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ABSTRACT
Previous pharmacogenetic findings for beta-blocker pharmacodynamic candidate genes (ADRB1, ADRB2, ADRA2C, GRK4, and 
GRK5) have been inconsistent. Therefore, the purpose of this study was to determine whether interactions of pharmacodynamic 
variants with beta-blocker exposure significantly associated with survival in patients with heart failure with reduced ejection 
(HFrEF). The 893 patients were 51% self-reported African American and 49% self-reported White race, 36% female, and 240 died 
(27%) over a median follow-up of 2.8 years. The primary outcome was all-cause mortality. Using Cox proportional hazards mod-
els with time-varying beta-blocker exposure and adjusted for clinical risk factors and ancestry, interactions of ADRB1 Arg389Gly, 
ADRB1 Ser49-Arg389Gly haplotype, ADRA2C Del322-325, and GRK4 Ala486Val with beta-blocker exposure were significant be-
fore correction for multiple comparisons (p < 0.1), but only GRK4 Ala486Val remained significant in African Americans after 
correction for multiple comparisons using the adaptive Hochberg method (p = 0.022). Beta-blocker exposure only associated 
with a significant reduction in the risk of mortality in the African American HFrEF patients with the GRK4 Ala486/Ala486 
genotype (HR = 0.44; 95% CI = 0.20–0.96; p = 0.04). In conclusion, the interaction of GRK4 Ala486Val with beta-blocker exposure 
significantly associated with survival in African American HFrEF patients. Larger sample sizes or meta-analyses are needed 
to have more statistical power to better assess beta-blocker pharmacogenetic interactions for ADRB1 Arg389Gly, ADRB1 Ser49-
Arg389Gly haplotype, and ADRA2C Del322-325 in the future.

1   |   Introduction

Heart failure (HF) remains a major global health burden, affect-
ing millions of individuals with high morbidity, mortality, and 
costs [1]. Beta-blockers are a cornerstone treatment for heart 
failure with reduced ejection fraction (HFrEF) because they sig-
nificantly improve HFrEF patient survival and other outcomes 
in large, randomized controlled trials [2]. However, those large 

clinical trials measured beta-blocker benefit in HFrEF patients 
on average, but the individual HFrEF patient responses to beta-
blockers vary. Only ~22% of HFrEF patients have a marked 
and sustained improvement in left ventricular ejection fraction 
(LVEF) with beta-blockers [3, 4]. The change in heart rate in re-
sponse to beta-blockers, that is, the difference between an indi-
vidual HFrEF patient's heart rate at baseline before beta-blocker 
therapy and after maximal beta-blocker dose titration, varies by 
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nearly 2-fold among HFrEF patients [5]. Unfortunately, clinical 
characteristics do not fully explain this variability in beta-blocker 
response [6]. Therefore, studies have investigated the effects of 
genetics on beta-blocker response in HFrEF patients [7]. Many 
of those pharmacogenetic studies focused on candidate genes in-
volved in beta-blocker pharmacodynamics, that is, genes for ad-
renergic receptors (ADRB1, ADRB2, and ADRA2C) [8–10] and the 
G-protein coupled receptor kinases that desensitize adrenergic re-
ceptors (GRK4 and GRK5) [11, 12]. The Clinical Pharmacogenetics 
Implementation Consortium (CPIC) recently published a clinical 
practice guideline that evaluated the strength of the evidence 
for those pharmacodynamic genes and a pharmacokinetic gene 
(CYP2D6) on beta-blocker response [13]. They concluded that the 
evidence was strong for the pharmacokinetic gene CYP2D6 and 
metoprolol, but the evidence for the pharmacodynamic genetic 
variants on beta-blocker responses was inconsistent and there-
fore rated as weak. As a result, the guideline authors concluded 

that there was insufficient evidence at this time to make clinical 
recommendations for the pharmacodynamic genetic variants and 
beta-blockers. Therefore, the purpose of this study was to provide 
additional pharmacogenetic evidence for pharmacodynamic vari-
ants in ADRB1, ADRB2, ADRA2C, GRK4, and GRK5 with beta-
blocker benefit in a large and well-characterized registry of HFrEF 
patients with long-term follow-up, time-varying beta-blocker ex-
posure data available from pharmacy claims, and robust genetic 
and statistical analysis methods. We hypothesized that alleles 
reducing adrenergic function in these pharmacodynamic genes 
would be associated with a diminished survival benefit from beta-
blocker therapy in HFrEF patients.

