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Heterogeneity of heart failure (HF) phenotypes indicates contri-
butions from underlying common polymorphisms. We considered
polymorphisms in the �1-adrenergic receptor (�1AR), a �-blocker
target, as candidate pharmacogenomic loci. Transfected cells,
genotyped human nonfailing and failing ventricles, and a clinical
trial were used to ascertain phenotype and mechanism. In non-
failing and failing isolated ventricles, �1-Arg-389 had respective
2.8 � 0.3- and 4.3 � 2.1-fold greater agonist-promoted contractility
vs. �1-Gly-389, defining enhanced physiologic coupling under rel-
evant conditions of endogenous expression and HF. The �-blocker
bucindolol was an inverse agonist in failing Arg, but not Gly,
ventricles, without partial agonist activity at either receptor; carve-
dilol was a genotype-independent neutral antagonist. In trans-
fected cells, bucindolol antagonized agonist-stimulated cAMP,
with a greater absolute decrease observed for Arg-389 (435 � 80
vs. 115 � 23 fmol per well). Potential pathophysiologic correlates
were assessed in a placebo-controlled trial of bucindolol in 1,040 HF
patients. No outcome was associated with genotype in the placebo
group, indicating little impact on the natural course of HF. How-
ever, the Arg-389 homozygotes treated with bucindolol had an
age-, sex-, and race-adjusted 38% reduction in mortality (P � 0.03)
and 34% reduction in mortality or hospitalization (P � 0.004) vs.
placebo. In contrast, Gly-389 carriers had no clinical response to
bucindolol compared with placebo. Those with Arg-389 and high
baseline norepinephrine levels trended toward improved survival,
but no advantage with this allele and exaggerated sympatholysis
was identified. We conclude that �1AR-389 variation alters signal-
ing in multiple models and affects the �-blocker therapeutic
response in HF and, thus, might be used to individualize treatment
of the syndrome.

adenylyl cyclase � G protein-coupled receptor � genetics � myocardium �
signaling

Familial clustering of physiologic and clinical phenotypes, re-
duced penetrance in familial cardiomyopathies, and marked

interindividual variability in susceptibility, progression, and treat-
ment response have suggested a potential disease-modifying role
for common genetic variants in heart failure (HF). Nonsynonymous
single-nucleotide polymorphisms, prevalent throughout the human
genome, including some within important cardiovascular signaling
pathways, have been proposed as a basis for such phenotypic
heterogeneity (1). Few examples, however, have emerged where
common polymorphisms have an impact of sufficient magnitude to
affect therapeutic targeting.

The �1-adrenergic receptor (�1AR) is a member of the 7-trans-
membrane-spanning superfamily of receptors. �1ARs couple to the
stimulatory heterotrimeric G protein Gs, acting to increase adenylyl
cyclase activity and intracellular cAMP, and also act through

non-cAMP-dependent pathways, culminating in various cell-
specific intracellular events. The �1AR is the principal �AR
subtype expressed on the cardiac myocyte, and, when occupied by
agonist, mediates increases in contractility as well as cardiomyo-
pathic effects (2, 3). Because the cardiomyopathic effects of chronic
�1AR stimulation predominate in human HF, administration of
�-blocking agents improves clinical outcomes, pathologic remod-
eling, and myocardial molecular abnormalities in the syndrome
(3–5). Even though most �-blocker trials in HF have shown group
mean beneficial effects, there is substantial interindividual variabil-
ity in outcomes that is not explained by baseline clinical character-
istics (4, 6, 7). We have considered that the basis of such variability
may be genetic in nature, with the candidate gene being the major
target for �-blockers, the �1AR.

