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Abstract
Variability is the law of life,… and no two individuals react alike and behave alike under the
abnormal conditions which we know as disease. Sir William Osler, The Principles and Practice of
Medicine (1)

Introduction
Neurohormonal activation is an important driver of heart failure progression, and all
pharmacologic interventions that improve heart failure survival inhibit this systemic
response to myocardial injury. Adrenergic stimulation of β1 receptors in the kidney results
in the release of plasma renin, the conversion of peptide precursors to angiotensin II (a2),
and ultimately the production of aldosterone. Beta blockers, angiotensin converting enzyme
(ACE) inhibitors, angiotensin receptor blockers (ARBs), and aldosterone receptor
antagonists, all act by inhibiting the activity of critical protein of this core pathway: the beta
1 receptor, ACE, the a2 receptor and aldosterone synthase. Interestingly, there is significant
genomic heterogeneity and functional polymorphisms at every step which impact mediator
levels and influence therapeutic effectiveness (Figure 1). Investigation of the
pharmacogenetic interactions of the ACE D/I polymorphism and heart failure therapy
demonstrate the power of genomics to target therapeutics. This review will explore how
genetic variation in genes involved in neurohormonal activation influence both heart failure
outcomes and the impact of pharmacotherapy.

ACE D/I Polymorphism and Heart Failure Outcomes
The ACE deletion/insertion biallelic polymorphism of intron 16 is the most extensively
studied cardiovascular polymorphism, and has been the subject of hundreds of investigations
since its initial discovery (2,3). While the clinical implications of this polymorphism have
been controversial, the physiologic association of the ACE D/I polymorphism with
enzymatic activity has been consistent. The D allele has been linked in nearly every clinical
study to increased activity of the ACE enzyme and higher levels of the product of ACE
activity, the peptide mediator angiotensin 2 (a2) (4). The cellular mechanism remains to be
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elucidated but this linkage of genotype with ACE activity is consistent across multiple
different clinical paradigms from hypertension to myocardial infarction (5,6,7) and
demonstrates a D allele “dose effect” for a2 levels. Subjects with the DD genotype have the
highest levels of a2, heterozygotes are intermediate and, those homozygous for I allele have
the lowest levels. For disease states such as heart failure where angiotensin II facilitates
disease progression, the potential implications of this genetically “ordered” ACE activity are
readily apparent.

Given the role of renin-angiotensin activation in heart failure, it is hypothesized that the
ACE D allele functions as a genetic modifier, accelerates disease progression and worsens
survival. Indeed, this has been demonstrated in three separate clinical investigations. The
first was a population of 193 subjects with idiopathic dilated cardiomyopathy and
demonstrated poorer survival for subjects homozygous for the D allele (8). Most recently the
adverse impact of the ACE D allele was demonstrated in 978 subjects post myocardial
infarction (9). The impact in this cohort was primarily in subjects with lower left ventricular
ejections fraction (LVEF) or higher brain naturetic peptide (BNP) levels. Forty five percent
of the subjects in the post myocardial infarction study were on ACE inhibitor therapy,
compared to only 25% of subjects in the earlier study of idiopathic dilated cardiomyopathy.
Neither study addressed the potential pharmacogenetic interactions of the ACE D/I
polymorphism with the medical therapy of heart failure.

Pharmacogenetics of the ACE D/I polymorphism: GRACE
A similar overall impact of the ACE D allele on heart failure outcomes was demonstrated in
a single center study at the University of Pittsburgh, the GRACE study of Genetic Risk
Assessment of Cardiac Events. Four hundred seventy-nine with systolic dysfunction (mean
LVEF 0.25 ± 0.08) with both ischemic and non-ischemic etiologies were followed for a
median of 3 years until death or cardiac transplantation. The D allele was associated with
poorer in transplant free survival, and demonstrated the same “gene ordered” effect shown
earlier for ACE activity: II homozygotes demonstrated the best survival; DD homozygotes
the poorest, with heterozygotes displayed the predicted “intermediate” survival between the
homozygotes. The adverse impact of the D allele on survival for this cohort was first
reported on an analysis of the first 328 subjects (10), and remained evident during analysis
for the entire cohort (11) (Figure 2A).

