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Abstract

Background—~Renin angiotensin system (RAS) inhibition via ACE inhibitors (ACEi) and
angiotensin 11 receptor blockers (ARBs) may reduce the risk of developing atrial fibrillation (AF)
in certain populations, but the evidence is conflicting. Recent genome wide association studies
have identified several single nucleotide polymorphisms (SNPs) associated with AF, potentially
identifying clinically relevant subtypes of the disease. We sought to investigate the impact of
carrier status of 9 AF-associated SNPs on the efficacy of RAS inhibition for the primary
prevention of AF.

Methods—We performed SNP-RAS inhibitor interaction testing with unadjusted and adjusted
Cox proportional hazards models using a discovery (Cardiovascular Health Study [CHS]) and a
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replication (Atherosclerosis Risk in Communities [ARIC]) cohort. Additive genetic models were
employed for the SNP analyses and two-tailed p-values < 0.05 were considered statistically
significant

Results—Among 2796 CHS participants. none of the 9 a prioriidentified candidate SNPs
exhibited a significant SNP-drug interaction. Two of the 9 SNPs, rs2106261 (16922) and
rs6666258 (1g21), revealed interaction relationships that neared statistical significance (with point
estimates in the same direction for ACEi only and ARB only analyses), but neither association
could be replicated among 8604 participants in ARIC.

Conclusions—Our study failed to identify AF-associated SNP genetic sub-types of AF that
derive increased benefit from upstream RAS inhibition for AF prevention. Future studies should
continue to investigate the impact of genotype on the response to AF treatment strategies in an
effort to develop personalized approaches to therapy and prevention.

Introduction

Atrial fibrillation (AF), the most common sustained cardiac arrhythmia, is a growing health
epidemic associated with substantial clinical and economic burdens.1=3 Previously shown to
be an independent risk factor for death, patients with AF also suffer from a higher incidence
of heart failure and a nearly 5-fold increased risk of stroke.#~8 The devastating clinical and
economic impacts of AF are further exacerbated by a lack of highly effective treatment
strategies. Anti-arrhythmic drugs have failed to show clinical benefit relative to rate control
strategies, while the long term efficacy of catheter ablation is modest.”10 The development
of more efficacious treatment strategies will likely require improved insight into the
pathophysiology underlying the arrhythmia.1

Population-based studies have revealed that a positive family history of AF is associated
with an increased risk of developing the arrhythmia, particularly among individuals with no
overt cardiovascular disease.12-1° These findings provided rationale for large scale genome
wide association studies (GWAS), which subsequently identified nine common single
nucleotide polymorphisms (SNPs) that impart a heightened risk of arrhythmia
development.16-20 While these AF associated SNPs are non-coding and their precise
function remains unknown, they have been hypothesized to influence the expression of
nearby genes within the same genetic locus. The genes located within these 9 different loci
are likely to participate in different biological pathways, which may result in each SNP
predisposing to a different pathophysiologic sub-phenotype of AF. The notion of different
pathophysiologic sub-phenotypes of AF is supported by its clinical heterogeneity, and if
confirmed, highlights a potential role for a personalized approach to its management.21-24

Angiotensin-converting enzyme inhibitors (ACEi) and angiotensin-11 receptor blockers
(ARBSs) have been suggested to reduce the risk of developing AF based on retrospective
findings from large randomized controlled trials, however two large randomized controlled
trials among AF patients showed no benefit with respect to arrhythmia recurrence and major
adverse cardiovascular outcomes.2>-22 The importance of the renin-angiotensin system
(RAS) in AF pathogenesis has been supported by previous work in cell and animal
models.30:31 Among the 9 genetic loci implicated in AF, 2 contain genes involved in the
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RAS. It is conceivable that upstream prevention of AF by ACEi and ARBs may be more
effective among select sub-phenotypes of AF whose pathophysiology is driven by
abnormalities in the RAS. To investigate this possibility, we examined the impact of these 9
AF-associated SNPs on the efficacy of ACEi and ARBs for AF primary prevention in two
large population-based cohorts.

As a genetic association study, our investigation was conducted and reported in a manner
consistent with STREGA guidelines.32 The Cardiovascular Health Study (CHS) was used as
a discovery cohort to determine the impact of genotype on the efficacy of RAS inhibitors
(ACEi and ARBs) for the primary prevention of AF. Given predominately negative results in
the primary analysis and in order to exclude a type Il error, replication of two promising
associations were investigated in the Atherosclerosis Risk in Communities (ARIC) study.