To approach this hypothesis, we had (8) resequenced the �1AR
gene from several human cohorts and found a common nonsyn-
onymous single-nucleotide variation at nucleotide 1,165 of the
ORF, which results in either Arg or Gly being encoded at amino
acid position 389. In the general population, the allele frequency of
Arg-389 is �70% (homozygote frequency �50%) (8). This residue
is localized in an intracellular loop composed of residues extending
from the seventh transmembrane domain of the receptor to the
membrane-anchored palmitoylated cysteine(s). Based on the crys-
tal structure of bovine rhodopsin, this small intracellular �1AR loop
is predicted to be an �-helix (9). As shown in Fig. 1, this region is
highly conserved among �1ARs of various species. Some diver-
gence is noted in lower species (e.g., Xenopus laevis), but, never-
theless, Arg in the analogous human position 389 is invariant in
�1ARs of all species sequenced to date. Polymorphic variation at
such a highly conserved residue has been considered one criterion
for predicting altered function. We have thus assessed cate-
cholamine-mediated signaling of the human Arg and Gly receptors
in transfected fibroblasts expressing each receptor and found that
the Arg receptor displays increased coupling to Gs and stimulation
of adenylyl cyclase as compared with the Gly variant (8). In
addition, we have overexpressed each human variant in the mouse
heart via transgenesis and found enhanced baseline and �-agonist-
stimulated contractility in the Arg, compared with Gly, hearts (10).
Furthermore, only the Arg mice showed a time-dependent decrease
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in �AR signaling and ultimately exhibited HF. In a small, short-
term, retrospective, non-placebo-controlled study in HF, we had
shown that the increase in left ventricular ejection fraction (LVEF)
after administration of the �-blocker carvedilol was greater for Arg
vs. Gly patients (10). However, the change in LVEF (which, in our
prior study, was derived from two measurements) is not predictive
of cardiac remodeling or improvement in patient survival in long-
term �-blocker trials (7). An additional complexity derived from
the transgenic studies and cardiac adenylyl cyclase activities from
end-stage hearts (10) suggest that the phenotype of the Arg (vs. Gly)
receptor may be time-dependent. In the current report, we inves-
tigate the critical issue of the relevance of this variation for
�-blocker therapy in HF, using multiple complementary ap-
proaches: human isolated cardiac tissue preparations, heterolo-
gously expressed receptors in model cells, and a large randomized
placebo-controlled clinical trial of the �-blocker bucindolol in HF.

Results
�1AR Genotype Impacts Human Ventricular ex Vivo Contractile Re-
sponses. In these studies, isolated right ventricular trabeculae from
human hearts were used to ascertain the effects of genotype on

contraction by using the relevant tissue, under endogenous expres-
sion, in the absence and presence of HF. Such studies have not been
previously reported, and a phenotypic difference would substan-
tially strengthen the basis for the hypothesis that these two �1AR
variants have relevance to human therapeutic responses. The
preexplant LVEF in the nonfailing group was 0.61 � 0.13 for Arg
(n � 11) and 0.53 � 0.15 for Gly (n � 11; P � 0.21) and, in the failing
group, 0.21 � 0.09 for Arg (n � 17) and 0.16 � 0.07 for Gly (n �
14; P � 0.17). The other demographic characteristics of the hearts,
including age, etiology, and sex, were comparable between the Arg
and Gly groups (see Table 2, which is published as supporting
information on the PNAS web site). Shown in Fig. 2 A and B are
systolic tension responses to isoproterenol (ISO) in right ventricular
trabeculae removed from nonfailing and failing human hearts,
stratified by the �1AR-389 genotype. In nonfailing hearts, the
maximal ISO responses differed between genotypes (Arg homozy-
gotes 14.6 � 2.4 vs. 6.1 � 1.4 mN�mm2 for Gly carriers; P � 0.01),
and the dose–response curves between submaximal ISO concen-
trations of 10 nM and 1 �M were different by analysis of covariance
(ANCOVA) (mean difference 2.8 � 0.3-fold, P � 0.028; P � 0.001
for curve-slope difference). Importantly, a similar difference was
observed in trabeculae from failing hearts (Fig. 2B), where re-
sponses between the two genotypes differed between the linear
portion of the log dose–response curves between submaximal ISO
concentrations of 10 nM to 1 �M (mean of 4.3 � 2.1-fold, P � 0.013;
P � 0.001 for curve slope). There were two failing hearts that were
Gly homozygotes, and, as shown in Fig. 2C, these two hearts had
responses that were less sensitive to ISO stimulation than the 12
heterozygotes (P � 0.001 for slope, and P � 0.011 for force-
response differences among the three groups). To determine
whether these findings could be explained by a genotype-dependent
differential expression of �1- or �2ARs, radioligand binding was
performed with membranes from these preparations. Neither �1-
nor �2AR densities were found to be different between �1-389
genotypes in either the nonfailing or failing groups. In nonfailing
preparations, the densities were: Arg homozygotes, �1 � 92 � 9.2
and �2 � 27 � 3.7 fmol�mg vs., respectively, 97 � 7.0 and 29 � 6.8
fmol�mg in Gly carriers, all P � 0.50. As expected, in failing

Fig. 1. The �1AR-389 polymorphism is within a highly conserved intracellular
region. Amino acid sequences from diverse species are shown aligned with
human residues 379–397, with differences indicated in red. The human polymor-
phism is located at position 389 (yellow) in patients treated with bucindolol.