β-blocker Therapy
Genetic background must interact with environment, and for the heart failure patient a
critical aspect of the local “environment” is the pharmacologic milieu. The effect of genetic
modulation of neurohormonal activation on heart failure outcomes may be altered by
pharmacological inhibition, and this was examined in GRACE. Ninety-five percent of
subjects in GRACE were on ACE inhibitors or ARBs, while only 42% were on beta-
blockers reflecting the evolution of care at the time of the initiation of the study. For beta-
blockers, analysis by treatment subset demonstrated the effects of ACE D on outcomes to be
primarily in subjects not treated with β-blockers (10,11) (Figure 2B) and that impact of the
polymorphism is eliminated by β-blocker therapy (Figure 2C). For subjects not on beta-
blockers, the 2–year event-free survival for DD subjects was only 51%, versus 80% for the
II homozygotes. In contrast, for subjects on beta-blockers, no effect of the D–allele on
outcomes was apparent. The elimination of the effect of the D allele by beta-blocker therapy
likely reflects their role as inhibitors of renin release. An important stimulus to the renin
angiotensin activity in heart failure is sympathetic activation, and beta blockers markedly
reduce angiotensin 2 levels (12).
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The potential utility of this pharmacogenetic interaction is evident when examining the
impact of β-blocker therapy within ACE D/I genetic subsets (Figure 3). While beta-blockers
overall improved survival in the GRACE cohort, much of that benefit is in the DD
homozygotes genetically predicted to have the highest levels of ACE activity. The impact of
therapy is diminished in the heterozygotes, and in this small cohort is no longer evident for
subjects who are II homozygotes. These results suggests the ACE D/I polymorphism
delineates genetic subsets of heart failure patients in whom the therapeutic impact of beta-
blockade on heart failure survival is distinctly different. However, a recent study (13) (15) of
the effect of beta-blockers for 199 subjects with chronic heart failure demonstrated similar
improvements in LVEF in all three genetic subsets, and suggests the ACE D/I
polymorphism does not predict this particular endpoint of beta-blocker response.

The relative merits of β1 selective antagonists (e.g. metoprolol) and non-selective β-blocker
(e.g. carvedilol) are still debated, however if inhibition of renin release is the primary
mechanism of this pharmacogenetic interaction, β1 selective and non-selective β-blocker
should be equally effective. The role of β-receptor selectivity for the interaction between the
angiotensin converting enzyme (ACE) insertion/deletion polymorphism and β-blocker
therapy was investigated in a subset analysis from GRACE (14). Subjects were separated
into no beta blocker, β1-selective and non-selective β-blocker treatment groups. The D
allele adversely affected transplant-free survival for subjects not on β-blockers (p=0.004).
Treatment with selective β1-blockers eliminated the impact of the D allele (p=0.51) in a
manner similar to non-selective β1,2-blockers (p=0.80) (Figure 4). Treatment with β1-
blockers was sufficient to eliminate the adverse impact of the ACE D allele, suggesting this
pharmacogenetic interaction is mediated through the β1-receptor.

ACE inhibitor Therapy
Based on ACE activity, it is also predicted that the ACE D/I polymorphisms should
modulate the effect of ACE inhibitors. As ninety-five percent of the subjects in GRACE
were either on an ACE inhibitor or an ARB, this pharmacogenetic interaction was
investigated in this cohort using a dose analysis comparing the effect of higher dose ACE
therapy (> 50% of target daily dose defined by national guidelines) on transplant free
survival to low dose therapy (< or = 50%). This resulted in a roughly 3-fold difference in the
mean dose for the high dose group compared to low dose group. In contrast, the multi-center
Assessment of Treatment with Lisinopril and Survival (ATLAS) trial (15) evaluated the
impact of a 10 fold difference in the mean dose of ACE inhibitor. Analysis by ACE dose
treatment subset suggests higher doses of ACE inhibitors limit the adverse impact of the
ACE D allele (11), and this effect of high dose therapy was particularly evident in subjects
not treated with beta-blockers (figure 5).

In overall event-free survival, the benefits of higher dose ACE inhibitors were modest with
the relative risk of high dose therapy of 0.88. This 12% reduction was not significant
statistically, but was similar to the trend in survival benefit seen in ATLAS. The relative risk
reduction with higher dose ACE inhibitor therapy within ACE genotype class demonstrated
a gene ordered effect similar to that seen with β-blockers, with the greatest impact within the
DD subset though this failed to reach significance (figure 6).

The effect of high dose therapy in DD homozygotes is consistent with greater resistance to
ACE inhibition in this subset. In subjects with heart failure, the blood pressure response to
captopril demonstrates minimal effects in DD subjects, an intermediate response in
heterozygotes, and the greatest impact in II patients (16). A similar interaction was
demonstrated for chronic therapy with angiotensin receptor antagonists in hypertensive
subjects (17). The studies suggest a diminished response to ACE inhibition or blockade with
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the ACE D allele. The higher ACE activity evident in ACE DD homozygotes is the most
likely mechanism of this genetically determined drug “resistance”.

