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Abstract

The B,-adrenergic receptor (3,AR), an important modula-
tor of cardiac inotropy and chronotropy, has significant ge-
netic heterogeneity in the population. Because dysfunc-
tional BARs play a role in the pathogenesis of the failing
ventricle, we tested the hypothesis that 3,AR polymor-
phisms alter the outcome of congestive heart failure. 259 pa-
tients with NYHA functional class II-IV heart failure due to
ischemic or dilated cardiomyopathy were genotyped and
prospectively followed, with the endpoint defined as death
or cardiac transplantation. The allele frequencies between
this group and those of 212 healthy controls also were com-
pared and did not differ between the groups. However,
those with the Ile164 polymorphism displayed a striking
difference in survival with a relative risk of death or cardiac
transplant of 4.81 (P < 0.001) compared with those with the
wild-type Thr at this position. Age, race, gender, functional
class, etiology, ejection fraction, and medication use did not
differ between these individuals and those with the wild-
type 3,AR, and thus the 3,AR genotype at position 164 was
the only clear distinguishing feature between the two
groups. The 1-yr survival for Ile164 patients was 42% com-
pared with 76% for patients harboring wild-type 3,AR. In
contrast, polymorphisms at amino acid positions 16 (Arg or
Gly) or 27 (GIn or Glu), which also alter receptor pheno-
type, did not appear to have an influence on the course of
heart failure. Taken together with cell-based and transgenic
mouse results, this study establishes a paradigm whereby
genetic variants of key signaling elements can have patho-
physiologic consequences within the context of a disease.
Furthermore, patients with the Ile164 polymorphism and
heart failure may be candidates for earlier aggressive inter-
vention or cardiac transplantation. (J. Clin. Invest. 1998. 102:
1534-1539.) Key words: -adrenergic receptor « adenylyl cy-
clase « cyclic AMP . mutation « polymorphism « genetics «
heart failure « cardiomyopathy
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Introduction

Congestive heart failure remains a significant health problem
worldwide with a 5-yr mortality of ~ 50% (1-3). The most
common forms of congestive heart failure, such as idiopathic
dilated cardiomyopathy and ischemic cardiomyopathy, affect
4.8 million individuals in the United States. The factors that
lead to progression of heart failure from mildly symptomatic to
severely decompensated, leading to death or the need for car-
diac transplantation, are not well defined, and substantial
interindividual variability in progression is observed (4, 5).
Cardiac inotropy and chronotropy are modulated in part by
Bi-adrenergic (B;AR)! and B,-adrenergic (B,AR) receptors,
which are both expressed in the human heart (6). A hallmark
finding that occurs with progression of failure is a markedly
depressed contractile response to -agonist inotropes (7, 8).
Concomitant with this hyporesponsiveness, a decrease in ex-
pression and/or function of cardiac ;AR and B,AR has been
observed (6, 8).

Recently, we have elucidated genetic heterogeneity in the
structure of the B,AR in the human population (9-12). Poly-
morphisms within the coding block of the gene result in differ-
ences in encoded amino acids in the amino-terminus of the
receptor and in the fourth transmembrane-spanning domain
(see GenBank accession numbers AF022953, AF022954, and
AF022956). Using site-directed mutagenesis and recombinant
expression techniques, we have shown that these polymor-
phisms each have distinct functional characteristics (10, 11),
which are summarized in Fig. 1. The most impaired polymor-
phic receptor is due to a Thr to Ile switch at amino acid 164 in
the fourth transmembrane-spanning domain. This receptor
displays a small decrease in binding affinity for catecholamines
and certain BAR antagonists, a substantial decrease in basal
and epinephrine-stimulated adenylyl cyclase activities due to
defective coupling of the receptor to the stimulatory G protein
G,, and impaired agonist-promoted sequestration (10). Fur-
thermore, in transgenic mice generated to express either the
wild-type (Thr164) receptor or the Ile164 receptor in the heart,
the Ile164 mice display depressed resting and agonist-stimu-
lated contractile function in vivo compared with the Thr164
mice (12). The other two functionally significant polymor-
phisms occur at amino acid position 16 where Arg (“wild-
type”) or Gly can be present or at position 27 where Gln
(“wild-type”) or Glu can be found. The Glyl6 and Glu27 re-
ceptors do not display altered functional coupling to adenylyl
cyclase but rather differ in the extent to which they undergo
agonist-promoted downregulation as compared with wild-type

