 
 
32. E.J. Folco and G. Koren: Degradation of the inducible 
cAMP early repressor (ICER) by the ubiquitin-proteasome 
pathway. Biochem J 328 ( Pt 1), 37-43 (1997) 
 
33. H. Tomita, M. Nazmy, K. Kajimoto, G. Yehia, C.A. 
Molina and J. Sadoshima: Inducible cAMP early repressor 
(ICER) is a negative-feedback regulator of cardiac 
hypertrophy and an important mediator of cardiac myocyte 
apoptosis in response to beta-adrenergic receptor 
stimulation. Circ Res 93, 12-22 (2003) 
 
34. A. Sabri, E. Pak, S.A. Alcott, B.A. Wilson and S.F. 
Steinberg: Coupling function of endogenous alpha(1)- and 
beta-adrenergic receptors in mouse cardiomyocytes. Circ Res 
86, 1047-1053 (2000) 
 
35. F. Yin, Y. Zhu, P. Li, Q.D. Han and Y.Y. Zhang: 
Isoproterenol-induced activation of MAPK, NFkappaB and 
JAK/STAT pathway in mouse myocardium. Sheng Li Xue Bao 
55, 449-453 (2003) 
 
36. G.X. Zhang, S. Kimura, A. Nishiyama, T. Shokoji, M. 
Rahman, L. Yao, Y. Nagai, Y. Fujisawa, A. Miyatake and Y. 
Abe: Cardiac oxidative stress in acute and chronic 
isoproterenol-infused rats. Cardiovasc Res 65, 230-238 (2005) 
 
37. Y. Zou, I. Komuro, T. Yamazaki, S. Kudoh, H. Uozumi, T. 
Kadowaki and Y. Yazaki: Both Gs and Gi proteins are 
critically involved in isoproterenol-induced cardiomyocyte 
hypertrophy. J Biol Chem 274, 9760-9770 (1999) 
 
38. M. Zheng, R. Hou, Q. Han and R.P. Xiao: Different 
regulation of ERK1/2 activation by beta-adrenergic receptor 
subtypes in adult mouse cardiomyocytes. Heart Lung Circ 13, 
179-183 (2004) 
 
39. M. Zheng, S.J. Zhang, W.Z. Zhu, B. Ziman, B.K. Kobilka 
and R.P. Xiao: beta 2-adrenergic receptor-induced p38 MAPK 
activation is mediated by protein kinase A rather than by Gi or 
gbeta gamma in adult mouse cardiomyocytes. J Biol Chem 
275, 40635-40640 (2000) 
 
40. A. Remondino, S.H. Kwon, C. Communal, D.R. Pimentel, 
D.B. Sawyer, K. Singh and W.S. Colucci: Beta-adrenergic 
receptor-stimulated apoptosis in cardiac myocytes is mediated 
by reactive oxygen species/c-Jun NH2-terminal kinase-
dependent activation of the mitochondrial pathway. Circ Res 
92, 136-138 (2003) 
 
41. T. Noma, A. Lemaire, P.S.V. Naga, L. Barki-Harrington, 
D.G. Tilley, J. Chen, C.P. Le, J.D. Violin, H. Wei, R.J. 
Lefkowitz and H.A. Rockman: Beta-arrestin-mediated beta1-
adrenergic receptor transactivation of the EGFR confers 
cardioprotection. J Clin Invest 117, 2445-2458 (2007) 
 
42. K. Gong, Z. Li, M. Xu, Du J, Z. Lv and Y. Zhang: A 
novel protein kinase A-independent, beta-arrestin-1-
dependent signaling pathway for p38 mitogen-activated 

protein kinase activation by beta2-adrenergic receptors. J 
Biol Chem 283, 29028-29036 (2008) 
 
43. O.F. Bueno, De Windt LJ, K.M. Tymitz, S.A. Witt, 
T.R. Kimball, R. Klevitsky, T.E. Hewett, S.P. Jones, D.J. 
Lefer, C.F. Peng, R.N. Kitsis and J.D. Molkentin: The 
MEK1-ERK1/2 signaling pathway promotes compensated 
cardiac hypertrophy in transgenic mice. EMBO J 19, 6341- 
6350 (2000) 
 