2   |   Methods

2.1   |   Patient Data

The prospective HF PharmacoGenomic Registry (HFPGR) was 
designed to discover novel ways to predict HF prognoses and 
responses to HF therapies [14]. The HFPGR enrolled patients 
from October 2007 to March 2015 at the Henry Ford Health 
System in Detroit, MI, USA. Inclusion criteria were as follows: 
age ≥ 18 years; self-reported African American or White race; a 
diagnosis of HF using the Framingham Heart Study criteria; and 
at least one documented LVEF < 50%. This LVEF cutoff was cho-
sen because the registry started prior to more recent reclassifica-
tions that define HFrEF with LVEF ≤ 40% [2]. All patients were 
covered by the same health insurance plan, the Health Alliance 
Plan, which allowed access to claims data. Patients were excluded 
if they required dialysis or supplementary oxygen. Detailed clin-
ical information (e.g., demographics, physical examination, past 
medical history, laboratory values, functional status, and medi-
cations) and blood samples were collected at enrollment. At the 
time of enrollment into the registry, some of these HFrEF pa-
tients may have already had beta-blocker exposure at baseline as 
part of standard medical care. Deaths were identified using the 
Social Security Administration Death Master File, the Michigan 
State Division of Vital Records, and administrative data from the 
Henry Ford Health System through 30 April 2017. The study re-
ceived approval from the Institutional Review Board of the Henry 
Ford Health System. All patients provided written informed con-
sent prior to study participation.

2.2   |   Beta-Blocker Exposure

Beta-blocker exposure over time was calculated from phar-
macy claims data as previously described [14] and illustrated in 
Figure S1. Briefly, beta-blocker doses were standardized into daily 
dose equivalents using the target doses defined in HFrEF clinical 
practice guidelines [2] or, for the beta-blockers not specifically 
guideline-recommended for HFrEF (e.g., metoprolol tartrate or 
atenolol), the maximum recommended daily doses. The following 
daily doses were used: atenolol, 100 mg; bisoprolol, 10 mg; carve-
dilol, 50 mg; labetalol, 600 mg; and metoprolol, 200 mg (all for-
mulations). Beta-blocker exposure was calculated over a 6-month 
rolling period by multiplying the standardized daily dose equiv-
alents by the total quantity of medication dispensed during the 
period and then dividing by the total number of days during the 
period. We have previously shown that this method more strongly 

Summary

•	 What is the current knowledge on the topic?
○	 Beta-blockers are a cornerstone treatment to prolong 

the survival of patients with heart failure with re-
duced ejection fraction (HFrEF), but some HFrEF 
patients' responses to beta-blockers are variable and 
unpredictable. Previous pharmacogenetic findings 
for the effects of genetic variants in beta-blocker 
pharmacodynamic candidate genes (ADRB1, 
ADRB2, ADRA2C, GRK4, and GRK5) have been 
inconsistent.

•	 What question did this study address?
○	 Do pharmacodynamic genetic variants in ADRB1, 

ADRB2, ADRA2C, GRK4, and GRK5 significantly 
interact with beta-blocker exposure to influence 
survival in a large and well-characterized prospec-
tive registry of African American and White HFrEF 
patients?

•	 What does this study add to our knowledge?
○	 Pharmacogenetic interactions of ADRB1 Arg389Gly, 

ADRB1 Ser49-Arg389Gly haplotype, ADRA2C 
Del322-325, and GRK4 Ala486Val with beta-blocker 
exposure were significantly associated with sur-
vival time in HFrEF patients before correction for 
multiple comparisons, but only the interaction of 
GRK4 Ala486Val with beta-blocker exposure in the 
African American patients remained statistically 
significant after correction for multiple compari-
sons. Beta-blocker exposure was only associated 
with a significant reduction in the risk of mortality 
in the African American HFrEF patients with the 
GRK4 Ala486/Ala486 genotype.

•	 How might this change clinical pharmacology or 
translational science?
○	 Beta-blocker therapy may be personalized in 

African American HFrEF patients according to 
GRK4 Ala486Val genotype in the future if additional 
studies confirm this interaction. Future studies with 
larger sample sizes are needed to confirm the beta-
blocker pharmacogenetic interactions for ADRB1 
Arg389Gly, ADRB1 Ser49-Arg389Gly haplotype, 
and ADRA2C Del322-325.
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correlates with relevant HFrEF outcomes (e.g., heart rate, hospi-
talization, mortality) than single time point calculations for beta-
blocker exposure (e.g., discharge medication status) [15].