1. Abbreviations used in this paper: B;AR, Bi-adrenergic receptor;
B,AR, B,-adrenergic receptor; CI, confidence interval;, LVEF, left
ventricular ejection fraction; RR, relative risk.
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Figure 1. Functional polymorphisms of the human {,-adrenergic re-
ceptor. Schematic of the proposed seven transmembrane topography
of the receptor with the location (identified by amino acid number) of
polymorphic sites. In the boxes, the phenotype of each variant, as de-
termined in cells (10, 11, 13) and transgenic mice (12) is indicated.

receptor (11, 13). Although this is a more subtle phenotype, it
is nevertheless potentially relevant in conditions such as heart
failure, where levels of catecholamines are elevated and could
act to differentially regulate 3,AR based on genotype.

B,AR are also extensively expressed in the lung where they
act to relax airway smooth muscle and thus modulate broncho-
motor tone. Recent studies have shown that 3,AR polymor-
phisms alter the clinical characteristics of asthma, including se-
verity (9), the extent of bronchial hyperresponsiveness (14),
the expression of certain asthmatic phenotypes (15, 16), and
responsiveness (17) or tachyphylaxis (18) to B-agonists. Since
it is apparent that polymorphisms of the 3,AR alter receptor
coupling or regulation in vitro and in vivo in cells and trans-
genic mice, and in patients with asthma, we prospectively
tested the hypothesis that these genetic variants may alter the
outcome of congestive heart failure.

Methods

Patients. The study was approved by the Institutional Review Board
of the University of Cincinnati College of Medicine. The disease
group consisted of 259 unrelated sequential patients with ischemic or
idiopathic dilated cardiomyopathy (New York Heart Association
functional class II-IV) who were referred to the University of Cincin-
nati Heart Failure/Transplant Program for evaluation between Feb-
ruary 1, 1994 and June 1, 1997, and who gave informed consent. At
the time of entry into the study, peripheral blood was drawn to deter-
mine B,AR genotype (see below), and the patients were followed
prospectively with the primary endpoint defined a priori as death or
transplantation. The patients were aggressively treated with heart
failure therapies including, but not limited to, cardiac transplantation.
Investigators managing the heart failure therapy were blinded as to
the B,AR genotypes. Medications included digoxin, diuretics, angio-
tensin-converting enzyme inhibitors, angiotensin II receptor block-
ers, and antiarrhythmics. Patients deteriorating with conventional
therapy were hospitalized and treated with intravenous inotropes
(dobutamine as first-line therapy and milrinone for those patients

who did not respond to dobutamine). Outpatient inotropic therapy
was not used. As indicated below, ~ 20% of patients were treated
with B-blockers (> 95% being the B;AR specific antagonist meto-
prolol). The heart failure group had a mean age of 49.9 yr; 72% were
male and 80% were Caucasian, with the remainder African Ameri-
can. The etiology of heart failure was classified as ischemic cardiomy-
opathy or idiopathic dilated cardiomyopathy. Individuals with preex-
isting hypertension were considered in the latter classification if they
lacked significant epicardial coronary artery disease. The control
group consisted of 212 healthy unrelated individuals recruited specifi-
cally for this study from a blood donor pool. Controls were without
chronic disease, medication use, or family history of early cardiovas-
cular disease, and consented to 3,AR genotyping. This normal popu-
lation had a mean age of 33.3 yr; 61 % were male and 91% were Cau-
casian.

B,AR genotyping. Genomic DNA isolated from peripheral blood
was subjected to three polymerase chain reactions (PCRs) amplifying
portions of the B,AR coding block. For the given polymorphic site,
the sense and antisense primers were (5’-3'): codon 16 (nucleotide 46)
ATGGGGCAACCCGGGAACGG and ACGATGAGAGACATG-
ACGATG; codon 27 (nucleotide 79) CCGGGAACGGCAGCGC
and ATGGCCAGGACGATGAGAGACG; codon 164 (nucleotide 491)
TTACTTCACCTTTCAAGTACCAGAGC and CATAGCAGTTG-
ATGGCTTCCTG. The reaction conditions consisted of 70-100 ng
genomic DNA, 400 uM each dNTP, 1.5 mM MgCl,, 10 mM Tris-HCI
(pH 8.5), 50 mM KCl, 0.17 ng/pl bovine serum albumin, 0.5 uM each
primer, 0.025 U/ul Taq DNA polymerase and 0.55 pg/pl TaqStart an-
tibody (Clontech, Palo Alto, CA) in a final volume of 30 pl. PCR
conditions were initial denaturation of 94°C for 2 min, then 35 cycles
of 94°C for 1 min, 55°C for 2 min, and 72°C for 3 min, with a final ex-
tension at 72°C for 7 min.

