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ABSTRACT
Heart failure (HF) is a common endpoint for many forms of cardiovascular disease and a significant cause of
morbidity and mortality. The development of end-stage HF often involves an initial insult to the myocardium
that reduces cardiac output and leads to a compensatory increase in sympathetic nervous system activity.
Acutely, the sympathetic hyperactivity through the activation of beta-adrenergic receptors increases heart
rate and cardiac contractility, which compensate for decreased cardiac output. However, chronic exposure of
the heart to elevated levels of catecholamines released from sympathetic nerve terminals and the adrenal gland
may lead to further pathologic changes in the heart, resulting in continued elevation of sympathetic tone and a
progressive deterioration in cardiac function. On a molecular level, altered beta-adrenergic receptor signaling
plays a pivotal role in the genesis and progression of HF. beta-adrenergic receptor number and function are
decreased, and downstream mechanisms are altered. In this review we will present an overview of the normal
beta-adrenergic receptor pathway in the heart and the consequences of sustained adrenergic activation in HF.
The myopathic potential of individual components of the adrenergic signaling will be discussed through the
results of research performed in genetic modified animals. Finally, we will discuss the potential clinical
impact of beta-adrenergic receptor gene polymorphisms for better understanding the progression of HF.
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INTRODUCTION circulation in peripheral tissues and the lungs. It

. - is a common endpoint for many forms of cardio-
Heart failure, a syndrome of poor prognosis, is de-

. . vgscular diseases, and a major clinical and public
veloped as a consequence of cardiac disease, an o
. . . . health problem. More than 20 million people world-
recognized clinically by a constellation of signs and

. wide are estimated to have heart failure (Cleland et
symptoms produced by complex circulatory and

neurohormonal responses (Packer 1992, Katz 2002" 2001, Tendera 2004), and its increasing preva-

2003). Concisely, heart failure can be described aIsence is associated with the rise in the median life

an inability of the heart to maintain adequate bIoodSpan, of the popula‘uon (Bonneux eF al. 1994). In
Brazil, heart failure leads to approximately 25,000

Correspondence to: Patricia Chakur Brum deaths per year (Albanesi Filho 2003), and is as-
E-mail: pcbrum@usp.br sociated with considerable morbidity, since patients
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with heart failure undergo frequent hospital read-worsens, sympathetic activity is further increased
missions, which are higher in those of lower socio-in an attempt to compensate for a progressive loss
economic strata (Albanesi Filho 2003). of cardiac function. Unfortunately, chronic expo-
Throughout most of the 20th century, heartsure of the heart to elevated levels of catecholamines
failure has been regarded as a hemodynamic diseleased from sympathetic nerve terminals and the
order. According to this view, the impaired pump adrenal gland may lead to further pathologic changes
performance led to increased pulmonary and venoum the heart, resulting in continued elevation of sym-
pressures, decreased cardiac output associated wiplathetic tone and a progressive deterioration in car-
progression of underlying disease, and ultimately tadiac structure and function (Post et al. 1999, Port
the death of the patient (Katz 2001). By attempt-and Bristow 2001, Brum et al. 2002, Lohse et al.
ing to improve the hemodynamic derangements, th003a).
goals of heart failure therapy were to lower the in- It has long been suspected that increased activ-
creased venous pressure with diuretics, to unload thigy of the sympathetic nerves is present in heart fail-
failing heart by using peripheral vasodilators andure (Starling 1897, Chidsey and Braunwald 1966).
to increase cardiac contractility by administeringIn fact, sympathetic nerve activity bears a direct
inotropic agents. relationship to both severity and prognosis of the
Unfortunately, clinical trials performed with heart failure (Cohn et al. 1984, Negréo et al. 2001)
diuretics, peripheral vasodilators and inotropic(Fig. 1). Likewise, the cardiotoxic effects of cate-
agents obtained disappointing results, since in spiteholamines have been recognized since the begin-
of causing a short-term hemodynamic improve-ning of the 28" century (Josue 1907). However, the
ment, long-term use failed to prolong survival in molecular mechanisms underlying these cardiotoxic
heart failure patients (Packer 1992, Katz 2002 .effects are just beginning to be understood. Cardiac
2003). deleterious effect of sympathetic overactivity seems
The importance of hon-hemodynamic mech-to be related mainly to the activation pfAR path-
anisms in inducing cardiac failure emerged in theway (Communal et al. 1999, Lohse et al. 2003a,
early 1980s, when the neurohumoral response to lowiao et al. 2004). Accordingly, there has been con-
cardiac output was found to have a major adverseiderable interest in the possibility that therapy
effect on long-term survival (Francis et al. 1984). directed at8AR and adrenergic signaling pathway
This finding highlighted the importance of progno- has the potential to treat the pathophisiologic me-
sis in heart failure, which had been overlooked untilchanisms involved in the progression of the heart
then. More interestingly, the understanding of hearffailure.
failure passed through a paradigm shift, and cur- In the present review, the long-term conse-
rently the syndrome is viewed primarily as a neuro-quences of sustained adrenergic activation in the
humoral disorder. context of heart failure will be reviewed. We will
The sympathetic nervous system is a criticalpresent an overview of the normaAR pathway
component of neurohumoral response observed im the heart and then discuss the alterationg-in
heart failure. In the early stages of the syndromeadrenergic receptor signaling in heart failure. Data
an intrinsic decrease in myocardial function leadsfrom genetic modified animals that demonstrate the
to an increase in sympathetic activity. Acutely, myopathic potential of individual components of
through the activation of cardiac beta-adrenergiche adrenergic signaling will also be emphasized.
receptors g-adrenergic receptors), heart rate andFinally, we will discuss the potential clinical impact
cardiac contractility are increased and compensatef g-adrenergic receptor polymorphisms for better
for decreased cardiac output, which is returned taunderstanding the progression of cardiovascular dis-
a more idealized level. However, as heart failureeases, such as heatrt failure.
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[ (| and collaborators (1967), who recognized that both
v il b