2.3   |   Selection of Pharmacodynamic Candidate 
Genetic Variants

A total of 9 genetic variants in 5 pharmacodynamic genes (ADRB1, 
ADRB2, ADRA2C, GRK4, and GRK5) were selected because they 
were recently evaluated in the beta-blocker CPIC guideline [13]. 
These variants were chosen because they have a priori evidence 
supporting effects on adrenergic function [7] and they were pre-
viously studied for associations with beta-blocker response in 
patients (Table  1). In general, alleles that decrease adrenergic 
function were hypothesized to improve HFrEF patient survival 
but decrease beta-blocker-associated survival benefit. Previous 
pharmacogenetic studies assessing clinical associations of these 
variants with beta-blocker responses are summarized in the CPIC 
guideline and previous literature reviews [7, 13].

2.4   |   Genetic Data

Genotyping was performed by the Advanced Genomics Core 
laboratory at the University of Michigan (Ann Arbor, MI, USA) 
using the Axiom Biobank Genotyping Array (Affymetrix; Santa 
Clara, CA, USA) [14]. This array includes the following ~600 K 

genetic variants: (1) ~300 K genome-wide variants with minor al-
lele frequencies > 1%; (2) ~250 K low frequency (< 1%) coding vari-
ants from global exome sequencing projects; and (3) an additional 
~50 K variants to improve African ancestry coverage (Yoruba in 
Ibadan, Nigeria [YRI] booster). Imputation was performed using 
the Michigan Imputation Server with Minimac3 and the 1000 
Genomes Project as the reference panel (all imputation scores 
r2 > 0.8) [23]. Methods for quality control were previously de-
scribed [24]. Briefly, the following filters were applied to the gen-
otype data: call rate < 95%, minor allele frequency (MAF) < 0.01, 
Hardy–Weinberg Equilibrium (HWE) p-value < 1.0−8, imputation 
score r2 < 0.8, duplicate samples identified by identity-by-state 
distances, and monomorphic variants. The proportion of YRI an-
cestry in each patient was estimated using ANCESTRYMAP2.0 
[25]. The ADRA2C Del322-325 variant (rs61767072) was not covered 
by the array or imputation. Thus, rs7434630 was used as a proxy 
for rs61767072 because they are in strong linkage disequilibrium 
(r2 = 0.86 and D′ = 1.0 in Africans and r2 = 0.98 and D′ = 1.0 in 
Europeans) [26]. The imputed genotypes were used for four of the 
variants: rs1801253, rs7434630, rs1042714, and rs2230345. All of 
the other variants were directly genotyped by the array.

2.5   |   Statistical Analysis

The distribution of continuous variables was assessed by the 
Kolmogorov–Smirnov test and visual inspection of distribution 
plots. Most of the continuous variables did not have a normal 

TABLE 1    |    Summary of beta-blocker pharmacodynamic candidate variant functional effects and hypothesized clinical associations in HFrEF 
patients.

Gene Varianta rsID Functional effect

Hypothesized interaction with 
beta-blocker exposure and 

association with survival benefit

ADRB1 A > G
Ser49 > Gly49

rs1801252 Gly49 has greater agonist-
promoted downregulation 
and desensitization [16, 17]

Gly49 ↓ BB benefit

C > G
Arg389 > Gly389

rs1801253 Arg389 has greater basal and 
agonist-simulated activity [18]

Gly389 ↓ BB benefit

ADRB2 G > A
Gly16 > Arg16

rs1042713 Gly16 has greater agonist-
promoted downregulation [19]

Gly16 ↓ BB benefit

C > G
Gln27 > Glu27

rs1042714 Glu27 is resistant to agonist-
promoted downregulation [19]

Gln27 ↓ BB benefit

ADRA2C C > T
Ins > Del322-325

rs7434630b Del322-325 impairs intracellular 
receptor coupling [20] and increases 

the release of norepinephrine [21]

Ins ↓ BB benefit

GRK4 G > T
Arg65 > Leu65

rs2960306 Leu65 enhances desensitization of 
G-protein coupled receptors [22]

Leu65 ↓ BB benefit

C > T
Ala142 > Val142

rs1024323 Val142 enhances desensitization of 
G-protein coupled receptors [22]

Val142 ↓ BB benefit

C > T
Ala486 > Val486

rs1801058 Val486 enhances desensitization of 
G-protein coupled receptors [22]

Val486 ↓ BB benefit

GRK5 A > T
Gln41 > Leu41

rs2230345 Leu41 enhances beta-adrenergic 
receptor desensitization [11]