44. B. Sanna, O.F. Bueno, Y.S. Dai, B.J. Wilkins and J.D. 
Molkentin: Direct and indirect interactions between 
calcineurin-NFAT and MEK1-extracellular signal-
regulated kinase 1/2 signaling pathways regulate cardiac 
gene expression and cellular growth. Mol Cell Biol 25, 865-
878 (2005) 
 
45. P. Liao, D. Georgakopoulos, A. Kovacs, M. Zheng, D. 
Lerner, H. Pu, J. Saffitz, K. Chien, R.P. Xiao, D.A. Kass 
and Y. Wang: The in vivo role of p38 MAP kinases in 
cardiac remodeling and restrictive cardiomyopathy. Proc 
Natl Acad Sci U S A 98, 12283-12288 (2001) 
 
46. P.S. Peter, J.E. Brady, L. Yan, W. Chen, S. Engelhardt, 
Y. Wang, J. Sadoshima, S.F. Vatner and D.E. Vatner: 
Inhibition of p38 alpha MAPK rescues cardiomyopathy 
induced by overexpressed beta 2-adrenergic receptor, but 
not beta 1-adrenergic receptor. J Clin Invest 117, 1335-
1343 (2007) 
 
47. Y. Wang, B. Su, V.P. Sah, J.H. Brown, J. Han and K.R. 
Chien: Cardiac hypertrophy induced by mitogen-activated 
protein kinase kinase 7, a specific activator for c-Jun NH2-
terminal kinase in ventricular muscle cells. J Biol Chem 
273, 5423-5426 (1998) 
 
48. Q. Liang, O.F. Bueno, B.J. Wilkins, C.Y. Kuan, Y. Xia 
and J.D. Molkentin: c-Jun N-terminal kinases (JNK) 
antagonize cardiac growth through cross-talk with 
calcineurin-NFAT signaling. EMBO J 22, 5079-5089 
(2003) 
 
49. J.D. Molkentin: Calcineurin-NFAT signaling regulates 
the cardiac hypertrophic response in coordination with the 
MAPKs. Cardiovasc Res 63, 467-475 (2004) 
 
50. C.F. Rossow, K.W. Dilly, C. Yuan, M. Nieves-Cintron, 
J.L. Cabarrus and L.F. Santana: NFATc3-dependent loss of 
I(to) gradient across the left ventricular wall during chronic 
beta adrenergic stimulation. J Mol Cell Cardiol 46, 249-
256 (2009) 
 
51. G.W. Dorn 2nd and T. Force: Protein kinase cascades 
in the regulation of cardiac hypertrophy. J Clin Invest 115, 
527-537 (2005) 
 
52. T. Morimoto, K. Hasegawa, H. Wada, T. Kakita, S. 
Kaburagi, T. Yanazume and S. Sasayama: Calcineurin-
GATA4 pathway is involved in beta-adrenergic agonist-
responsive endothelin-1 transcription in cardiac myocytes. 
J Biol Chem 276, 34983-34989 (2001) 
 



Beta-adrenoceptor signalings mediate cardiac remodeling 

1634 

53. B. Yoo, A. Lemaire, S. Mangmool, M.J. Wolf, A. 
Curcio, L. Mao and H.A. Rockman: Beta1-adrenergic 
receptors stimulate cardiac contractility and CaMKII 
activation in vivo and enhance cardiac dysfunction 
following myocardial infarction. Am J Physiol Heart Circ 
Physiol 297, H1377-1386 (2009) 
 
54. J.D. Molkentin, J.R. Lu, C.L. Antos, B. Markham, J. 
Richardson, J. Robbins, S.R. Grant and E.N. Olson: A 
calcineurin-dependent transcriptional pathway for cardiac 
hypertrophy. Cell 93, 215-228 (1998) 
 
55. N.N. Petrashevskaya, I. Bodi, M. Rubio, J.D. Molkentin 
and A. Schwartz: Cardiac function and electrical 
remodeling of the calcineurin-overexpressed transgenic 
mouse. Cardiovasc Res 54, 117-132 (2002) 
 
56. O.F. Bueno, B.J. Wilkins, K.M. Tymitz, B.J. Glascock, 
T.F. Kimball, J.N. Lorenz and J.D. Molkentin: Impaired 
cardiac hypertrophic response in Calcineurin Abeta -
deficient mice. Proc Natl Acad Sci U S A 99, 4586-4591 
(2002) 
 
