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Abstract

Background: The angiotensin-converting enzyme (ACE) gene contains a common polymorphism
based on the insertion (1) or deletion (D) of a 287-bp intronic DNA fragment. The D allele is
associated with higher ACE activity, and thus higher angiotensin Il levels. Angiotensin Il stimulates
cardiac fibrosis and conduction heterogeneity.

Objective: The purpose of this study was to determine whether the ACE 1/D polymorphism
modulates cardiac electrophysiology.

Methods: We studied three different cohorts of patients: 69 patients with paroxysmal lone AF, 151
patients with structural heart disease and no history of AF, and 161 healthy subjects without

cardiovascular disease or AF. Patients receiving drugs affecting cardiac conduction were excluded.
Electrocardiographic parameters during sinus rhythm were compared among the ACE 1/D genotypes.

Results: The ACE I/D polymorphism was associated with the PR interval and heart block in the
lone AF cohort. In multivariable linear regression models, the D allele was associated with longer
PR interval in the lone AF and heart disease cohorts (12.0 ms and 7.1 ms increase per D allele,
respectively). The P-wave duration showed a similar trend with increase in the PR interval across
the ACE 1/D genotypes in the lone AF and heart disease cohorts.

Conclusion: The ACE D allele is associated with electrical remodeling in patients with lone AF
and those with heart disease, but not in control subjects. ACE activity may play a role in cardiac
remodeling after the development of AF and heart disease.
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Introduction

Methods

The renin-angiotensin-aldosterone system (RAAS) plays an important role in regulation of
normal cardiovascular function and disorder of the system is associated with cardiovascular
diseases.1"8 Genetic variants in angiotensin-converting enzyme (ACE) have been associated
with cardiovascular disease including hypertension, myocardial infarction, dilated
cardiomyopathy, and left ventricular hypertrophy.1=3: 7 Recent evidence suggests that the
ACE gene may also play an important role in the pathogenesis of arrhythmias.46

The ACE gene contains a polymorphism based on the presence, insertion (1) or absence,
deletion (D) of a 287-bp intronic DNA segment, resulting in three genotypes (DD and 11
homozygotes, and 1D heterozygotes).® The ACE D allele is associated with higher plasma and
cardiac ACE activity resulting in higher angiotensin Il levels, and has been reported to increase
the risk of arrhythmias including sudden death and atrial fibrillation (AF).4-6: 8 9 RAAS
activation plays an important role in structural and electrophysiological remodeling that is
associated with the development of AF.10 It has been recently reported that angiotensin 11 also
provides an electrophysiologic substrate for arrhythmias by modulation of ion channels and
gap junctions.11-14 Moreover, we have recently reported that antiarrhythmic drugs are less
effective for AF in subjects carrying the D allele, suggesting the hypothesis that the ACE 1/D
polymorphism modulates cardiac electrophysiology.1® Here, we tested this hypothesis by
studying the association of the ACE I/D polymorphism with electrocardiographic parameters
in subjects with AF and in those with heart disease.

Study Population

The study protocol was approved by the Institutional Review Board of Vanderbilt University
and Massachusetts General Hospital. All subjects gave written informed consent. This study
included three cohorts; 1) patients with lone AF enrolled in the Vanderbilt or Massachusetts
AF Registry, which is made up of a clinical and genetic registries;16: 17 2) patients with
structural heart disease but no personal or family history of AF;18 and 3) 161 healthy volunteers
with no significant medical history, normal physical examinations, and no personal or family
history of AF.12 At enrollment into the AF Registries, all subjects complete a symptom
questionnaire. This is done to assess symptomatic AF burden, which is measured by using an
algorithm for scoring the frequency, duration, and severity of symptoms.1> Although AF
symptoms are important when evaluating response to drug therapies, for the purposes of this
study, we limited the AF burden score to the frequency and duration of AF.