Leu41 ↓ BB benefit

Abbreviations: BB, beta-blocker; Del, deletion; Ins, insertion; rsID, reference sequence identifier.
aBolded and underlined alleles decrease adrenergic function and are hypothesized to improve survival but decrease beta-blocker response.
bUsed as a proxy for the ADRA2C Ins/Del322-325 variant (rs61767072).
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distribution; thus, they were summarized by median (inter-
quartile range) and compared using the Mann Whitney U Test. 
Categorical variables were summarized by counts and percent-
ages and compared by using χ2 tests or Fisher's exact tests when 
appropriate. Pairwise linkage disequilibrium was tested be-
tween variants within the same genes using the genetics package 
in R v.4.3.2 within each race group. Haplotypes were estimated 
within each race group using PHASE v2.1.1 [27]. The Meta-
Analysis Global Group in Chronic (MAGGIC) HF risk score [28] 
(minus beta-blocker as an input variable) was calculated for each 
patient using their baseline characteristics. The beta-blocker 
propensity score [29] was calculated for every patient based on 
the baseline characteristics with p < 0.05 for the difference be-
tween patients that were treated with a beta-blocker at baseline 
versus those that were not.

Cox proportional hazards models were used to test the interac-
tion of each genetic variant and haplotype with time-varying 
beta-blocker exposure (genotype/haplotype*beta-blocker 
exposure) for association with time-to all-cause mortality. 
Models were adjusted for the following covariates: beta-
blocker propensity score, MAGGIC (minus beta-blocker as an 
input variable), and proportion of YRI ancestry. The Spearman 
correlation coefficient for beta-blocker propensity score and 
MAGGIC risk score was −0.20. Therefore, collinearity be-
tween these two covariates is unlikely to be a significant issue 
in our Cox models. Genotype- and haplotype-stratified anal-
yses were also performed. Cox proportional hazards models 
were also used to test the independent association of each 
genetic variant and haplotype with survival. Genotypes were 
tested in the additive genetic model (0, 1, or 2 alleles), and 
haplotypes were tested by count. The alleles and haplotypes 
were coded according to their effects on adrenergic function 
(Table 1). Alleles or haplotypes that decrease adrenergic func-
tion were coded as higher numbers. The genotype or number 
of haplotypes with the greatest adrenergic function was coded 
as the reference. Race-stratified and race-combined analyses 
were performed because we have previously shown similar 
beta-blocker survival benefit regardless of race [14]. p-values 
from the Cox proportional hazards models were corrected for 
multiple comparisons using the adaptive Hochberg method 
[30]. p < 0.1 after correction for multiple comparisons was a 
priori defined as statistically significant for the pharmacog-
enetic interaction tests and p < 0.05 for the survival analyses. 
Unless otherwise noted, statistical analyses were performed 
using SAS v.9.4.

3   |   Results

3.1   |   Clinical & Genetic Characteristics

A total of 893 patients (454 African American [51%] and 439 
White [49%] self-reported race) had beta-blocker exposure 
and genotype data available for analysis (454/470 [96.6%] and 
439/452 [97.1%] genotype call rates in the African American 
and White patients, respectively). Table  2 shows the base-
line and follow-up characteristics overall and stratified by 
race and beta-blocker treatment status at baseline. Overall, 

36% (321/893) were female, the median age was 69 years, 51% 
(454/893) African American race, and 74% (665/893) were 
treated with beta-blocker at baseline. The median (interquar-
tile range) length of follow-up was 2.8 (1.6–4.2) years overall, 
and the total person-years of follow-up was 2701 overall. The 
death rate was 9 per 100 person-years overall (240 deaths/2701 
person-years). The most used beta-blockers at baseline overall 
were carvedilol at 32% (288/893) and metoprolol succinate at 
24% (215/893). When compared by self-reported race, African 
American patients had significantly more women, a younger 
age, lower LVEF, and higher rates of several comorbidities, 
including hypertension, chronic kidney disease, and diabetes. 
HFrEF medication use, including beta-blockers, was similar 
by race, except significantly more African Americans used al-
dosterone antagonists than White patients (25% [115/454] vs. 
18% [79/439], respectively). More African Americans were tak-
ing carvedilol and metoprolol succinate, and more White pa-
tients were taking metoprolol tartrate. The length of follow-up 
(median 2.7 vs. 2.8 years in African American and White 
patients, respectively) and the mortality rate were similar by 
race (27% [240/893] in both race groups). The person-years 
of follow-up were also similar between race groups (African 
Americans = 1371 and White = 1330; p = 0.938).