The polymorphisms were identified by the genetic bit analysis
technique, which provides for rapid colorimetric detection in 96-well
plates (19). In brief, the procedure involves immobilization of an ad-
ditional primer to the plates, digestion of the PCR products to single-
stranded template, and hybridization of these templates to the immo-
bilized primers. After hybridization, one of two polymerase extension
mixes, each including fluorescein- and biotin-labeled ddNTPs, are
added to the 96-well plates. Detection of the labeled ddNTPs incor-
porated during extension involved two separate antibody/colorimet-
ric assays. The fluorescein-labeled ddNTP was detected with an anti—
fluorescein-AP conjugate (Boehringer-Mannheim, Indianapolis, IN)
with the OD at 405 nm determined. After washing, the biotin-labeled
ddNTP was detected with antibiotin horseradish peroxidase (VWR,
Bridgeport, NJ) with the OD at 620 nm determined.

Statistical methods. A total of 259 patients with congestive heart
failure were enrolled in the study. The genotypes at all three 38,AR
loci were obtained for 98.8% of the study population. The objective
of the primary data analysis was to determine whether the polymor-
phisms found at amino acid positions 16, 27, and 164 were related to
the rate of death or transplantation. A Cox proportional hazards
model (20) was fitted separately for each of the three polymorphic
loci. The study population was followed from the date of entry in the
study until death, heart transplant, or completion of the study, which
was October 1, 1997 for the purpose of this analysis. Thus the mini-
mal follow-up time was 3 mo; the mean follow-up time for all patients
in the study was 672 d. The survival models also considered possible
confounders such as age, age at onset of symptoms, race, gender,
functional class, etiology (idiopathic dilated cardiomyopathy or isch-
emic cardiomyopathy), medication use, cause of death (sudden death
or progressive failure), and left ventricular ejection fraction. Effect
modification was assessed by examining interactions between the
potential confounders and each polymorphism. Plots of the Kaplan-
Meier estimates (21) for the survival curves for each type of polymor-
phism were also computed. Survival at 1 yr was derived from the
Kaplan-Meier estimates as described (21). In addition, we compared
the study group with a group of 212 healthy individuals with respect to
the frequencies of each polymorphism by using analysis of covariance.
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Table I. Frequencies of B,AR Polymorphisms in Normal
Subjects and Patients with Heart Failure

Frequency (%)

Position Genotype Normal Heart failure
16 Arg* homozygous 14.6 19.2
Arg/Gly 46.6 42.0
Gly homozygous 38.8 38.8
27 GIn* homozygous 31.6 315
Gln/Glu 52.9 48.6
Glu homozygous 15.5 19.8
164 Thr* homozygous 97.1 96.1
Thr/lle 2.9 39
Ile homozygous 0 0

*Considered the wild-type 3,AR at this locus (see text).

Results

We first delineated the frequencies of the three B,AR poly-
morphisms in a group of normal individuals and in our heart
failure cohort. The frequencies of the B,AR polymorphisms in
our control population were similar to what we (9, 15) and oth-
ers have reported (17). Furthermore, they were identical be-
tween the normal subjects and the heart failure subjects (Table
I). This suggests that these 8,AR polymorphisms are unlikely to
be major causative factors in the development of heart failure.
Potential relationships between the pathophysiologic char-
acteristics of the patients with heart failure and the B, AR poly-
morphisms were then explored. We hypothesized that individ-
uals bearing the substantially impaired Ile164 receptor would
undergo rapid progression to death or transplant. 10 individu-
als in the cohort were found to be heterozygous for this poly-
morphism; no homozygous Ile164 individuals were found. The

Table I1. Clinical Characteristics at Time of Enrollment of
Patients Having the Wild-type B,AR or the

lle164 Polymorphism
Tle164 Wild type

n 10 247
Age (yr) 472+x3.7 49.9+0.7
Sex (% male) 50.0 73.7
Race (% Caucasian) 70.0 81.8
Etiology (%)

Idiopathic dilated cardiomyopathy 80.0 54.7

Ischemic cardiomyopathy 20.0 453
Functional class (% I11/IV) 80.0 66.4
LVEF (%) 22+3 22+0.6
Medication usage (%)