A e v W .h.ax,w‘m"“-;r'*_.—,*._.n« ey L\I,1_[\_f \ ‘“’“J"‘"\Ji-'“""' a- and .ﬂ ad.renerglc.; receptors could be further.
24 bursts/min categorized into 2 distinct subtypes based on their

| relative potencies for the ligands available at that

5 e J . ,\ time. More recently, molecular cloning has led to

(woman 53 yrs) ¢ [iafVWAA V—"'»""«,-v-ah!'»'d"»“‘ Lw'-ﬁm w the identification of 9 adrenergic receptor subtypes,
42 bursts/min
namelyaia, a1, 21D, &2A, @28, d2c, B1, B2, and
——| y | \ B3 (Bylund et al. 1994).
b |I.: Aol [ .
c o -»*J'--.J"-;kiv‘.-'ﬂtﬂa /‘.}L'p*-"ll‘ Wl ‘ﬂni‘f-.f},ﬂ rj i f‘nbf In the heart,81- and Bz-adrenergic receptor
AR AR RS AR ARS ' ; .
subtypes are expressed at a ratio of 70:30, and both
increase cardiac frequency and contractility (Wal-
_ lukat 2002) (Fig. 2). In additiongs-adrenergic
Fig. 1 — Muscle sympathetic nerve activity (MSNA) from con- . . .
receptors have been described to mediate negative

trol (NC, A), mild (MHF, B) and severe (SHF, C) heart failure . . . . .
_ _ inotropic effects in cardiac myocytes (Devic et al.
patients at rest. MSNA was directly measured from the peroneab 00 1)

63 bursts/min

nerve using the microneurography technique. Note that rest- .
9 graphy a All three g-adrenergic receptors subtypes are

members of the large family of seven membrane-
spanning, GTP-binding protein (G-protein)-coupled
receptors. Their activation by an agonist catalyze
the exchange of GTP for GDP on thee&ubunit of

G proteins, resulting in the dissociation of the het-
erotrimer into active G- and G3y-subunits, which
are competent to signal independently (Lefkowitz
Adrenergic receptors form the interface between theet al. 2002, Wallukat 2002). The heterogeneity of
sympathetic nervous system and cardiovascular sy$s-proteina subunits of which there are20 sub-
tem. As mentioned above, cardiovascular functiontypes (Gs, Gi, Gq, Go, etc) is a central basis of
is tightly regulated by the sympathetic nervous sys-G-protein coupled receptor signaling (Morris and
tem. In response to a variety of stimuli, including Malbon 1999). Additional levels of signaling speci-
exercise and blood loss, anincrease in cardiac outplicity are conferred by combinatorial permutations
is met by a commensurate increment in sympathetiof variousgy -heterodimeric subunits and 13
nervous system that throughadrenergic receptors subunits) with ther subunits. Even though all three
increase the heart rate (chronotropism), the forcesubtypes ofg-adrenergic receptors are expressed
cardiac contraction (inotropism), the rate of cardiacin cardiac myocyte, they possess distinct intracel-

ing MSNA was greatest in the patients with severe heart failure
(Data from Cardiovascular Rehabilitation and Exercise Physiol-
ogy Laboratory, Heart Institute, Medical School, Universidade

de Sao Paulo).

THE CARDIAC 8-ADRENERGIC PATHWAY

relaxation (lusitropism), and automaticity. lular signaling pathways and functional properties
Ahlquist first classified the adrenergic recep-(Lohse et al. 2003b, Xiang and Kobilka 2003b).
tors in 1948 asx (for excitatory) andg (for inhi-  The positive chronotropic effects @fi receptor ac-

bitory) based on their control of blood vessel con-tivation are clearly mediated via the stimulatory G
tractility (Ahlquist 1948). His initial observations protein (G) in myocytes. Even though it has been
suggested thak-adrenergic activation, for exam- recently proposed thagtiadrenergic receptor can
ple, generally lead to smooth-muscle contractionswitch from G to G -coupling in a PKA-dependent
as evidenced by vasoconstriction or uterine contracmanner (Martin et al. 2004), the intracellular effect
tion, whereasg-adrenergic stimulation produced of this switching is not known. In contrast, dual
the opposite effect of relaxing smooth muscle.coupling of8s receptors to Gand inhibitory G pro-
Ahlquist’s classification was expanded by Landstein (G) is evident in cardiac myocytes from new-
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Fig. 2 - Distinctintracellular signaling pathways and subcellular localizatig ahdB, adrenergic
receptors §1AR and8>AR) in cardiomyocytes81ARs mediate chronotropic and inotropic effects
of catecholamines via the stimulatory G proteirsXGB2ARs are normally confined to caveola in
cardiomyocyte membranes and this localization is essential for its physiological signggifgs
mediate transient increase in contraction rate of cardiomyocytesvid@vever,82ARs also couple

to inhibitory G protein (@), which results in antiapoptotic effects on cardiomyocytes. AC, adenylyl
cyclase; cAMP, cyclic AMP; PKA, cAMP-dependent protein kinase A.