When compared by beta-blocker treatment status at baseline, 
the patients taking beta-blockers were significantly older, had 
more ischemic heart disease and diabetes, and higher use of 
other HFrEF medications than the patients that were not using 
beta-blockers at baseline. The median length of follow-up was 
significantly longer in the patients taking beta-blockers at 
baseline versus those that were not (2.9 vs. 2.5 years; p < 0.001), 
but the mortality rates were similar (177/665 [27%] vs. 63/228 
[28%]; p = 0.765). The length of follow-up in person-years was 
also significantly longer in the patients treated with beta-
blockers at baseline: 2091 versus 609 (p = 0.001). Sex, LVEF, 
systolic blood pressure, and heart rate were not significantly 
different between the patients that were and were not taking 
beta-blockers at baseline. The overall covariate-adjusted as-
sociation of time-varying beta-blocker exposure with time to 
all-cause mortality (without any genetic variables) was hazard 
ratio (HR; 95% confidence interval) = 0.62 (0.39–98) p = 0.041. 
This result is particularly noteworthy as it demonstrates that 
our model approach in this observational study detects sim-
ilar reductions in the risk for mortality with beta-blocker 
exposure, in the absence of any genetic variables, as those ob-
served in the landmark randomized controlled trials of beta-
blockers in HFrEF patients [2]. Minor allele frequencies were 
similar to public databases (Table S1), and all Hardy-Weinberg 
Equilibrium (HWE) p-values were > 0.05. Variants within 
the same genes were in linkage disequilibrium (Table  S2). 
Genotype and haplotype counts are shown in the figures 
as the corresponding “n”. Associations of the variants and 
haplotypes with mortality independent of beta-blocker expo-
sure and the other covariates are in Figures S2–S4. Only one 
variant remained significantly associated with survival after 
correction for multiple comparisons. GRK4 Ala142Val signifi-
cantly associated with increased risk of mortality in the White 
patients: HR = 1.39 (95% CI = 1.07–1.81) corrected p = 0.039 
(Figure S4).
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3.2   |   Association of Pharmacogenetic Interactions 
of Pharmacodynamic Candidate Genetic Variants 
With Beta-Blocker Exposure With Survival in 
HFrEF Patients

Figures  1–3 and Figures  S5–S16 show the pharmacogenetic 
interactions and genotype- and haplotype-stratified anal-
yses of the 9 candidate genetic variants in ADRB1, ADRB2, 
ADRA2C, GRK4, and GRK5 with beta-blocker exposure and 
their association with survival in HFrEF patients. Only one 
pharmacogenetic interaction was statistically significant after 
correction for multiple comparisons. The p-values for the 
GRK4 Ala486Val*beta-blocker interaction were p = 0.002 and 
p = 0.022 before and after correction for multiple comparisons, 
respectively, in the African Americans (Figure 1). The GRK4 
Ala486Val genotype-stratified analyses trended in the hypoth-
esized direction (Table 1), in which beta-blocker exposure was 
associated with less survival benefit in the African American 
HFrEF patients with additional alleles that decrease receptor 
function (Val486).

A few more of the pharmacogenetic interactions would have 
been statistically significant before correction for multiple com-
parisons but were not after. In the race-combined analyses of 
ADRB1 variants and haplotype, the Arg389Gly*beta-blocker 
exposure and Ser49-Arg389 haplotype*beta-blocker expo-
sure interactions had p = 0.094 and p = 0.033 before correction 
for multiple comparisons, respectively, but the p-values were 
p = 0.994 and p = 0.363 after correction for multiple comparisons 
(Figure 2). In the genotype- and haplotype-stratified analyses, 
the hazard ratios for these ADRB1 variants and haplotype trend 
in the hypothesized direction (Table 1), in which the alleles that 
decrease adrenergic activity (ADRB1 Gly49 and Gly389) are as-
sociated with less beta-blocker benefit. Indeed, patients with 
two copies of the increased adrenergic function Ser49-Arg389 
haplotype appeared to have the most survival benefit from beta-
blocker exposure. The interaction of ADRA2C Del322-325*beta-
blocker exposure had p = 0.057 and p = 0.627 before and after 
correction for multiple comparisons, respectively, in African 
Americans (Figure  3). The ADRA2C Del322-325 genotype-
stratified analyses trend in the hypothesized direction (Table 1). 
African American patients that are homozygous for ADRA2C 
Del322-325 (n = 53) appear to have the most survival benefit from 
beta-blocker exposure.