ACE inhibitor 100 94.4

Digoxin 100 95.3

Diuretics 100 97.4

B-blockers 20.0 24.6

Antiarrhythmics 20.0 19.8

Ca?* channel blockers 0 16.8

survival curves comparing patients with the Ile164 receptor to
those with the wild-type (Thr164) receptor are shown in Fig. 2.
The unadjusted relative risk estimated from the Cox propor-
tional hazards model for the Ile164 patients to the Thr164 pa-
tients was 3.69 (P = 0.002). When adjusting this comparison
for age at onset of symptoms, functional class and left ventricu-
lar ejection fraction, the relative risk was 4.81 (95% confidence
interval [CI] = 2.0-11.5), P < 0.001. There was no interaction
noted for this relationship when considering age, race, gender,
cause of death (sudden death or progressive failure), medica-
tion use (including B-blockers), or etiology of heart failure
(i.e., idiopathic dilated or ischemic cardiomyopathy). The 1-yr
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follow-up survival for individuals with the Ile164 receptor was
42%, as compared with 76% for those with the wild-type
(Thrl64) receptor (P = 0.019). These findings were indepen-
dent of the presence of other polymorphisms at the other two
loci. The characteristics of patients with the Ile164 vs. Thr164
receptor are shown in Table II. At the time of enrollment,
there was no statistically significant clinical characteristic (age,
sex, race, etiology of heart failure, medication use, functional
class, or left ventricular ejection fraction [LVEF]) that distin-
guished the Ile164 individuals from those with the wild-type
receptor. As shown, the medications used for treatment of the

2.31) was not statistically sig-
nificant.

patients with the Ile164 polymorphism were typical of the
heart failure population as a whole. In particular, the fre-
quency of B-blocker usage amongst the two groups (20.0 vs.
24.6%) was not different. The survival of those with the Ile164
polymorphism was not due to the use of B-blockers, as in fact
none of the survivors were taking these agents.

The survival function curves for individuals harboring the
homozygous and heterozygous forms of the receptor at loci 16
and 27 are shown in Fig. 3, A and B. Within the current follow-
up period, we are unable to detect significant differences in
survival for either of these genotypes. However, patients who
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were homozygous for the GIn27 receptor (which undergoes
downregulation as compared with the Glu27 polymorphism
that does not) did appear to have decreased survival (Fig. 3 B),
although this was not statistically significant (GIn27 vs. Glu27
adjusted relative risk (RR) = 1.16, 95% CI 0.58-2.31). A simi-
lar apparent decrease in survival was noted for those with the
Gly16 receptor compared with the Argl6 receptor (Fig. 3 A),
but again this was not statistically significant (RR = 0.965,
95% CI = 0.5-1.86). Since the polymorphisms at loci 16 and 27
can occur together, nine different combinations are possible.
The survival analysis was thus performed on each haplotype,
but again we found no significant differences in survival (data
not shown) nor was there any confounding or interaction with
age, age of onset, sex, race, etiology, medication usage, cause
of death, functional class, or LVEF. Finally, we also compared
the number of hospitalizations for heart failure exacerbations
(without and with correction for length of follow-up) and
found no association with genotype at these two loci.

Discussion

It has been known for decades that adrenergic receptor func-
tion is dynamically regulated by a host of factors and that there
is substantial variation in receptor expression and function
within a given population (22). Regulatory processes that have
been identified to be relevant to heart failure include receptor
phosphorylation by G protein coupled receptor kinases (such
as the BAR kinase) and protein kinase A, internalization of re-
ceptors, and downregulation of receptor expression (23, 24).
Only recently has a potential genetic basis for regulation of re-
ceptor function been realized for the 8,AR (10-12, 25). Three
functionally significant polymorphisms have been identified in
the human population at amino acids 16, 27, and 164 of the
B,AR. (To maintain a consistent reference sequence, Argl6,
GIn27, and Thr164 are denoted as the wild-type alleles, al-
though it is clear from the frequencies of the polymorphisms at
positions 16 and 27 that there is no consensus wild-type se-
quence.) The functional relevance of these variations has been
extensively evaluated in transfected cells (10, 11), cells endoge-
nously expressing various polymorphic receptors (13), and in
transgenic mice (12). In cell culture studies, each receptor has
a unique phenotype as compared with wild type, with the
Gly16 receptor displaying enhanced agonist-promoted loss of
receptor expression (downregulation), the Glu27 form being
resistant to downregulation, and the Ile164 form displaying
markedly depressed coupling to the stimulation of cAMP (Fig.
1). The latter receptor has also been studied within the context
of cardiac function by the use of targeted transgenesis in mice
(12), where we found a very significant impairment of receptor
function in vivo.