born mice (Kuschel et al. 1999, Xiao et al. 2003). nergic receptors stimulate the effector enzyme, ade-
The B2 receptor coupling to Gis reported to be nylyl cyclase (AC) of which there are at least 9 iso-
involved in its anti-apoptotic properties in cardiac forms, being AC’s V and VI the main isoforms ex-
myocytes (Communal et al. 1999, Zhu et al. 2001).pressed in the heart. Stimulation of AC results in
In neonatal cardiac myocytes frgfa andg, recep-  catalysis of ATP into the second messenger adeno-
tor double knockout mice, dual coupling of tifg  sine 3’, 5’-cyclic monophosphate (CAMP), which
subtype to both Gand G, with the G component in turn binds to the regulatory subunits of cAMP-
dominating, has been described (Devic et al. 2001)dependent protein kinase (PKA). In doing so, the
These specific signaling properties pfreceptor catalytic subunits of PKA are rendered competent
subtypes have been linked to subtype-selective age phosphorylate several intracellular protein tar-
sociation with intracellular scaffolding and signal- gets at serine and threonine residues. In several tis-
ing proteins, and distinct subcellular localization sues, including the heart, PKA and its targets are
(Steinberg 1999, Hall and Lefkowitz 2002, Xiang in close proximity because of A-kinase anchoring
et al. 2002, Xiang and Kobilka 2003a). proteins (AKAPs). An association gh-adrenergic
Figure 3A is a schematic representationgef receptors and AKAPs have been previously repor-
adrenergic receptor signaling in the hegstadre-  ted (for review see Wong and Scott 2004), however
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there is a lack of information about the interaction THE CARDIAC 8-ADRENERGIC PATHWAY
of B1-adrenergic receptors and AKAPs in cardiac INHEART FAILURE
myocytes. Clearly, unique interaction betwegén
and B2 adrenergic receptors and specific AKAPs Heart failure caused by diverse etiologies is char-
would give an additional support to specific signal- acterized by a sympathetic hyperactivity, paralleled
ing properties of these subtypes. by a reduction ir8-adrenergic receptor density, and
Besides playing a very important role phos- desensitization of remainingradrenergic receptor,
phorylating g-adrenergic receptors, which results leading to a markedly blunted cardiac contractile
in partial uncoupling and desensitization of the re-response t@-adrenergic receptor activation (Bris-
ceptor to further agonist stimulation (heterologoustow et al. 1982) (Fig. 3B). A reduction if-adre-
desensitization) PKA has other roles in adrenergimergic receptor density was first demonstrated in
receptor signaling. Some prominent targets of PKA1982 by Bristow et al. (Bristow et al. 1982) in fail-
phosphorylation in the adrenergic receptor signaling hearts explanted at the time of transplantation.
ing pathway are: a) L-type calcium channels andin addition, they also showegtadrenergic receptor
ryanodine receptors, both leading to an increase inlesensitization in the setting of heart failure. Alter-
Ca™* entry into the cells (Zhao et al. 1994, Ger- ations ing-adrenergic receptor signaling have been
hardstein et al. 1999); b) phospholamban, a modualso observed at Gi, AC and GRK2 (Postetal. 1999)
lator of the sarcoplasmic reticulum associated ATPHevels.
dependent calcium pump (SERCA), which accel- As previously describedi-adrenergic recep-
erates C&" reuptake by the sarcoplasmic reticu- tor subtype comprises approximately 70 to 80% of
lum resulting in an accelerated cardiac relaxationtotal cardiacg-adrenergic receptors in non-failing
(Simmerman and Jones 1998); and c) troponin | andhearts. In heart failureg;-adrenergic receptor is
myosin binding protein-C (MyBP-C), which reduce selectively down-regulated resulting in an approx-
myofilament sensitivity to Ca (Sulakhe and Vo imate 50:50 ratio ofg; to B subtypes (Wallukat
1995, Kunst et al. 2000, Xiao 2000). Lastly, PKA et al. 2003). In additionB2-adrenergic receptor
phosphorylateg-adrenergic receptors, resulting in seems to be uncoupled from activation of AC (Post
partial uncoupling and desensitization of the recepet al. 1999, Port and Bristow 2001, Lohse et al.
tor to further agonist stimulation (heterologous de-2003b). This latter effect seems to be duepto
sensitization). adrenergic receptor phosphorylation by specific ki-
As described above the stimulatiradrener-  nases, namely: a) GRKBARK1) that phospho-
gic receptors leads to dissociation G-proteinsin G rylates bothg-adrenergic receptor subtypes in an
and GBy subunits. One important function of the agonist-dependent manner, and b) PKA and PKC
dissociated G8y subunit is to facilitate the juxta- that phosphorylate3-adrenergic receptors in an
position ofg-adrenergic receptors and G-protein re-agonist-independent manner (Sibley et al. 1986,
ceptor kinases (GRK2 also known gsadrenergic  Hausdorff et al. 1990). Interestingly, elevated le-
receptor kinase JARK1), which ultimately medi- vels of GRK2 in failing human hearts have also
ates phosphorylation ¢f-adrenergic receptors and been reported (Ungerer et al. 1993).
further desensitization in an agonist occupancy-de-  Sustaineg-adrenergic receptor activation can
pendent manner (homologous desensitization).  also influence G protein and AC expression. It has
Finally, 8-adrenergic receptors in cardiac my- been demonstrated that Gi expression levels are
ocytes can regulate other effectors independently oincreased in human failing hearts of different eti-
AC activation, including voltage-sensitive calcium ologies (Feldman et al. 1988, Neumann et al. 1988,
channels and sodium channels (Reiter 1988, KauEschenhagen etal. 1992, Ping and Hammond 1994)
mann 1991, Matsuda et al. 1992). leading to a decreased Gs:Gi ratio. Likewise, AC’s
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PA—