Lone AF was defined as AF occurring in patients <65 years of age without hypertension or
overt structural heart disease by clinical examination, electrocardiogram, and
echocardiography. Patients with lone AF who had 12-lead electrocardiograms (ECGs) showing
sinus rhythmwere included in the lone AF cohort. Patients who received drugs affecting cardiac
conduction including antiarrhythmic drugs, B-blockers, calcium channel blockers, and digoxin
were excluded from this study.
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ECG measurements

All 12 lead ECGs were recorded with the patient resting supine, using an analogue system at
25 mm/second paper speed, 10 mm/mV gain, and 40 Hz low pass filter setting. The P-wave
duration and PR intervals were measured on all possible leads by an experienced observer
blinded to all clinical details using a semi-automated digitizing program with electronic
calipers.20

To determine interobserver variability, a second observer made independent blinded P-wave
duration determinations of 20 randomly selected ECGs. Intraobserver variability was evaluated
by P-wave duration analysis of 30 randomly assigned ECGs, again in a blinded fashion by a
single observer. Interobserver measurement error was avoided by using the measurements of
the same experienced observer for statistical comparisons.

Determination of ACE genotype

ACE I/D genotypes were determined by PCR as described previously.1° Briefly, aset of primers
was designed to encompass the polymorphic region in intron 16 of the ACE gene (sense primer
5 CTGGAGACCACTCCCATCCTTTCT 3, antisense primer 5’
GATGTGGCCATCACATTCGTCAGAT 3'). The products were separated by electrophoresis
on 2% agarose gel and identified by ethidium bromide staining. Each sample found to be DD
was verified using insertion specific primers (sense primer 5’
TGGGACCACAGCGCCCGCCACTACS, antisense primer 5’
TCGCCAGCCCTCCCATGCCCATAA 3").

Statistical Analysis

Results

Statistical analysis was performed using the SPSS statistical package, release 16.0.1 (SPSS
Inc, Chicago, IL). All values are expressed as mean + SD for continuous variables and
proportions for categorical variables. Hardy-Weinberg equilibriums were performed using a
chi-square test. Statistical tests of parameters by genotypes were analyzed using a Fisher's exact
test for categorical variables and ANOVA for continuous variables.

Associations of ECG measurements with ACE genotypes were adjusted for variables affecting
cardiac conduction using a linear regression model. All factors adjusted for were determined
apriori. Modulating factors for the lone AF cohort included age, length of time with paroxysmal
AF (AF burden), heart rate, and left atrial size. For healthy controls, factors consisted of age
and heart rate. For patients with cardiovascular disease, factors adjusted for included age, heart
rate, a history of hypertension, and congestive heart failure. The PR interval and P-wave
durations were checked for normal Gaussian distributions; no transformations were required.
A two-sided significance of 0.05 was used for all analyses.

Clinical Characteristics

Among 399 patients with lone AF and 385 heart disease patients without AF in the original
cohorts, 69 patients with lone AF and 151 heart disease patients were eligible for this study.
The reasons for exclusion from this analysis included concomitant medications that modulate
cardiac conduction, and failure to record an ECG during sinus rhythm. Table 1 shows the
clinical characteristics of the study subjects. The mean symptomatic AF burden score in the
lone AF cohort at enrollment was high, but more importantly, it was similar across the three
ACE 1/D genotypes.
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ACE I/D Genotype and ECG parameters

The frequencies of the 11, ID and DD genotypes for the lone AF cohort (22%, 53%, and 25%,
respectively), the heart disease cohort (16%, 49%, and 35%, respectively), or the control cohort
(18%, 48%, and 34%, respectively) did not deviate significantly from those predicted by Hardy-
Weinberg criteria (27%, 50%, and 23% respectively; P = NS for each). The intra-class
correlation coefficient for the ECG measurement between the two observers was 0.98,
indicating excellent agreement and reproducibility of data.

In the lone AF cohort, patients with the DD genotype had longer PR intervals and a higher
incidence of heart block (bundle branch block or prolonged PR interval >200 ms) (Table 2).
To determine whether conduction in the atria is modulated by the ACE I/D polymorphism, P-
wave duration was compared among the genotypes. The P-wave duration was not different
among the ACE 1I/D genotypes. The ACE I/D genotypes were not associated with heart rate,
QRS interval, QRS axis, or QT interval in any of the cohorts.