57. De Windt LJ, H.W. Lim, O.F. Bueno, Q. Liang, U. 
Delling, J.C. Braz, B.J. Glascock, T.F. Kimball, M.F. del, 
R.J. Hajjar and J.D. Molkentin: Targeted inhibition of 
calcineurin attenuates cardiac hypertrophy in vivo. Proc 
Natl Acad Sci U S A 98, 3322-3327 (2001) 
 
58. L.C. Cantley: The phosphoinositide 3-kinase pathway. 
Science 296, 1655-1657 (2002) 
 
59. K.D. Schluter, Y. Goldberg, G. Taimor, M. Schafer and 
H.M. Piper: Role of phosphatidylinositol 3-kinase 
activation in the hypertrophic growth of adult ventricular 
cardiomyocytes. Cardiovasc Res 40, 174-181 (1998) 
 
60. W.Z. Zhu, M. Zheng, W.J. Koch, R.J. Lefkowitz, B.K. 
Kobilka and R.P. Xiao: Dual modulation of cell survival 
and cell death by beta(2)-adrenergic signaling in adult 
mouse cardiac myocytes. Proc Natl Acad Sci U S A 98, 
1607-1612 (2001) 
 
61. D.S. Feldman, C.A. Carnes, W.T. Abraham and M.R. 
Bristow: Mechanisms of disease: beta-adrenergic receptors-
-alterations in signal transduction and pharmacogenomics 
in heart failure. Nat Clin Pract Cardiovasc Med 2, 475-483 
(2005) 
 
62. D.S. Feldman, T.S. Elton, B. Sun, M.M. Martin and 
M.T. Ziolo: Mechanisms of disease: detrimental adrenergic 
signaling in acute decompensated heart failure. Nat Clin 
Pract Cardiovasc Med 5, 208-218 (2008) 
 
63. B. DeBosch, I. Treskov, T.S. Lupu, C. Weinheimer, A. 
Kovacs, M. Courtois and A.J. Muslin: Akt1 is required for 
physiological cardiac growth. Circulation 113, 2097-2104 
(2006) 
 
64. T. Shioi, P.M. Kang, P.S. Douglas, J. Hampe, C.M. 
Yballe, J. Lawitts, L.C. Cantley and S. Izumo: The 

conserved phosphoinositide 3-kinase pathway determines 
heart size in mice. EMBO J 19, 2537-2548 (2000) 
 
65. J.R. McMullen, T. Shioi, L. Zhang, O. Tarnavski, M.C. 
Sherwood, P.M. Kang and S. Izumo: Phosphoinositide 3-
kinase(p110alpha) plays a critical role for the induction of 
physiological, but not pathological, cardiac hypertrophy. 
Proc Natl Acad Sci U S A 100, 12355-12360 (2003)  
 
66. G.Y. Oudit, M.A. Crackower, U. Eriksson, R. Sarao, I. 
Kozieradzki, T. Sasaki, J. Irie-Sasaki, D. Gidrewicz, V.O. 
Rybin, T. Wada, S.F. Steinberg, P.H. Backx and J.M. 
Penninger: Phosphoinositide 3-kinase gamma-deficient 
mice are protected from isoproterenol-induced heart failure. 
Circulation 108, 2147-2152 (2003) 
 
67. S.V. Naga Prasad, G. Esposito, L. Mao, W.J. Koch and 
H.A. Rockman: Gbetagamma-dependent phosphoinositide 
3-kinase activation in hearts with in vivo pressure overload 
hypertrophy. J Biol Chem 275, 4693-4698 (2000) 
 
68. E. Patrucco, A. Notte, L. Barberis, G. Selvetella, A. 
Maffei, M. Brancaccio, S. Marengo, G. Russo, O. 
Azzolino, S.D. Rybalkin, L. Silengo, F. Altruda, R. 
Wetzker, M.P. Wymann, G. Lembo and E. Hirsch: 
PI3Kgamma modulates the cardiac response to chronic 
pressure overload by distinct kinase-dependent and -
independent effects. Cell 118, 375-387 (2004). 
 