Cardiovascular Health Study (CHS)

CHS is a population-based cohort study designed to investigate risk factors for
cardiovascular disease in the elderly. The design, recruitment, baseline characterization, and
outcome ascertainment procedures for CHS have been previously described in detail.33:34
Briefly, a total of 5,201 participants aged 65 years and older were recruited in 1989-1990
from Medicare eligibility lists in four US communities: Forsyth County, North Carolina;
Washington County, Maryland; Sacramento County, California; and Pittsburgh,
Pennsylvania. Written informed consent was obtained and all procedures were conducted
under institutionally approved protocols for study of human participants.

Examinations in CHS

Participants underwent comprehensive examinations at study entry to document baseline
demographics and prevalent medical co-morbidities.33 Self-identified race was reported and
dichotomized as white and non-white for analysis. Hypertension was defined as a reported
history of physician-diagnosed hypertension and use of antihypertensive medications, a
systolic blood pressure greater than or equal to 140 mm Hg, or a diastolic blood pressure
greater than or equal to 90 mm Hg. Participants were classified as diabetic if they used an
anti-hyperglycemic medication or had a fasting glucose concentration greater than or equal
to 126 mg/dL. Prevalent heart failure was diagnosed by participant self-report and confirmed
by medical record verification, while prevalent coronary artery disease was defined as
angina, previous myocardial infarction, previous coronary artery bypass grafting, or previous
angioplasty, all by participant self-report and confirmed by medical record verification.

Event Ascertainment in CHS

Follow-up was performed with alternating clinic visits and phone calls every six months
until 1999 and semi-annual phone calls thereafter. Resting 12-lead ECGs were performed at
each clinic visit through 1999. Prevalent AF at baseline was defined as a prior self-report of
a physician diagnosis of the arrhythmia or its documentation on baseline ECG or Holter
monitoring, while incident AF was ascertained on the basis of clinic visit ECGs and hospital
discharge diagnosis codes that were supplemented with Medicare inpatient and outpatient
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claims data.3%36 Previous work on selected subgroups of CHS participants demonstrated
that a similar approach to incident AF ascertainment using inpatient hospitalization codes
had positive and negative predictive values of 98.6% and 99.9%, respectively.37:38

Medication Ascertainment in CHS

Medication use was assessed annually at clinic visits for the first 10 years and was
documented during annual telephone interviews.3° For clinic visits, study participants were
instructed to bring all medications used within the prior two weeks. The name of each
medication was recorded from the pill bottle and current usage was confirmed with the
participant. During annual telephone interviews, participants were asked to read the names
of the medications they had been taking for the prior two weeks from the pill bottles.
Individual medications were coded as different classes of medications, including ACEi and
ARBs.

Atherosclerosis Risk in Communities (ARIC)

ARIC is a population-based cohort study that enrolled 15,972 adults aged 45-64 years
between 1987 and 1989 from 4 US communities: the northwest suburbs of Minneapolis,
MN; Washington County, MD; Jackson, MS; and Forsyth County, NC. Participants
underwent a comprehensive baseline assessment followed by annual phone interviews and 3
repeat examinations spaced approximately 3 years apart. Methods for ascertaining baseline
hypertension, diabetes, heart failure, and coronary artery disease have been previously
described.40 Standard resting 12-lead ECGs were performed at each visit. Prevalent AF was
identified from the baseline ECG, and incident AF was identified from study visit ECGs,
hospital discharge diagnoses, and death certificates.*! Medication ascertainment was only
performed at the 4 clinical visits in a manner consistent with the protocol described for the
CHS clinical visits.

Genotyping and Imputation

The genotyping and imputation methodology within CHS and ARIC have been previously
described.20 SNP genotyping in the original cohort of CHS (enrolled 1989-1990) was
performed using the Illumina 370 CNV DNA microarray and analyzed using the BeadStudio
variant calling algorithm (lllumina, San Diego, CA). All SNPs that were directly genotyped
passed quality control filtering including a Hardy-Weinberg Equilibrium threshold of < 107>
and a SNP call rate of > 97%. The remaining SNPs were imputed using BIMBAM v0.99
with reference to HapMap CEU using release 22, build 36. Within the ARIC cohort,
participants were genotyped using the Affymetrix 6.0 DNA microarray and results were
analyzed using the Birdseed calling algorithm (Affymetrix, Santa Clara, CA). The two SNPs
subjected to a replication analysis within ARIC (rs2106261 [16q22] and rs13376333 [1q21]
[a surrogate for rs6666258; r2 = 1]) were directly genotyped on the microarray and both met
the aforementioned quality control criteria.