4   |   Discussion

Results from previous beta-blocker pharmacogenetic studies 
of the pharmacodynamic candidate genes ADRB1, ADRB2, 
ADRA2C, GRK4, and GRK5 have been inconsistent [13]. 
Therefore, the purpose of this study was to provide additional 
evidence for or against their interaction with beta-blocker expo-
sure in terms of survival benefit in a large and well-characterized 
cohort of HFrEF patients. Only one pharmacogenetic interac-
tion reached statistical significance after correction for multiple 
comparisons: the interaction of GRK4 Ala486Val with beta-
blocker exposure significantly associated survival in African 
American HFrEF patients. Beta-blocker exposure only asso-
ciated with a significant reduction in the risk for mortality in 
African Americans who were homozygous for the GRK4 Ala486 
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allele. One of the variants in GRK4 also remained significantly 
associated with survival after correction for multiple compar-
isons, Ala142Val, in which it significantly associated with in-
creased risk of mortality in the White patients independent of 
beta-blocker exposure. A few other pharmacogenetic results 
are possibly of interest, reaching significance in initial analy-
sis but did not withstand adjustment for multiple comparisons. 
These included well-described variants in ADRB1 (Arg389Gly 
and Ser49-Arg389Gly haplotype) and ADRA2C (Del322-325; in 
African American HFrEF patients only). Thus, unfortunately, 
our study alone does not provide additional clarity to historically 
inconsistent results, but as our findings trend in the hypothe-
sized direction, they may contribute to more definitive meta-
analyses in the future.

GRK4 desensitizes G-protein coupled receptors that regulate 
blood pressure, including dopamine receptors and poten-
tially beta-1 adrenergic receptors (the primary target of beta-
blockers) [12]. The 3 GRK4 variants analyzed in this study all 
increase the ability of GRK4 to desensitize G-protein coupled 
receptors [12], and thus they have been hypothesized to act 
as an “endogenous beta-blocker” [12]. This means they are 
expected to protect against adverse cardiovascular outcomes 
but decrease patients' responses to exogenous beta-blockers. 

To our knowledge, only 2 previous studies investigated these 
GRK4 variants with cardiovascular clinical outcomes and 
beta-blocker response [12, 31]. Bhatnagar et al. [31] found that 
GRK4 Leu65 and Val142 significantly associated with longer 
time to achieve blood pressure response from metoprolol in 
197 hypertensive African American men (but not hyperten-
sive African American women). Vandell et al. [12] found that 
GRK4 Leu65-Val142 haplotype associated with significantly 
reduced blood pressure response to atenolol in 768 African 
American and White hypertensive patients. The results from 
those 2 previous studies and ours for GRK4 Ala486Val in 
African American HFrEF patients (but not in White patients) 
all support the “endogenous beta-blocker” hypothesis for 
these GRK4 variants. However, there are still inconsistencies 
as to which specific GRK4 variant or haplotype is associated 
with pharmacogenetic effect and in which race, sex, and beta-
blocker indication (i.e., hypertension vs. HFrEF). Therefore, 
future research is still needed to elucidate the true effects of 
these 3 GRK4 variants on beta-blocker response and the differ-
ences observed by sex, race, and indication.

Many previous pharmacogenetic studies have assessed ADRB1 
Ser49Gly and Arg389Gly with beta-blocker response because the 
beta-1 adrenergic receptor is the primary target of beta-blockers; 

FIGURE 1    |    Pharmacogenetic interactions and associations of time-varying beta-blocker exposure with all-cause mortality stratified by the 
GRK4 genotypes and haplotype in 454 African American HFrEF patients. Arg65Leu = rs2960306; Ala142Val = rs1024323; Ala486Val = rs1801058. 
BB = beta-blocker. Underlined alleles decrease adrenergic activity (Table 1) and are therefore expected to decrease beta-blocker-associated survival 
benefit (i.e., have a higher hazard ratio [HR] than the alternate allele). Models were adjusted for beta-blocker propensity score [29], MAGGIC (minus 
beta-blocker as an input variable) [28], and proportion of YRI (Yoruba in Ibadan, Nigeria) ancestry [25]. “P cor.” refers to the p-value after correction 
for multiple comparisons by the adaptive Hochberg method [30]. “n” refers to the number of patients in the corresponding analysis. p < 0.1 for inter-
action tests after correction for multiple comparisons was a priori defined as statistically significant. Bolded p-values met this definition for statistical 
significance. The x-axis is on logarithmic scale. Black squares indicate the HR, and horizontal black lines indicate the 95% confidence intervals. The 
vertical dotted black line indicates HR = 1.
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the variants are common and nonsynonymous; and there is ev-
idence to support functional effects of these variants in  vitro, 
ex vivo, and in vivo [7, 13]. However, the findings from clinical 
studies of these ADRB1 variants have been inconsistent [7, 13]. 