Fig. 2. �1AR genotype and drug-response correlations in nonfailing and failing human ventricles. (A and B) Right ventricular trabeculae were used from 22 nonfailing
(A) and 31 failing (B) human hearts as described in Methods. *, P � 0.001 for curve slope, P � 0.028 for force response differences vs. Gly. #, P � 0.001 for curve slope,
P � 0.013 for force response differences vs. Gly. (C) ISO responses plotted by all �1 389 genotypes; §, P � 0.001 for slope, P � 0.011 for force-response differences among
all three curves. (D–F) Failing trabeculae (n � 23) were precontracted with 10 �M forskolin, and the effects of bucindolol, carvedilol, or the partial agonist xamoterol
were determined; †, slopes (dashed lines) of curve differ from zero at P � 0.01. See Tables 2 and 3 for patient characteristics.
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preparations, �AR receptor densities were decreased vs. nonfailing,
but, nevertheless, there was no difference between the genotypes:
�1 � 52 � 6.6, �2 � 16 � 2.6 fmol�mg vs., respectively, 39 � 7.0
and 12 � 1.8 fmol�mg in Gly carriers, all P � 0.12.

To ascertain the potential for bucindolol to act as a partial agonist
(sometimes referred to as an antagonist with intrinsic sympatho-
mimetic activity), which may be detrimental in HF (11), similar
studies were carried out with a group (n � 23) of failing hearts with
bucindolol, carvedilol, and xamoterol. There were no differences
between Arg homozygotes and Gly carriers with respect to demo-
graphics. (Table 3, which is published as supporting information on
the PNAS web site). This group of right ventricular trabeculae again
confirmed the coupling phenotype with the full agonist ISO similar
to that shown in Fig. 2B (data not shown). As has been reported,
�1AR partial agonism is best observed while trabeculae are sub-
maximally precontracted with forskolin (12). As can be seen in Fig.
2D, bucindolol had no partial agonist effects, and, indeed, for Arg
hearts, there was a small (maximum of 1.7 � 1.0 mN�mm2) negative
inotropic response that was statistically significant, as measured by
curve slope (P � 0.01 compared with slope of 0). For the Gly hearts,
the response to bucindolol was flat (slope P � 0.6). The maximal
force generation between Arg and Gly hearts was not statistically
different, with P � 0.17. In contrast, the �-blocker carvedilol (Fig.
2E) acted as a neutral antagonist in both Arg homozygotes and Gly
carriers (each slope P � 0.60). For the �1AR partial agonist
xamoterol (13), Arg hearts but not Gly showed small positive
inotropic responses (Fig. 2F) as assessed by the slopes of the
response curves (P � 0.001 for Arg homozygotes, P � 0.46 for Gly
carriers; maximal response not different, P � 0.79). Collectively, the
above data establish that the hyperresponsive phenotype of Arg-389
is observed in nonfailing and failing human hearts, with the
potential to affect agonist or antagonist responses in HF. In
addition, bucindolol exhibits no evidence of intrinsic sympathomi-
metic activity, even under conditions that can unmask weak partial
agonist activity and, in fact, is an inverse agonist only in Arg hearts.
And, finally, these data do not support the concept of a phenotypic
switch (10), because end-stage Arg failing hearts show an increased
response to agonist compared with Gly-389.