Fig. 3 — Excitation-contraction (EC) coupling in non-failing (A) and failing (B) hearts. (A) In non-failing hearts during systole
EC coupling involves depolarization of the transverse tubule (T-tubule), which activates voltage-gated Lypeh&@anels (¢,)

in the plasma membrane. Additional Cainflux can occur through reverse-mode™@&a"* exchanger (NCX rev). Cd influx

via Ic, triggers C4™* release from the sarcoplasmatic reticulum (SR) via ryanodyne channels (RYR). During diastole, intracellular
Ca'™* is pumped out of the cytoplasm by the SR*CATPase (SERCA), which is regulated by Phospholamban (PLB). The 'P’ on
PLB indicates that when phosphorylated, PLB release SR inhibition. In additidi, i€axtruded from the cell by the sarcolemmal
NCX. Theg-adrenergic receptop@R) activation increases EC-coupling gain during systole and diastole through phosphorylation, via
protein kinase A, of¢a, RYR, PLB. (B) In failing hearts EC-coupling altered. RYR are hyperphosphorylated by PKA, which leads to
greater sensitivity to C# induced CA* release at low and moderate cytoplasmié Ceoncentrations. The long-term effect of PKA
hyperphosphorylation of RYR is an increased open probability at low intracelluldf @mcentrations, consistent with Caleakage

during diastole. In addition SERCA is downregulated, while NCX is upregulated in failing hearts, which contributes to depletion of
SR Cd™ stores.

V and VI isoforms were reported to be downreg- 1999), whereas its overall phosphorylation seems to
ulated both in mMRNA and protein levels of fail- bedecreased (Fig. 3B) (Schwingeretal. 1999). The
ing hearts (Ishikawa et al. 1994). CollectiveB;,  decreased phosphorylation of phospholamban re-
adrenergic receptor downregulation and desensitisults in a greater inhibition of the sarcoplasmic retic-
zation, as well as decreased Gs:Gi ratio and AC'aulum calcium ATPase (SERCA2), and thereby in a
V and VI isoform expression will culminate with decreased cardiac relaxation. Concomitantly to de-
less production of cAMP. Decreased formation ofcreased phospholamban phosphorylation, SERCA2
cAMP, in turn, leads to diminished activation of expression both at mMRNA and protein levels seems
PKA. However, decreased PKA activity is not al- to be decreased in heart failure leading to an ad-
ways correlated with less phosphorylation of its in-ditional impairment of C&t reuptake to sarcoplas-
tracellular effectors in failing hearts. For example, mic reticulum and consequently diastolic dysfunc-
the cardiac ryanodine receptor (RyRa calcium tion (Fig. 3B) (Hajjar et al. 1998, Schwinger et al.
release channel localized in sarcoplasmic reticulumi999). Together all changes fhadrenergic recep-
and target of calcium-induced calcium release trig-tor signaling pathways described above result in de-
gered by L-type calcium channels, has been showereased cardiac inotropic and lusitropic responses to
to be hyperphosphorylated in failing hearts (Marx adrenergic stimulation.

etal. 2000, Reikenetal. 2003, Wehrensetal. 2005).  Abnormalities ing-adrenergic receptor signal
The hyperphosphorylated RyRs associated with a transduction are not involved only in cardiac func-
dissociation of FKBP12.6 (a protein which stabilizestional impairment, they also play a role in cardiac
the closed state of RyRthannels) from RyRchan-  structural changes observed in heart failure being
nels, and results into calcium leakage during diasinvolved in the transition from compensated cardiac
tole, and further depletion of sarcoplasmic reticulumhypertrophy to decompensated heart failure (Mo-
calcium stores (Fig. 3B). The hyperphosphorylatedrisco et al. 2001, Lowes et al. 2002). The expo-
state of RyR receptors is likely due to the down- sure to high levels of circulating cathecholamines
regulation of phosphatases PP1 and PP2A associ&as been reported to be toxic to cardiac myocytes
tion with RyR, (Reiken et al. 2003, Wehrens and (Rona 1985, Mann et al. 1992), leading to myo-
Marks 2003). In a similar manner, PKA phosphory- fibrillar degradation and increased cardiac collagen
lation of phospholamban appears to be unchangedolume fraction mediated bg-adrenergic receptor