RAAS polymorphisms and Blood Pressure
The ACE D/I genotype does appear to predict the time course of blood pressure response to
ACE inhibitors but not other anti-hypertensives (18). Genetic variability in the ACE
pathway is not limited to the ACE D/I polymorphisms, and additional RAAS
polymorphisms also influence blood pressure response to ACE inhibitors and may
ultimately affect clinical outcomes. In a study of over 1,400 hypertensive patients the impact
of ACE inhibitor therapy on blood pressure was linked to polygenetic variation in both the
angiotensinogen and angiotensin II receptor genes (19). In a second study in 450 heart
failure patients, haplotypes of the angiotensinogen gene were associated with poorer
outcomes (20). Increasingly, genetic outcome analysis is moving toward more complex
polygenic analysis and an interaction between the ACD allele and the alpha adducin
Gly460TRP polymorphisms has been reported to worsen cardiovascular in a Flemish
population study of Environment, Genetics and Health outcomes (21).

The prevalence of “aldosterone escape” on ACE inhibitors is greatest in the ACE DD
genotype (22). The impact of the aldosterone receptor antagonist spironolactone on left
ventricular remodeling is also diminished in ACE DD subset compared to the ID and II
subsets (23) in a manner which closely parallels the diminished clinical response to ACE
inhibitors. The influence of the ACE D/I polymorphism on the effect of aldosterone receptor
antagonists on survival remains to be determined.

Aldosterone synthase
The aldosterone synthase gene (CYP11B2) promoter polymorphism (C-344T) has been
investigated extensively with the -344C allele consistently associated with higher
aldosterone synthase activity, linked to hypertension (24) and greater left ventricular
remodeling (25). The African American Heart Failure Trial (AHeFT) investigated the
addition of a fixed combination of isosorbide dinitrate and hydralazine (I/H) to standard
therapy of ACE inhibitors and beta blockers. The genetic sub -study of AHeFT, Genetic
Risk Assessment of Heart Failure in African Americans or “GRAHF”, was initiated to
determine the genomic basis for the apparent racial differences in therapeutic efficacy of I/H
and ACE inhibitors. In GRAHF, the aldosterone synthase promoter polymorphism was
evaluated and the -344C allele was associated with significantly poorer event-free survival
during the course of follow up (26).

Consistent with previous studies, the -344C allele was also linked to LV remodeling;
however its impact was diminished by treatment with I/H. In subjects randomized to
placebo, an association of the -344C allele with lower LVEF at 6 months was apparent
(p=0.05) which was not evident in patients treated with I/H (p=0.79) (Figure 7). The impact
of therapy on remodeling for the - 344 CC genotype mirrors a study in a separate African
Americans heart failure cohort which suggested improvements at one year in left ventricular
dimension were greater among patients with the -344 CC genotype (27). A randomized
study of the effect of the -344 promoter polymorphism in 500 hypertensive subjects suggest
the impact of ACE inhibitors on blood pressure is diminished in those with the -344CC
genotype (28). Surprisingly, subset analysis from AHeFT trial suggests treatment with the
aldosterone receptor antagonist spironolactone did not diminish the adverse affect of the C
allele on LV remodeling (figure 8) (26).
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Endothelial Nitric Oxide Synthase (NOS3)
Nitric oxide (NO) plays an important protective role in heart failure (29,30) and endothelial
nitric oxide synthase (NOS3) is the predominant source of vascular NO. A common
polymorphism (G894T) exists on exon 7 (codon 298: Glu298Asp) for which the wild type
glutamate is replaced with aspartic acid (31). The functional role of this apparently charge
neutral amino acid change remains controversial; however the Asp298 variant has a shorter
half-life and therefore less NO activity in endothelial cell culture (32). The Asp298 variant
has been linked to the risk of coronary disease, hypertension and stroke. For subjects with
heart failure, functional assessment by metabolic stress testing demonstrates significantly
higher VO2 max in subjects with the Glu298Glu phenotype compared to those homozygous
or heterozygous for the Asp298 variant (33). This modulation of functional capacity by the
Asp298Glu polymorphism parallels the impact on survival as poorer transplant-free survival
was evident for subjects with the Asp298 variant compared to individuals homozygous for
Glu298 (Figure 9) (33). While the Asp298 variant has been previously investigated as a risk
factor for coronary disease, the impact in GRACE reflects a role as a modulator of heart
failure, and was more apparent in the non-ischemic cohort.

Pharmacogenetic Interactions with NOS3 and ACE inhibitors
Clinical and animal studies demonstrate that NOS3 plays a central role in the therapeutic
effects of ACE inhibitors. Murine knockout models have demonstrated that the post
infarction benefit of ACE inhibitors on remodeling is dependent on NOS3 (34). In clinical
studies of vascular reactivity, the effects of ACE inhibitors are diminished by pretreatment
with NOS inhibitors. In GRACE, the examination of high dose versus low dose ACE
inhibitor suggest a pharmacogenetic interaction with the NOS3 Glu298Asp polymorphism,
as the impact of Asp298 was primarily in subjects on low dose ACE inhibitor, and was not
evident in those receiving high dose therapy (35). Analysis of the impact of ACE inhibitor
dose by genetic subset suggests the variable benefit of ACE inhibitors may be partially
explained by variation at the NOS3 locus, however this will need additional investigation in
larger cohorts.