69. B. Vanhaesebroeck, S.J. Leevers, K. Ahmadi, J. 
Timms, R. Katso, P.C. Driscoll, R. Woscholski, P.J. Parker 
and M.D. Waterfield: Synthesis and function of 3-
phosphorylated inositol lipids. Annu Rev Biochem 70, 535-
602 (2001) 

 
70. M.P. Wymann, M. Zvelebil and M. Laffargue: 
Phosphoinositide 3-kinase signalling--which way to target. 
Trends Pharmacol Sci 24, 366-376 (2003) 
 
71. J.J. Nienaber, H. Tachibana, P.S.V. Naga, G. Esposito, 
D. Wu, L. Mao and H.A. Rockman: Inhibition of receptor-
localized PI3K preserves cardiac beta-adrenergic receptor 
function and ameliorates pressure overload heart failure. J 
Clin Invest 112, 1067-1079 (2003) 
 
72. J.C. Ferreira, A.V. Bacurau, F.S. Evangelista, M.A. 
Coelho, E.M. Oliveira, D.E. Casarini, J.E. Krieger and P.C. 
Brum: The role of local and systemic renin angiotensin 
system activation in a genetic model of sympathetic 
hyperactivity-induced heart failure in mice. Am J Physiol 
Regul Integr Comp Physiol 294, R26-32 (2008) 
 
73. F. Yin, P. Li, M. Zheng, L. Chen, Q. Xu, K. Chen, Y.Y. 
Wang, Y.Y. Zhang and C. Han: Interleukin-6 family of 
cytokines mediates isoproterenol-induced delayed STAT3 
activation in mouse heart. J Biol Chem 278, 21070-21075 
(2003)  
 
74. F. Yin, Y.Y. Wang, Du JH, C. Li, Z.Z. Lu, C. Han and 
Y.Y. Zhang: Noncanonical cAMP pathway and p38 MAPK 
mediate beta2-adrenergic receptor-induced IL-6 production 



Beta-adrenoceptor signalings mediate cardiac remodeling 

1635 

in neonatal mouse cardiac fibroblasts. J Mol Cell Cardiol 
40, 384-393 (2006) 
 
75. D.E. Dostal: The cardiac renin-angiotensin system: 
novel signaling mechanisms related to cardiac growth and 
function. Regul Pept 91, 1-11 (2000) 
 
76. F.H. Leenen, R. White and B. Yuan: Isoproterenol-
induced cardiac hypertrophy: role of circulatory versus 
cardiac renin-angiotensin system. Am J Physiol Heart Circ 
Physiol 281, H2410-2416 (2001) 
 
77. Y. Matsui, N. Jia, H. Okamoto, S. Kon, H. Onozuka, 
M. Akino, L. Liu, J. Morimoto, S.R. Rittling, D. Denhardt, 
A. Kitabatake and T. Uede: Role of osteopontin in cardiac 
fibrosis and remodeling in angiotensin II-induced cardiac 
hypertrophy. Hypertension 43, 1195-1201 (2004)  
 
78. L.J. Heller, J.A. Opsahl, S.E. Wernsing, R. Saxena and 
S.A. Katz: Myocardial and plasma renin-angiotensinogen 
dynamics during pressure-induced cardiac hypertrophy. Am 
J Physiol 274, R849-856 (1998)  
 
79. R.N. Re: Mechanisms of disease: local renin-
angiotensin-aldosterone systems and the pathogenesis and 
treatment of cardiovascular disease. Nat Clin Pract 
Cardiovasc Med 1, 42-47 (2004) 
 
80. V.C. Busatto, V. Cunha, M.A. Cicilini and J.G. Mill: 
Differential effects of isoproterenol on the activity of 
angiotensin-converting enzyme in the rat heart and aorta. 
Braz J Med Biol Res 32, 355-360 (1999) 
 
81. J.C. Ferreira, A.V. Bacurau, F.S. Evangelista, M.A. 
Coelho, E.M. Oliveira, D.E. Casarini, J.E. Krieger and P.C. 
Brum: The role of local and systemic renin angiotensin 
system activation in a genetic model of sympathetic 
hyperactivity-induced heart failure in mice. Am J Physiol 
Regul Integr Comp Physiol 294, R26-32 (2008) 
 