In multivariable linear regression models, the ACE I/D polymorphism was associated with the
PR interval in the lone AF and heart disease cohorts (Figure 1). With each D allele, the PR
interval prolonged by an average of 12.0 msand 7.1 ms in the lone AF and heart disease cohorts,
respectively. The ACE I/D polymorphism was not significantly related to PR interval in the
healthy cohort. The P-wave duration showed a similar trend with increase in the PR interval
across the ACE 1/D genotypes in the lone AF and heart disease cohorts (Figure 2). P-wave
duration was significantly longer in subjects with the D allele than those without the D allele
(DD/1D versus 1) in the lone AF cohort (P = 0.04), but not in the heart disease or healthy
control cohorts (P = NS for each). With each D allele, the P-wave duration prolonged by an
average of 4.6 ms and 2.1 ms in the lone AF and heart disease cohorts, respectively. The
ACE I/D polymorphism was not related to P-wave duration in the healthy cohort.

Discussion

Recent studies strongly support the concept that genetic variation may be important in the
pathogenesis of cardiac disorders including arrhythmias and the importance of genetic
medicine in clinical practice is increasingly being recognized.21-23 Mutations in genes
encoding cardiac ion channels and associated proteins have been identified in inherited
arrhythmia syndromes including AF.21: 22 |n population association studies, certain
polymorphisms (ion channels, ACE, B2 adrenergic receptors) have been associated with
increased risk of arrhythmias and sudden cardiac death.? 6: 21, 24 Fyrthermore, contribution
of genetic variants to electrocardiographic variation in general population has been also
reported; polymorphisms in the cardiac potassium channel (KCNH2) and nitric oxide synthase
1 adaptor protein (NOS1AP) genes have been associated with QT interval variation.2% 26 |n
some cases, the genetic variants are only unmasked when the ‘reserve’ is reduced e.g., exposure
to QT-prolonging drugs in patients with formes fruste forms of the congenital long-QT
syndrome.2” In this study, we show for the first time that the ACE 1/D polymorphism is
associated with atrial and atrioventricular conduction in patients with lone AF and those with
heart disease, but not in healthy subjects. Our findings suggest that the RAAS plays an
important role in electrical remodeling after development of AF and heart disease. The ACE
D allele is associated with higher plasma concentration of ACE,14 higher cardiac ACE
concentration,?! and increased renal ACE mRNA expression.22 Thus, subjects with the D allele
may be exposed to higher angiotensin 11 levels than those with the | allele. Myocardial fibrosis
is strongly correlated with RAAS activation, especially angiotensin Il and aldosterone, and
chronic exposure to high levels of circulating and/or tissue angiotensin may predispose to both
left ventricular hypertrophy and myocardial fibrosis.23
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AF is a highly heterogeneous disorder and there is increasing evidence that activation of the
RAAS plays a role in the pathophysiology of AF. The ACE 1/D polymorphism is associated
with serum and cardiac ACE activity, and subjects with the ID or DD genotypes have
approximately 25% and 50% higher ACE levels respectively than those with the 11 genotype.
8 1t has been reported that genetic variants in ACE are associated with increased AF
susceptibility,® 6 and in this study we found that the polymorphism was also associated with
cardiac conduction defects in patients with AF and those with heart disease. Our results are
consistent with prior studies, which demonstrated that increased expression of ACE in cardiac
tissues of genetically engineered mice results in the development of conduction abnormalities
and AF.28: 29 Activation of the RAAS initiates a cascade of processes resulting in hypertrophy,
fibroblast proliferation, accumulation of collagen, and apoptosis, all of which predispose to a
reduction in conduction velocity.30 Therefore, slow conduction associated with the D allele
may result from electrophysiologic remodeling due to higher ACE levels and increased
activation of the RAAS. Because blockade of the RAAS attenuates atrial fibrosis,31 ACE
inhibitors and angiotensin Il receptor blockers may also prevent or reduce conduction defects
in AF. Moreover, evidence that angiotensin I1 affects cardiac electrophysiology by modulation
of ion channels and by gap junction remodeling, which in turn impairs cell-to-cell impulse
conduction, further supports our findings.11-14