Functional Antagonism of Norepinephrine (NE)-Stimulated cAMP in
Transfected Cells. For these studies, transfected fibroblasts express-
ing equivalent levels (fmol�mg, n � 4) of the Arg (123 � 19) and
Gly (137 � 16) human �1ARs were used. Basal levels of cAMP
were 72 � 8.5 and 59 � 9.1 fmol per well (P � 0.01), with the Arg
cells having higher basal levels, consistent with increased Gs
coupling and spontaneous non-agonist-promoted activation. To
examine functional antagonism, cells were exposed to 10 �M
agonist NE, in the absence or presence of varying concentrations of
bucindolol, and cAMP levels determined. Arg displayed a greater
cAMP stimulation to agonist in the absence of bucindolol com-
pared with Gly-389, which represents the primary phenotypes of the
two receptors, as noted in ref. 8. Despite the substantially greater
degree of NE-mediated stimulation of the Arg receptor, bucindolol
effectively antagonized the response (Fig. 3). The difference in the
absolute decrease in cAMP production afforded by bucindolol was
greater for cells expressing Arg: bucindolol caused a maximal
decrease of 435 � 80 fmol�ml cAMP in Arg-389 cells compared
with 115 � 23 fmol�ml cAMP in Gly cells (P � 0.008; n � 4). The
potency of bucindolol was not different for the response (EC50 �
46 � 4.5 and 35 � 11 nM, respectively, P � 0.94; n � 4). In addition,
in [125I]cyanopindolol competition binding studies, the affinity for
bucindolol was not different between Arg (pKi � 9.6 � 0.04) and
Gly receptors (pKi � 9.6 � 0.11, n � 3). Finally, bucindolol alone
in concentrations up to 10 �M resulted in no significant increases
or decreases in cAMP accumulation for either receptor (Arg � 3 �
3.2%, Gly � 9 � 4.7% of the NE response, P � 0.05 vs. basal). These
data thus show a greater cAMP-lowering effect of bucindolol with
Arg cells because of the greater initial stimulation by agonist and

the capacity of bucindolol to antagonize this robust stimulation in
an efficacious manner.

�1-Arg-389 is the Favorable �-Blocker Response Allele in Human HF.
The results from the human ventricular strips and transfected cells
prompted genotyping for this �1AR allele in patients from the
�-Blocker Evaluation of Survival Trial (BEST), a trial of the
�-blocker bucindolol in the treatment of Class III�IV HF, which
included a placebo arm (6). One thousand forty patients consented
to the DNA substudy. The characteristics of the patients in the
substudy, grouped by �1AR genotype and treatment, are provided
in Table 4, which is published as supporting information on the
PNAS web site. These groups were highly comparable; of particular
relevance is that we found no differences in age, sex, race, HF
etiology, New York Heart Association (NYHA) class, or baseline
heart rate, blood pressure, or LVEF among groups stratified by
placebo, bucindolol treatment, or genotype. As expected, the
number of homozygous Gly-389 individuals was relatively small (52
placebo, 42 bucindolol). Thus, two genotypes were used for com-
parison: Arg homozygotes and Gly carriers (see Methods). The four
cohorts, grouped by treatment and genotype, each consisted of
�200 subjects (Table 4).

Survival of placebo- and bucindolol-treated patients stratified by
�1AR-389 genotype is shown in the Kaplan–Meier curves displayed
in Fig. 4A. Individual comparisons, adjusted for age, sex, and race,
revealed that homozygous Arg bucindolol-treated patients had
increased survival compared with Arg placebo-treated patients
[hazard ration (HR) � 0.62, 95% confidence interval (C.I.) �
0.40–0.96, P � 0.03], an improvement of 38% in bucidolol over
placebo. This same comparison in Gly carriers revealed no differ-
ence in survival curves (HR � 0.90, 95% C.I. � 0.62–1.30, P �
0.57), indicative of no treatment response to bucindolol. There was
also an apparent influence of �1AR genotype on the HF exacer-
bations during bucindolol treatment, as measured by hospitaliza-
tion because of HF. A decrease in hospitalizations with bucindolol
treatment in homozygous Arg patients was observed compared
with placebo patients with the same genotype (HR � 0.64, 95% C.I.
� 0.46–0.88, P � 0.006). Gly-389 carriers showed no benefit of the
drug compared with placebo in terms of hospitalizations (HR �
0.86, 95% C.I. � 0.64–1.15, P � 0.30). For the combined outcome
of time to first HF hospitalization or death (Fig. 4B), a bucindolol-
associated favorable treatment effect was evident for Arg patients
compared with placebo (HR � 0.66, 95% C.I. � 0.50–0.88, P �
0.004), but it was not apparent in bucindolol-treated Gly-389
carriers vs. placebo (HR � 0.87, 95% C.I. � 0.67–1.11, P � 0.250).
Given that there was some overlap in the 95% C.I.s (Fig. 4C) for
the HRs for the three outcomes above between Arg and Gly, the
test for interaction between �1-389 genotype and treatment was not