Statistical Analysis

Normally distributed continuous variables are presented as means + standard deviation and
were compared using the Student’s t-test. Comparison of categorical values was performed
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using the Chi-squared test. Time-to-event analyses using Cox proportional hazards models
were employed to evaluate for associations between SNPs, medication use, and incident AF.
Analyses were restricted to individuals of European ancestry without prevalent AF with
documented ACEi or ARB status. An additive genetic model was employed for the SNP
analyses. ACEi and ARB medication usage were each treated as time dependent covariates
as the majority of study participants were initiated on these medications after their initial
enrollment into the study. Individuals in CHS reported to have been treated with an ACEi or
ARB in a given year were assumed to have received the medication for the entire year from
the date of the visit and were assumed to have remained on the medication for the remainder
of the study. In ARIC, a similar approach was utilized, however medication ascertainment
was only performed at clinic visits that occurred approximately every 3 years.

Multivariable Cox proportional hazards models were performed to adjust for potential
confounding. Covariates added to these models included baseline age, sex, hypertension,
diabetes, and body mass index. The proportional hazards assumption was tested and
observed to be satisfied for both genetic carrier status and the ACEi and ARB time-
dependent covariates using log-minus-log plots and the Schoenfeld test. Study participants
with prevalent coronary artery disease and congestive heart failure did not undergo GWAS
analysis in CHS and therefore these participants were excluded from the analysis. Prevalent
coronary artery disease and congestive heart failure were included as covariates in the
models for the replication portion of the study using the ARIC cohort. Effect modification of
the association between incident AF and ACEi and/or ARB use by genotype was evaluated
through use of an interaction term in the Cox models. The SNP-drug interaction analyses
were performed using both dominant and additive genetic models. An additive genetic
model categorizes individuals as homozygous for the major allele, heterozygous, and
homozygous for the minor allele, while a dominant genetic model classifies individuals as
carriers and non-carriers of the minor allele. The reported p-values for interaction were
determined from the additive genetic models.

Two-tailed p-values < 0.05 were considered statistically significant. SNP-drug interaction
analyses were not adjusted for multiple hypothesis testing in an effort to minimize the
possibility of a Type Il error, coupled with each SNP having been identified a priori for this
analysis based on strong evidence for their involvement in AF pathogenesis.20 After
completing the CHS analysis and encountering no clear statistically significant results,
replication of 2 SNPs with nearly significant interaction results was performed in ARIC to
exclude a type Il error as an explanation for the negative results. Statistical analyses were
performed using Stata version 12 (College Station, Tx, USA).

The authors are solely responsible for the design and conduct of this study, all study
analyses and drafting and editing of the paper. This work was made possible by an American
Heart Association National Innovative Research Grant (G.M.M) and the Joseph Drown
Foundation (G.M.M.).
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CHS Participant Characteristics

Association

Association

A total of 2796 individuals of European ancestry from the CHS cohort underwent
genotyping, had serial documentation of ACEi and/or ARB medication usage, and had no
prevalent AF. The mean age of the cohort was 72.3 (£5.2) years and 41.0% of participants
were male. The remaining baseline clinical characteristics of the cohort are summarized in
Table 1. During a median follow-up period of 10.5 years, a total of 518 and 136 study
participants were initiated on an ACEi and an ARB, respectively. Of these, 9 were treated
with both an ACEi and ARB during the study. Participants treated with RAS inhibition were
more likely to be younger, female, hypertensive, and diabetic (Table 1). A total of 952 of the
2796 individuals were diagnosed with incident AF during the study period.