in heart failure (Bohm et al. 1994, Kirchhefer et al. stimulation. However, substantial evidence from
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the literature points to significant differences be-in transgenic mouse models. Mice overexpressing
tween B, and Bz-adrenergic receptor subtypes andthe B2-subtype at relatively high abundance50
their ability to stimulate apoptosis, or programmedto 200 fold increases in receptor numbers) pro-
cell death, in isolated cardiac myocytes (Xiao et al.duced no or limited histopathology at time points
2004) andn vivo experiments performed in knock- up to four months of age while maintaining a hy-
out mice lackingBi, B2 or both subtypes (Patter- perdynamic state characterized by increased basal
son et al. 2004)81-adrenergic receptor stimulation AC activity, enhanced cardiac contractility and left
results in an increased cardiac myocyte apoptosigentricle function (Milano et al. 1994). The gene
via cAMP-dependent mechanism (Communal et aldose effect of the overexpression of {Besubtype
1998, 1999), whereas stimulation @f-subtype in-  in a study by Liggett (Liggett 2000a) has provided
hibits apoptosis via a Gi-coupled pathway involving data that showed a expression level dependence
PI3K and Akt-PKD (Chesley et al. 2000, Zaugg et with regard to the development of cardiomyopa-
al. 2000, Zhu et al. 2001). These findings have inthy. Animals expressing more than 60 times the
teresting clinical implications for heart failure ther- g>-subtype maintained their hyperdynamic state
apy, since they provide cellular and molecular me-for more than one year, without an apparent in-
chanisms that underline the beneficial therapeuticrease in mortality. In contrast, overexpression lev-
effects of somes-adrenergicreceptor antagonists, els above 100 fold resulted in progressive cardiac
and provide the rationale for combinifgg-subtype  enlargement, the development of heart failure, and

specific blockade witl2- subtype activation. premature death.
In marked contrast to results obtained fr@gm
MYOPATHIC POTENTIAL OF INDIVIDUAL subtype that needs a high level of expression to

COMPONENTS OF ADRENERGIC

develop of heart failure, mice overexpressifg
RECEPTOR PATHWAYS

subtype, as low as five fold the endogenous ex-
The advances in mice engineering technologies angression level, present progressive hypertrophy and
a better knowledge of the genome structure haveentricular dysfunction, which culminate with heart
provided a wealth of information with regard to failure by the age of 35 weeks (Engelhardt et al.
understanding the role of adrenergic receptors sig1999). The pathways mediating the cardiac delete-
naling in heart failure. Moreover, mice have pro- rious effects of31-subtype overexpression seems to
ven to be a valid model for studying heart failure involve an altered calcium handling (Engelhardt et
because of the similarities between this disorder imal. 2001, 2004) and increased N&l™ exchanger
mice and humans (Chien 1996). In this section wgEngelhardt et al. 2002). In addition, overexpres-
briefly describe some data obtained from both thesjon of 1-subtype in mice leads to upregulation of
“gain of function” (transgenic animals) and “loss of pro-apoptotic proteins, such as Bax (Bisognano et
function” (knockout animals) of individual cardiac al. 2000), and chronic stimulation ¢f;-subtype
genes in an attempt to better understand the molenas been shown to increase rate of apoptosis (Com-
cular mechanisms underlying the adrenergic recepmunal et al. 1998, Xiao 2001, Zhu et al. 2001).
tor pathways in heart failure. Table | summarizesTaken together these results recapitulate findings
the genetically altered mouse models that we willobtained from selective stimulation @f-and So-
discuss. subtypes in cardiac myocytes culture, whee
subtype seems to induce apoptosis whepsasub-
type is antiapoptotic.
The notion tha31- and 82-adrenergic receptor sig- The role of myocardial adrenergic signaling in
naling and functional properties are distinctly dif- cardiac function has been additionally explored in
ferent has been emphasized by studies performetlansgenic hearts overexpressifigadrenergic re-

ADRENERGICRECEPTORS
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TABLE|

The genetically altered mouse modelsin an attempt to better under stand the molecular mechanisms
underlying the adrenergic receptor pathwaysin heart failure.

Gene Genotype CardiaPhenotype References
B1-AR Overepression Cardiac hypertrophy and progressiv Engelhardt et al1999
heart &ilure
B1-AR (-/-) Majority die prenatally Rohrer et atl996
B2—AR Overepression Enhanced contractile function or progressiy Milano et al.1994,
dilated cardiomyopathy (at high lely Liggett2000a
Thr 164llemutant Decreased heart rate and caréfliaction
and blunted responsesismproterenol Turki et al1996
B—ARK1 Overepression Reduced functional coupling®AR Koch et al.1995
B—ARK1 (-/-) Embryonic lethality because oéwntricular
hypoplasia and hearailure Jaber et al1996
B—ARKct Overepression Enhanced cardieontractility Koch et al.1995
a18-AR Overepression Cardiac hypertrophy aditated Akhter et al1997,
cardiomyopati Zuscik et al.2001
a1a/18-AR | a1a-AR (-/-) Reduced cardiac growth after birtimd McCloskey et al2003,
anda1p-AR (-/-) functional alterations obsexd O’Connell et al2003,
in heart filure Turnbull et al.2003
a2p/2c-AR | a2a-AR (/) Elevated sympathetic tone addcreased Hein et al999,
andasc-AR (-/-) cardiacfunction Brum et al.2002
Gs protein Overgpression Tachycardia basal, altegdR density Iwase et al1996
increased frequency of cardiac arrythmiaisg | Lader et al1998,
myocyte hypertrophy apoptosis afildrosis Geng et al1999
G; protein Overgpression Contributor t8-AR dampenedaignaling Rau et al2003,
in cardiac hypertrophy anailure Janssen et 82002
Modified G coupled| Developed lethal cardiomyopgath Redfern et al2000
receptor(Ro1)
Gq protein Overgpression Exhibit a myopathic phenotyyéh D’Angelo et al. 1997,
cardiac hypertrophy anfibrosis Sakata et all998
ACV Overepression It does not induce any fooh Tepe and Ligget1 999
cardiomyopati
ACVI Overexpression It does not induce any foh Roth et al.1999
cardiomyopati