Fig. 3. Bucindolol effectively antagonizes the hyperfunctional �1-Arg-389
receptor. Transfected fibroblasts expressing equivalent levels of the receptors
were stimulated with 10 �M NE, with simultaneous exposure to the indicated
concentrations of bucindolol. *, P � 0.008 vs. Gly, n � 4.
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statistically significant (P � 0.18, 0.17, and 0.15, respectively), but
the trends all favored bucindolol with the Arg genotype. Several
other outcomes (see Table 4) were considered in secondary anal-
yses. Of particular note, there were no trends by genotype in the
change in heart rate or LVEF during bucindolol treatment. There
were no apparent trends in the adjudicated cause of death and
genotype, although the number of events in the various categories
limited power. Finally, adjustments for the uncommon position-49
polymorphism (Gly-49) had no significant effect on any of the
above results (data not shown).

An important issue for the current study is the known differ-
ence in the frequency of the Arg allele between blacks and
nonblacks (14) and the fact that, in the entire BEST cohort (6),
bucindolol’s mortality effect in blacks was less favorable than in

nonblacks. In the current substudy, the allele frequency for Arg
in the bucindolol group was found to be 0.73 in nonblacks vs. 0.62
in blacks. We thus considered whether the current findings are
based simply on race rather than genotype. However, based on
the number of blacks in the study (�20%), the allele frequency
difference would have needed to be �10-fold in order for Gly to
be a meaningful surrogate for identification of blacks-only and
to affect overall outcome. Furthermore, as noted above, the HRs
were adjusted for race, and, nevertheless, an advantage was
observed for Arg but not Gly patients. We also carried-out this
same analysis excluding the black subjects, thus removing any
potential for confounding by race. For mortality, Arg patients
treated with bucindolol had an HR � 0.56, 95% C.I. � 0.34–
0.90, P � 0.017, vs. placebo. The bucindolol treatment HR for
Gly � 0.81, 95% C.I. � 0.53–1.24, P � 0.34, vs. placebo
(interaction P � 0.11). Thus, even in the nonblacks, the Arg
genotype is associated with a favorable trend but not the Gly
genotype, and the minor differences in allele frequency of Arg
in blacks did not confound the results of the entire substudy
population.

Exaggerated Sympatholysis, Genotype, and the Response to Bucin-
dolol. Increased adrenergic activity supports compromised myocar-
dial function but contributes to the progression of HF (15). This
relationship between adrenergic activity and outcomes was ob-
served in BEST, where a marked decrease of adrenergic activation
(change in NE levels from baseline, termed exaggerated sympa-
tholysis) was associated with increased mortality in bucindolol-
treated patients (16). Unlike other �-blockers, bucindolol has
potent sympatholytic properties, and, in BEST, 18% of patients
treated with bucindolol exhibited exaggerated NE decreases at 3
months, which was associated with a 1.7-fold increased risk of
subsequent mortality (16). Although the increased mortality risk of
exaggerated sympatholysis is not completely understood, it proba-
bly involves unfavorable loss of adrenergically mediated contrac-
tility support to the failing heart. Patients who are Arg homozygous
could, therefore, potentially ‘‘tolerate’’ the loss of NE signaling
better than Gly carriers, because the former has enhanced agonist-
promoted coupling to contractility (Fig. 2 A and B). Another
potential mechanism by which Arg homozygotes could have a
therapeutic advantage would be the greater absolute degree of
antagonism afforded by bucindolol with the Arg receptor under
conditions of elevated NE (Fig. 3). To determine which of these two
mechanisms may have influenced the favorable therapeutic effect
of bucindolol in Arg vs. Gly subjects, we compared mortality effects
by baseline NE and by NE change at 3 months. In this analysis, the
number of events was small once patients were stratified by
treatment, genotype, and NE status, and, thus, we considered
trends in the HRs as relevant indicators of a genotype effect on
survival. These trends (Table 1), reveal that the HRs of Arg
homozygotes to Gly carriers for mortality actually decreases with
increasing baseline NE, suggesting a progressive advantage to
bucindolol-treated Arg homozygotes with increasing baseline ad-
renergic drive. For the change in NE analysis, we compared
mortality in Arg with Gly patients in three groups with an increased
risk for mortality. These groups were previously identified by a
likelihood analysis (16) and consisted of (i) those with increased
mortality and a �244 pg�ml reduction in NE at 3 months of
treatment), (ii) a reference group with little or no change in NE
(�244 to �145 pg�ml) not found to be at risk for increased
mortality, and (iii) a group at increased risk for mortality with �145
pg�ml increase in NE from bucindolol treatment. As can be seen
in Table 1, there is no advantage to Arg homozygotes in the
subgroup at increased risk for mortality from exaggerated sympa-
tholysis (Group 1); the HR of 1.07 indicates a negligible advantage
of Gly carriers in this group. On the other hand, as for baseline NE,
there is a trend of decreasing HRs with increasing NE rise at 3
months. Indeed, in Group 3, the relative advantage of Arg over Gly