In this study, the ACE I/D polymorphism correlated with cardiac conduction in the atrium and
conduction system, but not in the ventricle. The density of angiotensin Il receptors is higher
in atrial than in ventricular tissue, suggesting that the atrium is more vulnerable to angiotensin
effects.32 An alternative explanation is that rapid electrical activity during AF leads to greater
electrical remodeling resulting in conduction defects in the atrium and conduction system than
in the ventricle as the ventricle is partially protected by atrioventricular block. The ACE I/D
polymorphism may have effects on cardiac electrophysiology in the absence of AF or heart
disease, but the effects may be subtle and thus it may be difficult to detect on the conventional
surface ECG. To address this issue, further studies using more advanced techniques such as
signal averaged ECG and intracardiac electrograms, which were not performed in this study,
may be important in a large number of subjects.

There are other factors that are important for electrical and structural remodeling. In this study,
normal volunteers without a history of AF or cardiac disease were younger than those with
lone AF or those with cardiac disease, and aging may also be associated with ACE I/D
polymorphism-mediated conduction slowing. However, in multivariate models adjusted for
age and other variables, the association remained significant. Although the ACE D allele has
been linked with hypertension,” we found that the ACE 1/D polymorphism was associated with
cardiac conduction in patients with lone AF who do not have a history of hypertension.
Although lone AF patients have no overt structural heart disease, studies have shown
subclinical atrial structural abnormalities in some patients. (REF Frustaci et al Circulation
1997;96:1180) Thereby, it is possible that the ACE D allele may merely augment structural
remodeling rather than enhance electrical remodeling. Atrial stretch may cause P-wave
prolongation and further increases local synthesis of angiotensin 11,33 but left atrial size was
similar among the ACE 1/D genotypes. Our study includes several limitations. We excluded
patients taking atrioventricular nodal-modifying drugs and so we could evaluate the exclusive
effects of ACE I/D polymorphism on cardiac electrophysiology. Although this could have
introduced a selection bias in the study cohorts, this was unlikely because the frequencies of
the ACE 1/D genotypes were unchanged after the exclusion compared to those in the original
populations. Furthermore, the study cohorts were in Hardy-Weinberg equilibrium providing
further evidence for the absence of this selection bias. While the DD genotype has been
associated with increased risk of AF in a prior study, the frequency of ACE I/D genotypes
was similar in AF patients and controls in our study similar to another study by Tsai et al.®
They also reported 2-way gene-gene interactions between ACE 1/D polymorphism and
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angiotensinogen gene haplotypes, that may explain this discrepancy.® Our study only included
patients with lone AF, and a further study will be required to evaluate if the ACE I/D
polymorphism also modulates electrocardiographic parameters in patients with AF associated
with cardiovascular disease.

Conclusion

Our data support the hypothesis that the ACE I/D polymorphism modulates cardiac
electrophysiology in patients with lone AF and in those with cardiac disease, consistent with
the known effect of the D allele on ACE activity. This study provides further evidence for the
role of activation of the RAAS in the pathophysiology of cardiac disorders. Therapies
modulating the RAAS may be useful to prevent development of conduction abnormalities in
patients with AF, in addition to prevention of AF and other cardiac diseases.34 35
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ACE 1/D genotype and PR interval in patients with lone AF (A) (P = 0.02), in patients with
heart disease and no history of AF (B) (P = 0.04), and in healthy subjects without AF or heart

disease (C) (P = 0.84).
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ACE I/D genotype

ACE I/D genotype and P-wave duration in patients with lone AF (A) (P = 0.18), in patients
with heart disease and no history of AF (B) (P =0.17), and in healthy subjects without AF or

heart disease (C) (P = 0.25).
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