The CPIC beta-blocker guideline pointed out a trend in the clin-
ical studies for the ADRB1 Arg389Gly variant. When clinical 
pharmacogenetic studies took beta-blocker dose into account, 
and not just a binary beta-blocker treatment status as yes or no, 

FIGURE 2    |    Pharmacogenetic interactions and associations of time-varying beta-blocker exposure with all-cause mortality stratified by 
ADRB1 Ser49Gly and Arg389Gly genotypes and haplotype in 893 African American and White HFrEF patients. Ser49Gly = rs1801252 and 
Arg389Gly = rs1801253. BB = beta-blocker. Underlined alleles decrease adrenergic activity (Table 1) and are therefore expected to decrease beta-
blocker-associated survival benefit (i.e., have a higher hazard ratio [HR] than the alternate allele). Models were adjusted for beta-blocker propensity 
score [29], MAGGIC (minus beta-blocker as an input variable) [28], and proportion of YRI (Yoruba in Ibadan, Nigeria) ancestry [25]. “P cor.” refers 
to the p-value after correction for multiple comparisons by the adaptive Hochberg method [30]. “n” refers to the number of patients in the corre-
sponding analysis. p < 0.1 for interaction tests after correction for multiple comparisons was a priori defined as statistically significant. The x-axis is 
on logarithmic scale. Black squares indicate the HR, and horizontal black lines indicate the 95% confidence intervals. The vertical dotted black line 
indicates HR = 1.

FIGURE 3    |    Pharmacogenetic interactions and associations of time-varying beta-blocker exposure with all-cause mortality stratified by the 
ADRA2C Ins/Del322-325 genotypes in 454 African American HFrEF patients. Rs7434630 (C > T) was used as a proxy for the ADRA2C Ins > Del322-325 
variant rs61767072. BB = beta-blocker. Underlined alleles decrease adrenergic activity (Table 1) and are therefore expected to decrease beta-blocker-
associated survival benefit (i.e., have a higher hazard ratio [HR] than the alternate allele). Models were adjusted for beta-blocker propensity score 
[29], MAGGIC (minus beta-blocker as an input variable) [28], and proportion of YRI (Yoruba in Ibadan, Nigeria) ancestry [25]. “P cor.” refers to the p-
value after correction for multiple comparisons by the adaptive Hochberg method [30]. “n” refers to the number of patients in the corresponding anal-
ysis. p < 0.1 for interaction tests after correction for multiple comparisons was a priori defined as statistically significant. The x-axis is on logarithmic 
scale. Black squares indicate the HR, and horizontal black lines indicate the 95% confidence intervals. The vertical dotted black line indicates HR = 1.
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then the clinical evidence for a pharmacogenetic interaction of 
Arg389Gly (and possibly the Ser49-Arg389 haplotype as well) 
with beta-blocker response becomes more consistent. Our study, 
which also took beta-blocker dose into account, possibly sup-
ports that trend as well. Our results suggest that beta-blocker 
exposure is more effective in HFrEF patients that have more 
copies of the increased adrenergic function Ser49-Arg389 hap-
lotype. However, future research is still needed in larger sample 
sizes or meta-analyses to confirm our results for ADRB1 gen-
otypes and haplotype because they were no longer statistically 
significant after correction for multiple comparisons.

Like the ADRB1 variants, several pharmacogenetic studies have 
also analyzed the ADRA2C Del322-325 variant and beta-blocker 
response because ADRA2C Del322-325 is also common, nonsyn-
onymous, and has in vitro and in vivo evidence to support effects 
on adrenergic function [7, 13]. There are also high-quality phar-
macogenetic studies that have detected a significant association 
of ADRA2C Del322-325 with beta-blocker response and those that 
have not [7, 13]. Our results suggest that beta-blocker exposure 
is more effective in African American HFrEF patients that are 
homozygous for the Del322-325 allele, which is consistent with the 
increased adrenergic function with that allele. Given the much 
lower frequency of ADRA2C Del322-325 in Europeans, our study 
was underpowered to detect a pharmacogenetic interaction in 
the White HFrEF patients. Future research is still needed in 
larger sample sizes or meta-analyses to confirm our results for 
ADRA2C Del322-325 because they were no longer statistically sig-
nificant after correction for multiple comparisons.