ceptor kinasef-ARK1 or GRK2) or a peptide in- inhibition of 8-ARK1 with 8-ARKct prevented car-
hibitor of 8-ARK1 (B-ARKct). Mice overexpress- diac dysfunction in several models of heart failure
ing B-ARK1 demonstrated attenuation of isoprote- (Rockman et al. 1998, Cho et al. 1999, Harding et
renol-stimulated left ventricular contractililgvivo,  al. 2001). Recently, it was demonstrated that the
dampening of myocardial adenylyl cyclase activity, levels of 8-ARK1 inhibition determines degree of
and reduced functional coupling gfadrenergic re- cardiac dysfunction after chronic pressure overload-
ceptors. Conversely, mice overexpresgirgRKct  induced heart failure (Tachibana et al. 2005).
showed enhanced cardiac contractility both with or In addition to overexpression gf-adrenergic
without propranolol (Koch et al. 1995). Moreover, receptor, targeted disruption of selectgse andgz-
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subtypes have been described. Assubtype me- receptors has also been demonstrated to affect car-
diate the chronotropic and inotropic effects of cat-diac structure and function (Simpson et al. 1991).
echolamines, chronotropic reserve fin-deficient The heart expresses all 3 subtypes ogfadre-
mice is markedly limited and heart rate responsesergic receptors, namely;a, «1g, andaip, be-
to exercise is depressed (Rohrer et al. 1996). Inng a1g-subtype more abundantly expressed in the
contrast, deletion of3-receptor gene did not al- heart. Transgenic mouse models with overexpres-
ter cardiac responsiveness to catecholamines, but ation of ¢1g-adrenergic receptors demonstrated that
tered metabolic response to exercise (Chruscinski ghis subtype might induce cardiac hypertrophy in
al. 1999). some but not all transgenic strains (Akhter et al.
The pro-apoptotic response ®-adrenergic 1997, Grupp et al. 1998, Lemire et al. 1998, Zus-
receptor chronic stimulation was recently reinforcedcik et al. 2001). In contrast, deletion of single-
by data obtained in selectiy®y and 3, adrenergic adrenergic receptor did not affect cardiac structure
receptor knockout mice (Patterson et al. 20(By.  or function in resting mice (Cavalli et al. 1997,
knockout mice g1-receptor is the main subtype re- Rokosh and Simpson 2002, Tanoue et al. 2002).
mained in cardiac myocytes) treated with isoprote-Of interest, mice lacking botkja- anda1g-adre-
renol for 14 days presented an increased mortalitynergic receptors showed reduced cardiac growth
rate and cardiac dysfunction and apoptosis, whereaafter birth and functional alterations that partly
B1-knockout mice had cardiac function and ultra- resemble changes observed in heart failure (Mc-
structure preserved. Closkey et al. 2003, O’'Connell et al. 2003, Turn-
Another very interesting genetic model that bull et al. 2003).
recapitulate several aspects of heart failure in hu-
mans is based on disruption@f-adrenergic recep- G PROTEINS ANDADENYLYL CYCLASE
tor in mice. Bothaoa andaoc adrenergic receptor As previously mentioned, several G proteins are in-
subtypes modulate sympathetic tone (MacMillan etvolved in adrenergic receptors signaling, including
al. 1996, Altman et al. 1999), and disruption of Gs and G, which modulate AC activity, and ghat
bothasa andaac adrenergic receptors in mice leads activates phospholipase C. Similar to that observed
to chronically elevated sympathetic tone (Hein etwith adrenergic receptors, genetic manipulation of
al. 1999). These knockout mice present cardiothese downstream signaling components results in a
myopathy induced by sympathetic hyperactivity andvariety of cardiac phenotypes.
showed reduced exercise capacity, decreased max- Increased levels of inhibitory Gi are widely ac-
imal oxygen consumption, decreased cardiac coneepted as a contributor t8-adrenergic receptors
tractility, and significant abnormalities in the ultra- dampened signaling in cardiac hypertrophy and fail-
structure of cardiac myocytes (Brum et al. 2002).ure. Indeed, mice genetically engineered to con-
Considering that most murine models of heart fail-ditionally express a modified Gi coupled receptor
ure are based on the disruption or overexpressio(Rol) developed lethal cardiomyopathy associated
of genes for cardiac specific proteinsa andayc  with a wide QRS complex arrhythmia, with a mor-
knockout mice provide evidence that chronic ele-tality rate greater than 90% at 16 weeks (Redfern et
vation of sympathetic tone can lead to heart failureal. 2000). These results are the first to suggest the
in the absence of genetically induced alterations impotential deleterious role for increased Gi expres-
myocardial structural or functional proteins. sion in the development and progression of heart
Even thoughwos-adrenergic receptors are ex- failure, which contrasts with the notion of Gi signal-
pressed in a lower level in cardiac myocyte whening being protectant due to its antiapoptotic effects.
compared withg adrenergic receptor (ratio of 10:1 Thus, more research needs to be performed to elu-
for 8 anda1), genetic manipulation efi-adrenergic  cidate the relative role of increased Gi signaling in
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heart failure. B-ADRENERGIC RECEPTOR POLYMORPHISMS