Fig. 4. Kaplan–Meier analysis of endpoints in the placebo–bucindolol study
stratified by treatment and �1AR genotype. (A) For survival, Arg homozygotes
had an HR � 0.62, 95% C.I. � 0.40–0.96, P � 0.03. In contrast, for �1-Gly-389
carriers, the HR � 0.90, 95% C.I. � 0.62–1.30, P � 0.57. (B) For the combined
endpoint of death or HF hospitalization, Arg homozygotes had an HR � 0.66,
95% C.I. � 0.50–0.88, P � 0.004. In contrast, for �1-Gly-389 carriers, the HR �
0.87, 95% C.I. � 0.67–1.11, P � 0.25. In parentheses next to each curve are the
number of total subjects enrolled�the number of events at end of study. buc,
bucindolol; pla, placebo. (C) Graphical representation of HRs and C.I.s by
bucindolol and placebo is shown. Hosp, hospitalization.
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amounted to 64% reduction in mortality. Taken together, these NE
data suggest that the bucindolol therapeutic advantage for Arg
variant is related to the degree of adrenergic activity that can be
antagonized and not to protection against sympatholysis.

Discussion
The potential for the �1AR genotype at position 389 to affect the
clinical response to bucindolol was explored in the largest prospec-
tive, randomized, long-term, placebo-controlled �-blocker trial
with accompanying archived DNA to date. These clinical results, as
well as those from the human ex vivo functional studies and
heterologously expressing cells represent findings not readily pre-
dicted by previous studies. In transgenic mice, the Arg genotype was
associated with increased mortality from progressive HF that was
not observed in this study, as the Kaplan–Meier curves of Arg and
Gly patients on placebo were essentially superimposable (Fig. 4 A
and B). This difference between the mouse and human studies is
likely because of overexpression of the receptors acting to amplify
the phenotypes. And, furthermore, we note that, even though Gly
patients have lower �1AR signaling, it is not ‘‘protective,’’ which
might be expected to improve survival compared with Arg in the
placebo group. This finding implies that, as the pathological cycle
of failure and increased NE develops, both Arg and Gly patients are
above the threshold necessary for worsening function over time. But
the absolute change in signaling imposed by �-blocker treatment
portends greater improvement in Arg patients. We have previously
reported that membranes from failing human Gly hearts have
greater signaling to adenylyl cyclase than Arg, which, along with the
transgenic studies, suggested a time-dependent switch in pheno-
types between Arg and Gly receptors (10). Such a change in
phenotype could have been manifested as a difference in respon-
siveness to �-blockade based on genotype as well as the timing of
administration of the drug. However, in this work, we show by a
more relevant measure (contractility) that Arg hearts remain
hyperfunctional even at end-stage HF. The difference between the
two studies is likely because of the fact that, in myocardial mem-
brane adenylyl cyclase assays, a significant portion of the response
to the non-subtype-specific agonist isoproterenol is due to stimu-
lation of the �2AR (17), whereas, in ventricular contraction studies,
the response is mediated primarily by �1AR (2). Thus, the current
data, which use human ventricular tissue endogenously expressing
these receptors and a physiologic readout, do not show a phenotypic
switch, even at end stage. And furthermore, we note a genotype-
dependent therapeutic response for Arg, regardless of age, severity,

or length of disease at the time of initiating bucindolol therapy,
which would not be expected if such a change in signaling occurred.