82. T. Tsutamoto, T. Hisanaga, A. Wada, K. Maeda, M. 
Ohnishi, D. Fukai, N. Mabuchi, M. Sawaki and M. 
Kinoshita: Interleukin-6 spillover in the peripheral 
circulation increases with the severity of heart failure, and 
the high plasma level of interleukin-6 is an important 
prognostic predictor in patients with congestive heart 
failure. J Am Coll Cardiol 31, 391-398 (1998)  
 
83. K. Kunisada, E. Tone, Y. Fujio, H. Matsui, K. 
Yamauchi-Takihara and T. Kishimoto: Activation of gp130 
transduces hypertrophic signals via STAT3 in cardiac 
myocytes. Circulation 98, 346-352 (1998) 
 
84. H. Zhang, W. Feng, W. Liao, X. Ma, Q. Han and Y. 
Zhang: The gp130/STAT3 signaling pathway mediates 
beta-adrenergic receptor-induced atrial natriuretic factor 
expression in cardiomyocytes. FEBS J 275, 3590-3597 
(2008) 
 
85. N. Szabo-Fresnais, F. Lefebvre, A. Germain, R. 
Fischmeister and M. Pomerance: A new regulation of IL-6 
production in adult cardiomyocytes by beta-adrenergic and 

IL-1 beta receptors and induction of cellular hypertrophy 
by IL-6 trans-signalling. Cell Signal 22, 1143-1152 (2010) 
 
86. J.L. Bos: Epac proteins: multi-purpose cAMP targets. 
Trends Biochem Sci 31, 680-686 (2006) 
 
87. E. Morel, A. Marcantoni, M. Gastineau, R. Birkedal, F. 
Rochais, A. Garnier, A.M. Lompre, G. Vandecasteele and 
F. Lezoualc'h: cAMP-binding protein Epac induces 
cardiomyocyte hypertrophy. Circ Res 97, 1296-1304 
(2005) 
 
88. M. Metrich, A. Lucas, M. Gastineau, J.L. Samuel, C. 
Heymes, E. Morel and F. Lezoualc'h: Epac mediates beta-
adrenergic receptor-induced cardiomyocyte hypertrophy. 
Circ Res 102, 959-965 (2008) 
 
89. P.A. Patel, D.G. Tilley and H.A. Rockman: Beta-
arrestin-mediated signaling in the heart. Circ J 72, 1725-
1729 (2008) 
 
90. C. Morisco, C. Marrone, J. Galeotti, D. Shao, D.E. 
Vatner, S.F. Vatner and J. Sadoshima: Endocytosis 
machinery is required for beta1-adrenergic receptor-
induced hypertrophy in neonatal rat cardiac myocytes. 
Cardiovasc Res 78, 36-44 (2008) 
 
91. F. Yin, Z.Z. Lu, Q.D. Han and Y.Y. Zhang: Expression 
of beta2-adrenergic receptor and its effect on the 
proliferation of neonatal rat cardiac fibroblasts. Sheng Li 
Xue Bao 55, 251-254 (2003)  
 
92. A.B. Gustafsson and L.L. Brunton: beta-adrenergic 
stimulation of rat cardiac fibroblasts enhances induction of 
nitric-oxide synthase by interleukin-1beta via message 
stabilization. Mol Pharmacol 58, 1470-1478 (2000)  
 
93. N.A. Turner, K.E. Porter, W.H. Smith, H.L. White, 
S.G. Ball and A.J. Balmforth: Chronic beta2-adrenergic 
receptor stimulation increases proliferation of human 
cardiac fibroblasts via an autocrine mechanism. Cardiovasc 
Res 57, 784-792 (2003)  
 
94. N.A. Turner, D.J. O'regan, S.G. Ball and K.E. Porter: 
Endothelin-1 is an essential co-factor for beta2-adrenergic 
receptor-induced proliferation of human cardiac fibroblasts. 
FEBS Lett 576, 156-160 (2004)  
 
95. X. Liu, S.Q. Sun, A. Hassid and R.S. Ostrom: cAMP 
inhibits transforming growth factor-beta-stimulated 
collagen synthesis via inhibition of extracellular signal-
regulated kinase 1/2 and Smad signaling in cardiac 
fibroblasts. Mol Pharmacol 70, 1992-2003 (2006)  
 