of SNPs with AF in CHS

The minor allele frequencies (MAFs) of the AF associated SNPs examined in CHS are
reported in Table 2. Three of the AF-associated SNPs (rs2200733 [4q25], rs10824026
[10g22], and rs3807989 [7g31]) were directly genotyped, while the remaining SNPs were
imputed. Among the 9 SNPs evaluated, the rs2200733 [4925] genetic variant from the 4925
locus had the strongest association with AF in unadjusted and adjusted analyses (Table 2).
Two additional SNPs (rs6666258 [1g21] and rs10824026 [10g22]) were significantly
associated with AF in unadjusted analyses. Following adjustment for the pre-specified
covariates, the rs6666258 [1g21] association was no longer significant (p=0.063) whereas
the association with rs10824026 [10g22] persisted (p=0.010). The association of a fourth
SNP, rs3807989 [7g31], became significant on adjusted analysis (unadjusted p-value: 0.088,
adjusted p-value: 0.032).

of ACEi and ARBs with AF in CHS

In analyses examining ACEi use alone, ARB use alone, or any RAS inhibition,
pharmacologic treatment was associated with a reduced hazard of incident AF in both
unadjusted and adjusted analyses (Figure 1). Among those prescribed an ACEi or ARB that
developed incident AF, AF was observed a median 3.5 (interquartile range (IQR) 2.4 — 4.7)
years after prescription.

Impact of Genotype on Efficacy of ACEi and ARBs for AF Prevention in CHS

Analysis for evidence of an impact of SNP genotype on the efficacy of medical therapy with
ACE:I for the prevention of incident AF revealed no significant interactions (p<0.05) on
unadjusted and adjusted analyses in both the additive and dominant genetic models (Figure
2). Examination for an interaction between ARBs and the AF associated SNPs revealed a
single significant SNP-drug interaction involving the rs10821415 SNP in unadjusted (p
value for interaction = 0.020) and adjusted (p value for interaction = 0.037) analyses. The
interaction between this SNP and ACEi was in the opposite direction and a non-significant p
value for interaction (0.865) was observed in the combined ACEi/ARB-SNP interaction
analysis (Figure 2).
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Two SNPs, rs2106261 [16922] and rs6666258 [1g21], exhibited SNP-drug interactions that
were in consistent directions in both the ACEi and ARB analyses. Carriers of the rs2106261
[16g22] SNP, intronic in the ZFHX3 gene, experienced a trend towards improved protection
against incident AF with both ACEi (p value for interaction = 0.190) and ARBs (p value for
interaction = 0.244) relative to non-carriers. Combined analysis examining for an interaction
between the SNP and treatment with either an ACEi and/or an ARB did not reach statistical
significance (p value for interaction = 0.101) (Figure 2). In contrast, genetic carriers of the
disease-associated allele at rs6666258 [1g21], a SNP that is intronic in the KCNN3,
appeared to derive less benefit from upstream RAS inhibition for AF prevention relative to
non-carriers. This relatively reduced efficacy of RAS inhibition among rs6666258 [1g21]
carriers was observed in both the ACEi and ARB analyses (Figure 2). In the combined
ACEI/ARB analysis, the adjusted p value for interaction was 0.077. Because both of these
SNPs exhibited similar point estimates for the ACEi-only and ARB-only analyses with
relatively low p values, the interactions were tested in the ARIC cohort.

ARIC Participant Characteristics

Within the ARIC cohort, 8604 individuals of European ancestry underwent genotyping, had
serial documentation of ACEi and/or ARB medication usage, and had no prevalent AF. The
mean age among participants was 54.1 (£5.6) years and 46.3% were male. The remaining
baseline clinical characteristics of the cohort are summarized in Supplemental Table 1.
During a median follow-up period of 20.0 years, a total of 787 and 67 study participants
were initiated on an ACEi and an ARB, respectively. Of these, 3 were treated with both an
ACEi and ARB during the study. A total of 466 of the 8604 individuals were diagnosed with
incident AF during the study period.

Association of ACEi and ARBs with AF in ARIC

In contrast to the results observed in CHS, ACEi use alone, ARB use alone, and any RAS
inhibition each exhibited either no significant association or an /increased hazard of incident
AF in both unadjusted and adjusted analyses (Figure 1). Among those prescribed an ACEi or
ARB that developed incident AF, AF was observed a median 9.9 (IQR 6.8 — 12.4) years after
prescription.