It has also been suggested that the efficacy of bucindolol in BEST
might have been adversely affected because the agent could have
intrinsic sympathomimetic activity (partial agonism) (18). Although
studies with hearts from rat (19) and dog (20) indicate such actions,
human studies have been equivocal. In normal human ventricular
samples in culture where cAMP accumulation was used as the
endpoint, partial agonist activity has been reported (18). These
results have not been consistent, however, with human, failing
ventricles. In one study (21), bucindolol had no positive inotropic
effect in six ventricular strips studied. In another study of eight
failing ventricular strips, three had positive inotropic responses, and
five had negative inotropic responses (22). Another study in isolated
preparations of failing human hearts found no evidence of intrinsic
sympathomimetic activity (23). In human trials of HF, there is no
evidence for bucindolol having partial agonist activity based on
heart rate, contractility, or other cardiovascular measures (6, 24,
25). In this work, segregating the hearts by genotype, we note no
significant partial agonist effect at either genotype and, indeed, a
small inverse agonist effect with Arg hearts. In contrast, the partial
agonist xamoterol acted as might be expected, showing small
increases in contractility with Arg and less or no response with Gly.
When carvedilol was used in contractility studies, we found no
genotype-dependent differences in signaling, and the overall re-
sponse was consistent with this �-blocker acting as a neutral
antagonist at both receptors. Whether this finding portends a
different genotype–outcome response with carvedilol as compared
with bucindolol will need to be addressed with clinical trials.

Collectively, the results from these ex vivo, cell, and human
studies strongly indicate that position-389 variants of the �1AR are
predictors of the response to the �-blocker bucindolol in chronic
HF. Given that bucindolol, metoprolol, carvedilol, and bisoprolol
each have differences in �AR subtype specificity, sympatholysis,
and other properties (3), the current results with bucindolol may not
necessarily be generalized to other �-blockers. Of note, one pub-
lished study in HF has found no association between �1AR
genotype and the combined response of hospitalizations and death
to treatment with metoprolol (26). In that study, however, �45%
of the patients had mild HF (NYHA Class II), and the mean
follow-up period was only 12 months. The lack of agreement
between that study and ours may be due to this difference in
severity, follow-up or event rates, or to differences in the properties
of the two �-blockers (3). Interestingly, the Gly allele has recently
been reported to be associated with an increased frequency of
altering non-�-blocker medications during a metoprolol titration
compared with Arg (27) as well as a poor LVEF response (28). On
the other hand, another study found no association with LVEF or
heart rate changes and genotype during treatment with either
metoprolol or bisoprolol (29). Nor has �1AR genotype been found
to be associated with the survival response to �-blockers after acute
coronary syndrome (30).

In summary, we have shown that the Arg�Gly 389 polymorphism
of the �1AR has a significant impact on agonist-mediated contrac-
tility in nonfailing and failing human hearts and the response to
antagonists and partial agonists in the failing heart, directs the
absolute degree of inhibition of signal transduction by bucindolol,
and is associated with trends in the clinical response of bucindolol
in patients with HF. These results, obtained by using multiple
approaches, indicate that the response to this form of therapy can
be influenced by �1AR genotype and sets the stage for the
development of genomics-based treatments of chronic HF with
antiadrenergic agents.

Methods
Studies were approved by the Institutional Review Boards or
Animal Use and Care Committees of the University of Cincin-

Table 1. Relationship among NE levels, genotype, and survival in
patients treated with bucindolol

NE group
Mortality HR,

Arg:Gly 95% C.I. Cox P value
No. of
events

BSL NE (n)

64–356 (146) 0.90 0.37, 2.22 0.82 19

358–545 (144) 0.74 0.37, 1.51 0.41 31

546–2571 (149) 0.68 0.32, 1.47 0.33 29

Change in NE* (n)

Group 1 (70) 1.07 0.41, 2.78 0.89 17

Group 2 (248) 0.82 0.43, 1.59 0.56 36

Group 3 (54) 0.36 0.11, 1.15 0.08 14

The cutpoints for NE change in the three groups were determined from a
previously published likelihood analysis (22) from BEST. These were (i) those
with a �244 pg�ml reduction in NE with treatment that was associated with
a 1.69-fold increased mortality, (ii) a reference group with little or no change
in NE (�244 to �145 pg�ml) not found to be at risk for increased mortality, and
(iii) those with a �145 pg�ml increase in NE with treatment associated with a
1.65-fold increased mortality. BSL, baseline.
*Change in NE from baseline after 3 months of bucindolol treatment.
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nati, the University of Colorado, or the BEST DNA Oversight
Committee.