96. G.C. Fan, Q. Yuan, G. Song, Y. Wang, G. Chen, J. 
Qian, X. Zhou, Y.J. Lee, M. Ashraf and E.G. Kranias: 
Small heat-shock protein Hsp20 attenuates beta-agonist-
mediated cardiac remodeling through apoptosis signal-
regulating kinase 1. Circ Res 99, 1233-1242 (2006) 
 
97. M. Gibbs, D.G. Veliotes, C. Anamourlis, D. 
Badenhorst, O. Osadchii, G.R. Norton and A.J. Woodiwiss: 



Beta-adrenoceptor signalings mediate cardiac remodeling 

1636 

Chronic beta-adrenoreceptor activation increases cardiac 
cavity size through chamber remodeling and not via 
modifications in myocardial material properties. Am J 
Physiol Heart Circ Physiol 287, H2762-2767 (2004) 
 
98. S. Nakatsuji, J. Yamate, M. Kuwamura, T. Kotani and 
S. Sakuma: In vivo responses of macrophages and 
myofibroblasts in the healing following isoproterenol-
induced myocardial injury in rats. Virchows Arch 430, 63-
69 (1997) 
 
99. I.J. Benjamin, J.E. Jalil, L.B. Tan, K. Cho, K.T. Weber 
and W.A. Clark: Isoproterenol-induced myocardial fibrosis 
in relation to myocyte necrosis. Circ Res 65, 657-670 
(1989) 
 
100. I. Ahmet, M. Krawczyk, W. Zhu, A.Y. Woo, C. 
Morrell, S. Poosala, R.P. Xiao, E.G. Lakatta and M.I. 
Talan: Cardioprotective and survival benefits of long-term 
combined therapy with beta2 adrenoreceptor (AR) agonist 
and beta1 AR blocker in dilated cardiomyopathy 
postmyocardial infarction. J Pharmacol Exp Ther 325, 491-
499 (2008) 
 
101. G.K. Soppa, J. Lee, M.A. Stagg, L.E. Felkin, P.J. 
Barton, U. Siedlecka, S. Youssef, M.H. Yacoub and C.M. 
Terracciano: Role and possible mechanisms of clenbuterol 
in enhancing reverse remodelling during mechanical 
unloading in murine heart failure. Cardiovasc Res 77, 695-
706 (2008)  
 
102. G. Taimor, K.D. Schluter, K. Frischkopf, M. Flesch, 
S. Rosenkranz and H.M. Piper: Autocrine regulation of 
TGF beta expression in adult cardiomyocytes. J Mol Cell 
Cardiol 31, 2127-2136 (1999)  
 
103. S. Motte, K. McEntee and R. Naeije: Endothelin 
receptor antagonists. Pharmacol Ther 110, 386-414 (2006)  
 
104. P. Kohl, P. Camelliti, F.L. Burton and G.L. Smith: 
Electrical coupling of fibroblasts and myocytes: relevance 
for cardiac propagation. J Electrocardiol 38, 45-50 (2005)  
 
105. D.E. Vatner, G.P. Yang, Y.J. Geng, K. Asai, J.S. Yun, 
T.E. Wagner, Y. Ishikawa, S.P. Bishop, C.J. Homcy and 
S.F. Vatner: Determinants of the cardiomyopathic 
phenotype in chimeric mice overexpressing cardiac 
Gsalpha. Circ Res 86, 802-806 (2000) 
 
106. I. Banerjee, K. Yekkala, T.K. Borg and T.A. Baudino: 
Dynamic interactions between myocytes, fibroblasts, and 
extracellular matrix. Ann N Y Acad Sci 1080, 76-84 (2006)  
 
107. E. Iwai-Kanai and K. Hasegawa: Intracellular 
signaling pathways for norepinephrine- and endothelin-1-
mediated regulation of myocardial cell apoptosis. Mol Cell 
Biochem 259, 163-168 (2004) 
 
108. E. Iwai-Kanai, K. Hasegawa, M. Araki, T. Kakita, T. 
Morimoto and S. Sasayama: alpha- and beta-adrenergic 
pathways differentially regulate cell type-specific apoptosis 
in rat cardiac myocytes. Circulation 100, 305-311 (1999) 