Impact of Genotype on Efficacy of ACEi and ARBs for AF Prevention in ARIC

The observed impact of each of the two promising SNPs on RAS efficacy within CHS was
not replicated within the ARIC cohort. In relation to their impact on incident AF risk,
additive genetic analysis of rs1337633 [1g21] was associated with a statistically significant
1.23-fold increased hazard of incident AF (HR: 1.23, 95% CI: 1.08-1.41, p=0.003), whereas
the association for rs2106261 [16¢22] was not statistically significant (HR: 1.12, 95% CI:
0.94-1.32, p=0.204). On SNP-drug interaction analysis, genetic carrier status of the
rs2106261 [16¢22] SNP trended in the opposite direction (compared to observations in
CHS) towards reduced efficacy of RAS inhibition among carriers of the minor allele for
upstream prevention of AF (p value for interaction = 0.529). Similarly discordant findings
were also observed for rs13376333 [1g21]. Carriers of rs1337633 [1g21] exhibited a non-
significant reduced risk of AF in association with ACEi and/or ARB therapy relative to non-
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carriers (p value for interaction = 0.768). In addition to being non-significant, the direction
of association was also opposite that observed within CHS.

Discussion

Our investigation, which utilized two large, well-characterized prospective cardiovascular
cohorts, found no evidence to support an interaction between AF risk SNPs and the efficacy
of ACEi and/or ARBs for the primary prevention of incident AF. Within the CHS cohort,
there were two SNPs that appeared to potentially modify the efficacy of RAS inhibition for
the prevention of AF, however this finding was not replicated in the ARIC cohort and the
initially promising findings were likely secondary to chance. The efficacy of RAS inhibition
as upstream therapy for the prevention of AF does not appear to be modified by the current
list of common genetic variants associated with the arrhythmia.

Insight into the genetics underlying AF risk among families with Mendelian inheritance
patterns of the arrhythmia have increasingly highlighted that the pathophysiology of the
arrhythmia is heterogeneous.*2 The arrhythmia has been associated with both gain- and loss-
of-function mutations in a wide array of ion channels, among other genetic culprits, alluding
to the presence of multiple sub-phenotypes of AF.22 This notion is supported clinically by
the variable response among AF patients with similar clinical profiles to both anti-
arrhythmic drugs and catheter ablation.2343 Genetic characterization of the arrhythmia
opens the possibility of delivering personalized forms of therapy that directly target the
specific pathophysiology underlying the arrhythmia in a given individual. This gene-guided
strategy may improve treatment efficacy while simultaneously reducing adverse events.

Among the 9 SNPs associated with AF from GWAS, two may potentially involve genes
associated with RAS, namely rs2200733 [4q25] (residing in the vicinity of ENPEP, which
encodes aminopeptidase A, an enzyme responsible for degrading angiotensin 1 to
angiotensin 1) and rs10821415 [9922] (intronic within C90rf3, which encodes
aminopeptidase O, an enzyme responsible for degrading angiotensin I1l to angiotensin V).
Despite the potential presence of sub-phenotypes of AF driven by altered RAS activity, we
found no evidence to support a differential treatment effect of RAS inhibition for upstream
AF prevention based on genetic carrier status of the 9 AF risk SNPs.

The results of our study do not support a current role for a pharmacogenomic approach to
RAS inhibition among patients at risk of AF and provide conflicting results with respect to
the efficacy of RAS inhibitors as upstream therapy for the prevention of incident AF. While
CHS suggested that RAS inhibition was associated with a protective effective, either a lack
of effect or an increased rate of incident AF was observed among participants treated with
RAS inhibitors in ARIC. The explanation for this discrepancy is not immediately clear,
however was not critical to our primary analysis, which focused on attempting to identify
heterogeneity in the treatment effect of RAS inhibitors on the likelihood of developing
incident AF within pre-specified genetic subgroups.