Other than our findings for GRK4, ADRB1, and ADRA2C vari-
ants described above, our study did not support hypotheses for 
the other pharmacodynamic candidate variants in GRK5 or 
ADRB2 [7, 13]. There are many possible reasons for nonrepli-
cation of pharmacogenetic findings, which is a very common 
problem. Only ~3% of pharmacogenetic findings are success-
fully replicated [32]. Methodological concerns and the “winner's 
curse” have been reviewed in detail elsewhere [33, 34]. Even 
though our sample size is relatively large, and we used one of the 
less conservative methods for controlling familywise type I error 
rate, our study was probably still underpowered to detect sig-
nificant interactions after correction for multiple comparisons. 
However, given that the purpose of this study was validation and 
not discovery, and the results could have profound public health 
impact, we argue that a conservative approach for controlling 
the type I error rate was necessary. Another possible reason for 
nonreplication is that pharmacodynamic variants are expected 
to have more subtle effects than pharmacokinetic variants [35]. 
Variants with strong effects on adrenergic function, like loss-of-
function variants in pharmacokinetic genes, would be harmful 
to the individual and thus not likely to be common. Aggregation 
of the individually small effects from multiple pharmacody-
namic variants within the same pathway may have a cumula-
tively larger effect size that is more likely to be detectable (e.g., 
polygenic scores) [36, 37]. Moreover, it is very difficult to pre-
dict the best pharmacogenetic candidate genes from among the 
~20,000 protein-coding genes in the human genome. Indeed, our 
previous study showed that 94% of significant genes identified 
in pharmacogenomic genome-wide association studies (GWAS) 
are not previously studied candidate genes [38]. In contrast to 

the candidate gene approach used in this and most previous 
beta-blocker pharmacogenetic studies [7, 13], we had consistent 
replication of results when we used a GWAS-based, polygenic 
score to predict beta-blocker-associated survival benefit in 4 in-
dependent datasets with nearly 8600 European ancestry HFrEF 
patients [36, 37]. Consistent with our previous analysis of other 
pharmacogenomic GWAS [38], none of the 44 genetic variants 
in our GWAS-based beta-blocker polygenic score are in the can-
didate pharmacodynamic genes analyzed in this study and oth-
ers. Furthermore, none of these candidate pharmacodynamic 
genetic variants were detected in our GWAS of beta-blocker ex-
posure and survival of HFrEF patients [24]. This suggests that 
future beta-blocker pharmacogenetic research should prioritize 
GWAS-based and polygenic approaches.

5   |   Strengths & Limitations

Our study has several strengths and limitations. Strengths in-
clude the analysis of a clinical outcome instead of a surrogate 
measure of beta-blocker response, such as change in heart rate. 
We also analyzed time-varying beta-blocker exposure, and we 
calculated beta-blocker exposure from pharmacy claims instead 
of prescription data. We had similar representation of patients 
identifying as African American and White race, and we ac-
counted for ancestry. We also did formal tests for pharmacoge-
netic interactions in addition to genotype-stratified analyses and 
corrected for multiple comparisons. Limitations of our study in-
clude that it is observational and single center, and it does not in-
clude patients identifying as races other than African American 
or White. The enrollment and follow-up periods occurred be-
fore the HF guidelines started recommending newer therapies 
such as sodium-glucose cotransporter-2 (SGLT2) inhibitors. 
This study only analyzed the interaction of each individual ge-
netic variant with beta-blocker exposure, and not the combined 
effects of multiple pharmacodynamic genetic variants, such as 
with a polygenic score or more complex epistatic interactions. 
This study did not assess other kinds of clinical outcomes, such 
as hospitalizations or heart transplants, nor did it assess specific 
causes of death. This study was probably still underpowered to 
detect significant interactions after correction for multiple com-
parisons and interactions with specific beta-blockers.

6   |   Conclusions

Interactions of ADRB1 Arg389Gly, ADRB1 Ser49-Arg389Gly 
haplotype, ADRA2C Del322-325, and GRK4 Ala486Val with beta-
blocker exposure in survival models of African American and 
White patients with HFrEF were significant before correction 
for multiple comparisons, but only the interaction for GRK4 
Ala486Val remained significant in African Americans after 
correction for multiple comparisons. Beta-blocker exposure 
only associated with a significant reduction in the risk of mor-
tality in the African American HFrEF patients with the GRK4 
Ala486/Ala486 genotype. Larger sample sizes or meta-analyses 
are needed to have more statistical power to better assess beta-
blocker pharmacogenetic interactions for ADRB1 Arg389Gly, 
ADRB1 Ser49-Arg389Gly haplotype, and ADRA2C Del322-325 in 
the future.
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