109. S. Engelhardt, L. Hein, F. Wiesmann and M.J. Lohse: 
Progressive hypertrophy and heart failure in beta1-
adrenergic receptor transgenic mice. Proc Natl Acad Sci U 
S A 96, 7059-7064 (1999) 
 
110. M. Iwase, S.P. Bishop, M. Uechi, D.E. Vatner, R.P. 
Shannon, R.K. Kudej, D.C. Wight, T.E. Wagner, Y. 
Ishikawa, C.J. Homcy and S.F. Vatner: Adverse effects of 
chronic endogenous sympathetic drive induced by cardiac 
GS alpha overexpression. Circ Res 78, 517-524 (1996) 
 
111. M. Ito, T. Adachi, D.R. Pimentel, Y. Ido and W.S. 
Colucci: Statins inhibit beta-adrenergic receptor-stimulated 
apoptosis in adult rat ventricular myocytes via a Rac1-
dependent mechanism. Circulation 110, 412-418 (2004) 
 
112. H. Nakayama, X. Chen, C.P. Baines, R. Klevitsky, X. 
Zhang, H. Zhang, N. Jaleel, B.H. Chua, T.E. Hewett, J. 
Robbins, S.R. Houser and J.D. Molkentin: Ca2+- and 
mitochondrial-dependent cardiomyocyte necrosis as a 
primary mediator of heart failure. J Clin Invest 117, 2431-
2444 (2007) 
 
113. W.Z. Zhu, S.Q. Wang, K. Chakir, D. Yang, T. Zhang, 
J.H. Brown, E. Devic, B.K. Kobilka, H. Cheng and R.P. 
Xiao: Linkage of beta1-adrenergic stimulation to apoptotic 
heart cell death through protein kinase A-independent 
activation of Ca2+/calmodulin kinase II. J Clin Invest 111, 
617-625 (2003)  
 
114. W. Zhu, A.Y. Woo, D. Yang, H. Cheng, M.T. Crow 
and R.P. Xiao: Activation of CaMKIIdeltaC is a common 
intermediate of diverse death stimuli-induced heart muscle 
cell apoptosis. J Biol Chem 282, 10833-10839 (2007) 
 
115. R. Zhang, M.S. Khoo, Y. Wu, Y. Yang, C.E. Grueter, 
G. Ni, E.E. Price Jr, W. Thiel, S. Guatimosim, L.S. Song, 
E.C. Madu, A.N. Shah, T.A. Vishnivetskaya, J.B. 
Atkinson, V.V. Gurevich, G. Salama, W.J. Lederer, R.J. 
Colbran and M.E. Anderson: Calmodulin kinase II 
inhibition protects against structural heart disease. Nat Med 
11, 409-417 (2005) 
 
116. Y. Yang, W.Z. Zhu, M.L. Joiner, R. Zhang, C.V. 
Oddis, Y. Hou, J. Yang, E.E. Price, L. Gleaves, M. Eren, G. 
Ni, D.E. Vaughan, R.P. Xiao and M.E. Anderson: 
Calmodulin kinase II inhibition protects against myocardial 
cell apoptosis in vivo. Am J Physiol Heart Circ Physiol 
291, H3065-3075 (2006) 
 
117. S. Saito, Y. Hiroi, Y. Zou, R. Aikawa, H. Toko, F. 
Shibasaki, Y. Yazaki, R. Nagai and I. Komuro: beta-
Adrenergic pathway induces apoptosis through calcineurin 
activation in cardiac myocytes. J Biol Chem 275, 34528-
34533 (2000) 
 
118. L.J. De Windt, H.W. Lim, T. Taigen, D. Wencker, G. 
Condorelli, G.W. Dorn 2nd, R.N. Kitsis and J.D. 
Molkentin: Calcineurin-mediated hypertrophy protects 
cardiomyocytes from apoptosis in vitro and in vivo: An 
apoptosis-independent model of dilated heart failure. Circ 
Res 86, 255-263 (2000)  



Beta-adrenoceptor signalings mediate cardiac remodeling 

1637 

119. T. Kakita, K. Hasegawa, E. Iwai-Kanai, S. Adachi, T. 
Morimoto, H. Wada, T. Kawamura, T. Yanazume and S. 
Sasayama: Calcineurin pathway is required for endothelin-
1-mediated protection against oxidant stress-induced 
apoptosis in cardiac myocytes. Circ Res 88, 1239-1246 
(2001)  
 