Ex Vivo Human Ventricular Studies. Nonfailing hearts were obtained
from local potential organ donors whose hearts were not trans-
planted because of physical or ABO blood type incompatibility.
Failing hearts were from patients with end-stage HF due to
ischemic or nonischemic dilated cardiomyopathies who under-
went cardiac transplantation. The contractile response of iso-
lated, field-stimulated human trabeculae was assessed as de-
scribed (2, 31, 32). Trabeculae of uniform size (1–2 � 6–8 mm)
were mounted in 80-ml muscle bath chambers in Tyrode’s
solution at pH 7.45 bubbled with 95% O2 and 5% CO2 at 37°C.
Field stimulation by a 5-ms pulse at 10% above threshold was
then applied, and, after equilibration, dose–response curves to
ISO, bucindolol, or xamoterol were performed by using the
indicated concentrations and application of increasing doses
every 5 min. For studies of potential partial agonist effects of
bucindolol, carvedilol, and xamoterol, 13 Arg-homozygous and
10 Gly-carrier ventricular preparations were precontracted with
10 �M forskolin, a condition which is optimal for detecting weak
partial agonism (31, 32). Systolic tension at each dose was
calculated as the stimulated tension in mN�mm2 minus baseline
tension, and the entire dose–response curve was subjected to
nonlinear curve fitting. A statistically significant negative or
positive slope of the responses on grouped data was used to
identify negative or positive inotropic effects, respectively.
Differences in isoproterenol dose–response curves with respect
to genotype were determined by analysis of covariance and a test
for interaction between curve slopes, a method previously shown
to be highly sensitive for weak responses (2, 31, 32).

Radioligand Binding, cAMP Assays. Chinese hamster fibroblasts were
stably transfected by using constructs representing the human
�1AR with either Arg or Gly at encoded residue 389. Receptor
expression and affinity for bucindolol were determined by radio-
ligand binding studies with [125I]cyanopindolol ([125I]CYP) as de-
scribed (8). Whole-cell cAMP accumulation studies were carried
out by the [3H]adenine method, with exposure to the indicated
agents for 15 min at 37°C. A crude membrane fraction was prepared
from the free walls of right ventricles of all human hearts used in

this study, and �1- and �2AR densities were measured by [125I]CYP
binding as described (33).

Patient Population and Genotyping. Phenotypic data and archived
DNA were used from patients who participated in the BEST (6),
who consented for DNA substudies. The study was a multicenter,
randomized, long-term, placebo-controlled trial of the �-blocker
bucindolol in patients with Class III�IV HF. The study design has
been described in detail elsewhere (34). DNA was extracted from
whole blood or myocardium by using standard techniques. Geno-
typing at the �1AR gene was performed by using methods exactly
as described in detail in ref. 35.

Statistical Methods. The systolic tension (force in mN�mm2) dose–
responses, radioligand binding, and cAMP results were analyzed
and compared as described above or in previous reports (8, 10, 32).
These data are reported as mean � SE. Because of the known low
frequency of Gly homozygotes (14), the primary genotypes in the
clinical trial were considered, a priori, as either Arg homozygous or
Gly carriers (heterozygous or Gly homozygous. The primary end-
points were all-cause mortality, hospitalizations that were adjudi-
cated by an endpoints committee (6) as being due to HF, and the
combined endpoint of time to death or HF hospitalization. Cumu-
lative survival curves were constructed by Kaplan–Meier methods
(36). The Cox proportional-hazards regression model was used to
examine the effects of treatment stratified by the indicated geno-
type. Results were adjusted for age, sex, and race. Because of the
limited number of comparisons and a hypothesis that was based on
the results we found in the cell-based and human ventricle studies
(see Results), we considered P values �0.05 as significant, without
adjustments for multiple comparisons. For the clinical character-
istics of the patients, continuous variables are reported as mean �
SD, and comparisons were by t test or Wilcoxon rank-sum tests.
Categorical variables are reported as proportions, and comparisons
were by �2 or Fisher’s exact tests.

This work was supported by National Heart, Lung, and Blood Institute
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Program.
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