We found that there was no difference in the frequency of
any polymorphism in the heart failure group vs. the normal
population. Having established, then, that B,AR polymor-
phisms do not appear to predispose to heart failure, we fo-
cused upon potential modifying roles of these genetic variants
in the progression and outcome of congestive heart failure.
If maintenance of B,AR function were beneficial, one would
hypothesize based on the aforementioned studies that those
with the Ile164 polymorphism might display a more rapid de-
cline in ventricular function than those with the wild-type
B,AR. Despite the small number of patients with the Ile164
polymorphism, the estimated increase in relative risk of death

1538  Liggett et al.

or transplant was highly statistically significant (P < 0.001) and
highly elevated, i.e., almost a fivefold higher risk. Polymor-
phisms at the other two sites affect the downregulation of the
receptor by agonist. While it is possible that such differences
might also be reflected in the indices that we examined in our
heart failure patients, this did not turn out to be the case within
the length of the current follow-up. Interestingly, those pa-
tients with the GIn27 receptor (which is also potentially hypo-
functional since it downregulates as compared with the Glu27
receptor) do show a trend towards decreased survival (Fig. 3
B). Also, those with the Gly16 receptor, which downregulates
to a greater extent than the Argl6 receptor, appear to have
decreased survival. Neither of these trends are statistically sig-
nificant. However, with additional follow-up time, we may find
that survival is indeed impacted by the position 16 and 27 poly-
morphisms as well. On the other hand, it may be that the most
pertinent effect of these two polymorphisms is in the early
stages of the disease (i.e., < 600 d based on Fig. 3). Larger
study populations will likely be necessary to test this hypoth-
esis.

The mechanisms by which the hypofunctional Ile164 3,AR
substantially alters the progression and outcome of patients
with heart failure is presently unknown. In fact, several obser-
vations might lead one to conclude that the more “active”
BAR in heart failure would predispose individuals to decom-
pensation. First, it is well recognized that some patients with
heart failure favorably respond to administration of 3-block-
ers (26). These studies, however, have been carried out largely
with B;AR subtype-specific antagonists (e.g., metoprolol) or
nonselective BAR antagonists. Virtually nothing is known
about the effects of a purely B,AR subtype—selective antago-
nist on the course of human heart failure. Second, activation of
BAR, as well as inhibition of phosphodiesterases both lead to
increased cAMP, and clinical trials with phosphodiesterase in-
hibitors have shown an increase in mortality in patients with
heart failure (27). However, it appears that cAMP is compart-
mentalized in the cardiomyocyte (28, 29) and that the pools af-
fected by B;AR or B,AR activation may be different than
those affected by inhibition of phosphodiesterases. Also, it
should be noted that the above observations are based on in-
terventions typically initiated at some point in time after the
onset of the disease. Thus, this is fundamentally different from
a genetically based alteration in receptor function that is
present at birth, at the onset of the disease, and throughout the
course of the disease. In addition, recent studies have shown
that B,AR efficiently couple to the Na*/H* exchanger regula-
tory factor, which regulates the activity of the Na*/H* ex-
changer type 3 (30). Deficient 3,AR coupling to this pathway
in the failing myocyte may result in potential effects on intra-
cellular pH and important functional consequences. Finally, it
should be noted that as the ;AR undergoes extensive down-
regulation of receptor number in progressive failure, the heart
has been thought to become more reliant on the B,AR for
maintenance of catecholamine mediated function (31). A ge-
netically dysfunctional B,AR due to the Ile164 polymorphism,
then, may not have the level of function necessary to provide
this compensatory role. It is interesting to note recent studies
whereby cardiac function or myocyte signaling has been shown
to be improved by expression of 3,AR either via transgenesis
(32), direct injection of B,AR cDNA (33), or infection with vi-
ral constructs (34). It is thus conceivable that gene therapy
with the B,AR may be useful in human heart failure. Perhaps



those with the Ile164 receptor may be particularly relevant
candidates, since their endogenous 3,AR are inherently defec-
tive.

We conclude that individuals with heart failure harboring
the Ile164 polymorphism of the B,AR are at significant risk for
rapid progression. This observation may prove useful in the in-
tensity of follow-up, the selection and timing of conventional
and/or experimental pharmacologic therapies, and in the prog-
nostic evaluation and selection of such individuals for orthoto-
pic cardiac transplantation. Also, it appears that additional
studies are indicated to assess the role of this polymorphism in
the onset and early evolution of hypertrophy or failure in high
risk populations.
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