120. B. Menon, M. Singh and K. Singh: Matrix 
metalloproteinases mediate beta-adrenergic receptor-
stimulated apoptosis in adult rat ventricular myocytes. Am J 
Physiol Cell Physiol 289, C168-176 (2005)  
 
121. C. Communal, M. Singh, B. Menon, Z. Xie, W.S. 
Colucci and K. Singh: beta1 integrins expression in adult 
rat ventricular myocytes and its role in the regulation of 
beta-adrenergic receptor-stimulated apoptosis. J Cell 
Biochem 89, 381-388 (2003)  
 
122. P. Krishnamurthy, V. Subramanian, M. Singh and K. 
Singh: Beta1 integrins modulate beta-adrenergic receptor-
stimulated cardiac myocyte apoptosis and myocardial 
remodeling. Hypertension 49, 865-872 (2007) 
 
123. B. Menon, M. Singh, R.S. Ross, J.N. Johnson and K. 
Singh: beta-Adrenergic receptor-stimulated apoptosis in 
adult cardiac myocytes involves MMP-2-mediated 
disruption of beta1 integrin signaling and mitochondrial 
pathway. Am J Physiol Cell Physiol 290, C254-261 (2006) 
 
124. E.C. Goldsmith, W. Carver, A. McFadden, J.G. 
Goldsmith, R.L. Price, M. Sussman, B.H. Lorell, G. Cooper 
and T.K. Borg: Integrin shedding as a mechanism of 
cellular adaptation during cardiac growth. Am J Physiol 
Heart Circ Physiol 284, H2227-2234 (2003) 
 
125. B. Menon, J.N. Johnson, R.S. Ross, M. Singh and K. 
Singh: Glycogen synthase kinase-3beta plays a pro-
apoptotic role in beta-adrenergic receptor-stimulated 
apoptosis in adult rat ventricular myocytes: Role of beta1 
integrins. J Mol Cell Cardiol 42, 653-661 (2007)  
 
126. M. Singh, M. Roginskaya, S. Dalal, B. Menon, E. 
Kaverina, M.O. Boluyt and K. Singh: Extracellular 
ubiquitin inhibits beta-AR-stimulated apoptosis in cardiac 
myocytes: role of GSK-3beta and mitochondrial pathways. 
Cardiovasc Res 86, 20-28 (2010) 
 
Abbreviations: adrenoceptors: ARs; G protein-coupled 
receptor: GPCR; protein kinase A: PKA; L-type calcium 
channels:LCCs; ryanodine receptors: RyRs; 
phosphatidylinositol 3-kinase: PI3K; sarcoplasmic 
reticulum: SR; isoproterenol: ISO; cAMP response binding 
protein: CREB; atrial natriuretic factor: ANF; mitogen-
activated protein kinase: MAPK; reactive oxygen species: 
ROS; epidermal growth factor receptor: EGFR; nuclear 
factor of activated T-cells: NFAT; calmodulin-dependent 
protein kinase II: CaMKII; insulin-like growth factor 1: 
IGF-1; Akt/PKB: AKT;  mammalian target of rapamycin: 
mTOR; glycogen synthase kinase-3beta: GSK3beta; 
angiotensin II: Ang II; interleukin-6: IL-6; endothelin-1: 
ET-1; Janus kinases: JAK; signal transducers and activator 
of transcription: STAT; exchange protein directly activated 

by cAMP: Epac; TGF: transforming growth factor; 
extracellular matrix: ECM; matrix metalloproteinase-2: 
MMP-2; tissue inhibitor of metalloproteinase-2: TIMP-2 
 
Key Words: Beta-adrenoceptors, Cardiac remodeling, 
Hypertrophy, Fibrosis, Apoptosis, Molecular mechanism, 
Signaling Pathway, Review 
 
Send correspondence to: Youyi Zhang, Institute of 
Vascular Medicine, Peking University Third Hospital, 
Beijing 100191, P.R.China, Tel: 86-10-82802306, Fax: 86-
10-62361450, E-mail: zhangyy@bjmu.edu.cn 
 
http://www.bioscience.org/current/vol4E.htm 
 
 