Confounding by indication is frequently an issue when examining the impact of medical
therapy in an observational cohort. Indications for initiation of RAS inhibitors include
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hypertension, ischemic heart disease, and congestive heart failure, which are also potent risk
factors for AF.3744 As a result, study participants prescribed RAS inhibitors also
presumably have an increased risk of developing AF relative to individuals not receiving
these mediations. This phenomenon may account for the apparent increased risk of AF in
association with RAS inhibitor use in ARIC, rather than a true causal effect. While we
cannot exclude the possibility that confounding by indication influenced our results (ie, that
particular types of patients were prescribed a drug based on characteristics relevant to our
outcomes), we believe this is unlikely to be operative here as we are testing the effects of the
SNPs on the outcomes within groups that were prescribed versus not prescribed a particular
drug. Although randomized controlled trials evaluating the efficacy of RAS inhibition would
perhaps be more ideal for this type of analysis owing to their ability to eliminate
confounding, the longer follow-up of prospective cohorts such as CHS and ARIC is ideal
given that the development of AF secondary to RAS likely occur over years and potentially
decades. Notably, the median time between initiation of an ACEiI/ARB and development of
incident AF in CHS and ARIC was 3.5 and 9.9 years, respectively.

Our investigation has several limitations. Although our study involves a large number of
participants, it is possible that our inability to detect an interaction between RAS inhibition
and genetic carrier status may be secondary to inadequate power. While this is possible, the
goal of this research was to identify clinically relevant predictors to guide selection of
optimal candidates for RAS inhibition and, with these thousands of participants, we are
confident that we have excluded an effect that might be worthy of translation into clinical
practice. Another potential limitation of our study is that our results may not be
generalizable to younger populations. As shown in Table 2, the impact of SNPs on the risk
of incident AF within the CHS cohort was relatively small. These findings are likely
secondary to a more modest role of genetics in the development of AF among the elderly
relative to younger individuals who are more likely to develop the arrhythmia in the absence
of conventional clinical risk factors. It is conceivable that the more modest role of genetics
on the risk of AF in this population may have masked potential SNP-drug interactions.
Although standardized and validated methods were utilized to ascertain AF, given that the
arrhythmia may be asymptomatic, it is possible that incident AF cases may have been
missed. Under ascertainment would presumably have been similar among the different
analyzed subgroups, and it is possible that non-differential misclassification of the outcome
may have contributed to our inability to identify a positive association owing to bias towards
the null.

Conclusions

Our study failed to identify genetic sub-types of AF that preferentially benefit from RAS
inhibition for primary prevention of the arrhythmia. Future studies should continue to
investigate the impact of genotype on the response to AF treatment strategies in an effort to
develop personalized approaches to therapy that improve care of both susceptible individuals
and affected patients.
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CHS

Figure 1.
Association of Treatment with an ACEi and/or ARB with the Risk of Incident Atrial

Fibrillation in the CHS and ARIC cohorts

*Adjusted for baseline age, gender, body mass index, diabetes, and hypertension. CHS =
Cardiovascular Health Study, ARIC = Atherosclerosis Risk in Communities, ACEi =
angiotensin converting enzyme inhibitor, ARB = angiotensin Il receptor blocker, AnyRASI
= any renin-angiotensin system inhibitor (ACEi and/or ARB), AF = atrial fibrillation, HR =
hazard ratio, Cl = confidence intervals
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Figure 2.
Association of ACEi and ARBs with the Risk of Incident Atrial Fibrillation by Genetic

Carrier Status in CHS.

*Adjusted for baseline age, gender, body mass index, diabetes, and hypertension. Point-
estimates and p-values for interaction are provided from the dominant and additive genetic
models, respectively.
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ACEi = Angiotensin converting enzyme inhibitor, ARB = Angiotensin Il receptor blocker,
AnyRASI = Any renin-angiotensin system inhibitor (ACEi and/or ARB), AF = atrial
fibrillation, C = carrier of minor genetic allele, NC = non-carrier of minor genetic allele
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Table 1

Baseline Characteristics of CHS Study Participants

RASI®  NoRAsif pvalue

n =645 n=2151
Age (years) 71.0+45 727+56 <0.001
Male (%) 231(35.8) 915(425)  0.002
Hypertension (%) 298 (46.2) 575(26.7) <0.001
Diabetes Mellitus (%) 59 (9.2) 94 (4.4) <0.001
Body Mass Index (kg/m?) 26.9+45 261+44 <0.001
Coronary Artery Disease (%) 0(0) 0(0) 1.0
Congestive Heart Failure (%) 0(0) 0(0) 1.0

*
Treatment

Page 17

fNo Treatment with RASI at baseline or during follow-up, CHS = Cardiovascular Healthy Study, RAS = renin-angiotensin system inhibitor (ACEi

or ARB), ACEi = ACE inhibitor, ARB = Angiotensin Il receptor blocker
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