Summary: Genetic Targeting of Heart Failure Therapy
For the ACE D/I polymorphism, linkage of the D allele to higher ACE activity results in a
predictable impact for therapies inhibiting A-II production: ACE inhibitors and beta receptor
antagonists. Both therapies appear to have their greatest impact on the 30% of the population
who are homozygous for the D allele, genetically predicted to have the highest levels of
neurohormonal activation. The adverse impact of the ACE D allele in heart failure has been
demonstrated by several independent groups of investigators and is consistent with the role
of renin-angiotensin activation in clinical progression. Genotyping of the ACE locus may
identify large subsets patients who receive maximal benefit for aggressive neurohormonal
blockade.

Predictably, genetic influences on heart failure therapy are polygenic. In addition to ACE,
the therapeutic impact of beta-receptor antagonists is influenced by variation at the beta 1
receptor locus. The effectiveness of ACE inhibitor therapy may be influenced by variation
of both ACE and NOS3. Pharmacogenetic investigations to date have not integrated more
than one genetic locus into a clinical outcomes model, and larger cohorts will be required for
adequate statistical power to address polygenic “background” effects. Analysis of genetic
background has become a potential clinical tool for predicting heart failure outcomes and
targeting therapeutic intervention. Prospective validation of the predictive impact of genetic
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variants will be required prior to the routine implementation of genetically individualized
treatments.
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Figure 1. RAAS pathway and site of action of drug therapies and functional polymorphisms
Major pharmacologic therapies which improve survival in heart failure in white boxes: beta
blockers, ACE inhibitors, ARBs (angiotensin receptor blockers) and Aldo (aldosterone)
receptor antagonists all act on RAAS. In grey boxes are major genetic polymorphisms which
influence outcomes and the impact of therapy including β1Arg389, G protein β 3 subunit
(GNB3 T haplotype linked to low plasma renin), ACE D/I (deletion/Insertion) and
aldosterone synthase (CYP11B2) promoter
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Figure 2.
Transplant-free survival By ACE D/I genotype, GRACE study, University of Pittsburgh
(reference 11). A. Overall cohort, ACE D allele associated with poorer event free survival,
n=479, p=0.026 B: Subset with no beta blocker therapy, n=277, p=0.004 C. Subset treated
with beta blocker therapy, n=202, p=0.97
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Figure 3.
Relative Risk of event (death or transplantation) by beta blocker use, GRACE study: Overall
cohort and by ACE D/I genotype, DD,DI and II (adapted from table 4, reference 11)
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Figure 4.
Transplant-free survival By ACE D/I genotype, GRACE study, University of Pittsburgh
(reference 14). A. Event-free survival by ACE genotype, β1-selective beta blocker only
(n=85), p=0.51. B. Event-free survival by ACE genotype, β1,2- non-selective beta blocker
(n=117), p=0.80
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Figure 5.
Transplant-free survival By ACE D/I genotype, GRACE study, University of Pittsburgh
(reference 11). A. Subset on low dose ACE inhibitors and no beta-blockers, ACE D allele
associated with poorer event free survival, n=130, p=0.005 B. Subset with high dose ACE
inhibitor therapy and no beta blockers, n=117, p=0.47
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Figure 6.
Relative Risk of event (death or transplantation) by ACE inhibitor dose use, GRACE study:
Overall cohort and by ACE D/I genotype, DD,DI and II (adapted from table 4, reference 11)
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Figure 7.
LVEF at 6 months in AHeFT: Comparison by treatment group, placebo or ISDN-HYD
(fixed combination of isosorbide dinitrate and hydralazine) of the impact of Aldosterone
promoter genotype. The -344C allele associated with lower LVEF at six months for subjects
on placebo (p=0.05) but not on ISDN-HYD (p=0.79) (reference 26)

McNamara Page 14

Heart Fail Clin. Author manuscript; available in PMC 2012 August 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
AHeFT: Impact of Aldosterone promoter genotype on LVEF at 6 months Overall and in
subjects treated with aldosterone receptor antagonist (sprironolactone) The -344C allele
associated with a trend toward lower LVEF at six months overall (p=0.098) which was more
pronounced for subjects on spironolactone (p=0.03). (reference 26)
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Figure 9.
Transplant-free survival by endothelial nitric oxide synthase (NOS3) codon 298
polymorphism, GRACE study, University of Pittsburgh: Overall cohort (n=469): Asp298

variant (solid line, n=266), Glu298 homozygotes (dashed line, n=203). Event-free survival
significantly poorer in subjects with the Asp298 variant, p=0.03 (reference 33)
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