In contrast to Gi, the role of increasing Gs sig- INHEART FAILURE
naling in heart failure has been described in the
greatest detail. Transgenic mice overexpressing G¥he central role played by sympathetic nervous sys-
show baseline tachycardia, enhanced chronotropitem and its receptors in heart failure makes poly-
and inotropic response to isoproterenol, alterednorphisms in receptors genes attractive candidates
B-adrenergic receptor density, and increased frefor risk factor and/or predictors of response to treat-
quency of cardiac arrhythmias (Iwase et al. 1996).ment.
Furthermore, overexpression of Gs is associated Polymorphisms of many genes, including of
with myocyte hypertrophy, apoptosis and fibrosisadrenergic receptor signaling pathways and renin-
(lwase et al. 1996, Lader et al. 1998, Geng et alangiotensin system together with environmental
1999). These adverse effects seem to be related factors can markedly influence the progression of
enhanced L-type calcium currents in Gs transgenicardiac disease. Liggett et al. (Liggett et al. 1998,
mice, an effect independent of cAMP pathway. Liggett 2000b) have demonstrated that adrenergic

Transgenic mice overexpressing Gq also ex-polymorphism affects not only receptor signaling
hibit a myopathic phenotype associated with car-and sensitivity to pharmacological agents, but also
diac hypertrophy and fibrosis, which recapitulatesinfluence clinical outcomes.
that observed in pressure overload hypertrophy  For humang;-adrenergic receptor, two major
(D’Angelo et al. 1997, Sakata et al. 1998). Like- polymorphic loci have been identified. One of them
wise, transient cardiac expression of Gq led to hy4s a Sef°Gly polymorphism in the extracellular N-
pertrophy and dilated cardiomyopathy (Mende etterminus (Borjesson et al. 2000). The allelic dis-
al. 1999). In addition, the decreased cardiac contribution of Sef°Gly polymorphism has been as-
tractility observed in Gg transgenic mice seems tosociated with long-term survival (decreased mor-
be related to a decreased calcium inflow by L-typetality risk in subjects with GI§®) of patients with
calcium channels, and increased Gi. In these modheart failure (Borjesson et al. 2000). This finding
els, inhibition of Gi caused sudden death, whichmight be related to results forim vitro studies that
suggest that the increased Gi expression might bdemonstrated increased desensitization and down-
a compensatory mechanism to counteract other deregulation of the GI§® variant (Levin et al. 2002,
trimental signaling caused by Gqg pathway. Rathz et al. 2002), consistent with the idea that

To date, overexpression of more distal compo-adrenergic receptor blockade or desensitization is
nents of Gs signaling pathways, specifically ACs’ protective in heart failure (Bristow 2000). However,
V and VI, does not induce any form of cardiomyo- contrasting results have been reported in the litera-
pathy (Roth et al. 1999, Tepe and Liggett 1999).ture, since Podlowski et al. (Podlowski et al. 2000)
Agonist stimulated AC activity is higher in this found that SE°Gly polymorphism is more frequent
model; however, this effect does not translate intoin patients with idiopathic dilated cardiomyopathy.
markedly increased contractility. Furthermore, no Another important polymorphism ¢f;-adre-
evidence of cardiac structure injury was observed. nergic receptor is an AR§°Gly polymorphism in

In summary, generation and characterizationthe 4" intracellular loop, which participates in G-
of genetically altered mouse models have greatlyprotein coupling. Arg®® variant is threefold more
advanced our knowledge of the molecular mechaeffective than is the GRP® variant at activating ade-
nisms underlying the pathogenesis of heart failurenylyl ciclase (Mason et al. 1999). Of interest, the
and provided valuable insights into the identifica- Gly38? is considered to be the “wild type” allele
tion of the molecular targets for therapeutic devel-since it was cloned first. However, its frequency in
opment. Caucasian population is0.27 (Liggett 2000b). In
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spite of data about this polymorphism, a few trendsreduced survival and depressed exercise capacity in
are apparent. Even though Tesson et al. (Tesson ettients with heart failure (Liggett et al. 1998, Wag-
al. 1999) have observed no direct correlation be-oner et al. 2000, Brodde et al. 2001). These results
tween Arg®9Gly polymorphism and heart failure, are consistent with findings in transgenic mice with
more recently Arg®® variant, even when expressed Thrt%4le polymorphism targeted to the heart (Turki
at lower levels in mouse hearts, induced heart fail-et al. 1996).
ure, whereas GRP® variant did not (Mialet Perez Another polymorphism associated with heart
et al. 2003). Indeed, responses to antagonists afailure is GIrf’Gly variant in 8»>-adrenergic recep-
greater in the Arg®? than in GIy?®° variant (John-  tor. It has recently been reported that heart failure
son et al. 2003, Mialet Perez et al. 2003, Sofoworgpatients homozygous for the Gihallele were less
etal. 2003). likely to respond to thes-blocker carvedilol com-
aoc -adrenergic receptor polymorphism haspared with GIg’ allele (Kaye et al. 2003). This
uncovered a significant increased risk of progrestesult suggests that Ghinfluences the responsive-
sion to heart failure, particularly in African Ame- ness of heart failure patients fblocker therapy.
rican subjects, when the gain of function A%§  In addition, we have recently reported that humans
B1-adrenergic receptor polymorphism is associatedvith polymorphism of o-adrenergic receptor at
with the loss of functiornxyc-adrenergic deletion codons 16 and 27, namely women who are homo-
variant (decreased inhibition of noradrenaline re-zygous for Ard®/GIu?” haplotype, have augmented
lease from sympathetic nerve terminals, which ismuscle vasodilatory response to mental stress and
consistent with findings akoa/aoc adrenergic re-  exercise (Trombetta et al. 2005). Whether this re-
ceptor knockout mice) (Small et al. 2002). Of in- sult will be reproducible in heart failure patients is
terest, Arg®° g-adrenergic receptor polymorphism not known.
has not been associated with increased cardiovascu- In summary, the contribution ¢f; or 8, adre-
lar risk by itself; however it significantly increases nergic receptor polymorphisms for progression of
the cardiovascular risk afoc-adrenergic deletion heartfailure still need to be better investigated. Pros-
variant. These results highlighted the importancepective studies of sufficient size are lacking, as well
of considering the combinations of individual poly- as, studies designed to consider the many complex
morphisms, which results in several haplotypes thahaplotypes comprising a combination of individual

have not been investigated in detail. polymorphisms.
Overall, as recently reviewed by Michel and
Insel (Michel and Insel 2003), inconclusive results ACKNOWLEDGMENTS

have been obtained regardig-adrenergic recep- The authors acknowledge Fundacdo de Amparo

tor polymorphisms. Further work is need to de- . N
fine the role of these polymorphisms play in hearta Pesquisa do Estado de S&o Paulo (FAPESP, pro-
polymorp Pay cesso 02/04588-8) for financial support and Dr.

disease and drug response, perhaps as haplotypes ~ . .
(Kirstein and Insel 2004, Lohse 2004). Carlos Eduardo Negréo for providing the micro

. neurographic tracings of heart failure patients in-
Although B»>-adrenergic receptors are expres- grap g P

. . cluded in Figure 1.
sed in the heart at lower concentrations than are
B1-subtype, they are more numerous in many other
sites, including vascular, bronchial, gastrointesti-
nal smooth muscle, glands, leukocytes, and hepaa insuficiéncia cardiaca (@& a via final comum da maio-
tocytes; and more important§p-adrenergic recep- ria das doencas cardiovasculares e uma das maiores cau-
tors are highly polymorphic. One rare and neversas de morbi-mortalidade. O desenvolvimento do esta-
homozygous THflle variant was associated with gio final da IC freqiientemente envolve um insulto ini-

RESUMO
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cial do miocardio, reduzindo o débito cardiaco e levando
ao aumento compensatorio da atividade do sistema ner-
vOso simpatico (SNS). Existem evidéncias de que apesar
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tion of the sympathetic nervous system in alpha2A-
adrenergic receptor knockout mice. Mol Pharmacol
56: 154-161.

da exposicdo aguda ser benéfica, exposicdes cronicas BISOGNANO JD ET AL. 2000. Myocardial-directed

elevadas concentrag8es de catecolaminas, liberadas pelo
terminal nervoso simpatico e pela glandula adrenal, sdo
toxicas ao tecido cardiaco e levam a deterioragdo da funcéo

overexpression of the human beta(1)-adrenergic re-
ceptor in transgenic mice. J Mol Cell Cardiol 32:
817-830.

cardiaca. Em nivel molecular observa-se que a hiperativi-BOHM M, REIGER B, SCHWINGER RH AND ERD-

dade do SNS esta associada a alteragdes na sinalizagao
intracelular mediada pelos receptores beta-adrenérgicos.
Sabe-se que tanto a densidade como a funcédo dos re-
ceptores beta-adrenérgicos estdo diminuidas na IC, assim

MANN E. 1994. cAMP concentrations, CAMP de-
pendent protein kinase activity, and phospholamban
in non-failing and failing myocardium. Cardiovasc
Res 28: 1713-1719.

BONNEUX L, BARENDREGTJJ, MEETERK, BONSEL

como outros mecanismos intracelulares subjacentes a es-
timulacéo da via receptores beta-adrenérgicos. Nesta re-
visdo, apresentaremos uma breve descri¢cdo da via de sina-
lizagdo dos receptores beta-adrenérgicos no coracéo nor-
mal e as consequéncias da hiperatividade do SNS na IC
Daremos énfase ao potencial miopatico de diversos com-
ponentes da cascata de sinaliza¢@o dos receptores beta-
adrenérgicos discutindo estudos realizados com animais

geneticamente modificados. Finalmente, discorreremos

GJAND VAN DER MAAS PJ. 1994. Estimating clin-
ical morbidity due to ischemic heart disease and con-
gestive heart failure: the future rise of heart failure.
Am J Public Health 84: 20-28.

‘BORJESSONM, MAGNUSSON Y, HIALMARSON A

AND ANDERSSONB. 2000. A novel polymorphism
inthe gene coding for the beta(1)-adrenergic receptor
associated with survival in patients with heart failure.
Eur Heart J 21: 1853-1858.

sobre o impacto clinico do conhecimento dos polimorfis- BrRisTow MR. 2000. Beta-adrenergic receptor blockade

mos para o gene do receptor beta-adrenérgico para um
melhor entendimento da progressao da IC.

Palavras-chave: insuficiéncia cardiaca, sistema nervoso
simpético, receptores adrenérgicos.
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