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Abstract

Background—Oxidative stress plays an important role in the development of atrial fibrillation
(AF). Arginine derivatives including asymmetric dimethylarginine (ADMA\) are central to nitric
oxide metabolism and nitrosative stress. Whether blood concentrations of arginine derivatives are
related to incidence of AF is uncertain.
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Methods and Results—In 3310 individuals (mean age 58+10 years, 54% women) from the
community-based Framingham Study we prospectively examined the relations of circulating levels
of ADMA, L-arginine, symmetric dimethylarginine (SDMA), and the ratio of L-arginine/ADMA
to incidence of AF using proportional hazards regression models. Over a median follow-up time of
10 years 247 AF cases occurred.

Using age- and sex-adjusted regression models, ADMA was associated with a hazard ratio of 1.15
per one standard deviation increase in loge-biomarker concentration (95% confidence interval 1.02
to 1.29, P=0.02) for AF, which was no longer significant after further risk factor adjustment
(hazard ratio 1.09, 95% confidence interval 0.97 to 1.23, £=0.15). Neither L-arginine nor
symmetric dimethylarginine was related to new-onset AF. A clinical model comprising clinical
risk factors for AF (for age, sex, height, weight, systolic blood pressure, diastolic blood pressure,
current smoking, diabetes, hypertension treatment, myocardial infarction, and heart failure) (C-
statistic: 0.781; 95% confidence interval, 0.753 to 0.808) was not improved by the addition of
ADMA (0.782; 95% confidence interval, 0.755 to 0.809).

Conclusions—ADMA and related arginine derivatives were not associated with incident AF in
the community after accounting for other clinical risk factors and confounders. Its role in the
pathogenesis of AF needs further refinement.
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The increasing prevalence of atrial fibrillation (AF) in the general population has resulted in
substantial costs and public health impact.l‘3 The risk of developing AF is incompletely
understood;‘l‘6 however, AF has been associated with elevated measures of oxidative stress.”

Oxidative stress is involved at different stages of the pathogenesis of left atrial injury,
electrophysiological remodeling, and the development and perpetuation of AF Nitric
oxide (NO) is central to cardiovascular homeostasis and counteracts oxidative damage. Its
bioavailability relies on the efficient generation from its precursor L-arginine by NO
synthases. Asymmetric dimethylarginine (ADMA) is a product of irreversible
posttranslational protein modification. After complete proteolysis, free ADMA is a
competitive inhibitor of NO synthesis.11 ADMA'’s congener symmetric dimethylarginine
(SDMA) competes for cellular L-arginine uptake, fosters endothelial NO synthases
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uncoupling and increases superoxide anion production in response to vascular endothelial
growth factor.lz?13 ADMA has been associated with cardiovascular events in community-
based and clinical samples.lo?14 Furthermore, circulating levels of ADMA and L-arginine
have been related to atrial and ventricular structure and function, and increased ADMA
concentrations to heart failure. 16 Circulating concentrations of ADMA are increased in
experimental atrial tachyarrhythmias,17 severe postoperative arrhythmias18 and in AF.1%20

Despite limited electrophysiological evidence on the role of ADMA and arginine derivatives
in the pathophysiology of AF,17;21 we hypothesized that endogenous L-arginine and its
derivatives ADMA, SDMA, and L-arginine/ADMA ratio are related with long-term
incidence of AF in a community-based sample.

Materials and Methods

Study sample

The present investigation was performed in the Framingham Offspring cohort, which was
enrolled in the early 1970s with regular follow-up every four to eight years (N:5124).22
Participants (n=3532) who attended the sixth examination cycle (1995-1998) were eligible
for analysis. For the present study attendees were excluded based on missing ADMA or L-
arginine measurements (n=35), offsite visits (n=43), loss to follow-up (n=6), prevalent AF
(n=112), serum creatinine greater than 2 mg/dL (n=17), or missing clinical covariates (n=9).
Boston University Medical Center Institutional Review Board approved the study protocols
and participants provided informed consent. The authors had full access to the data and take
responsibility for its integrity. All authors have read and agreed to the manuscript as written.

Clinical evaluations

The Framingham Heart Study cardiovascular health assessments include cardiac risk factor
documentation during a physician-administered interview and physical examination. The
participants reported their smoking habits and medications. Systolic and diastolic blood
pressure measurements were obtained by a Heart Study physician. The average of two
measurements obtained on the seated participant was used for analysis. The definition of
diabetes mellitus comprised an elevated fasting blood glucose =126 mg/dL or the use of
diabetes medication. Heart failure and myocardial infarction were diagnosed by the endpoint
adjudication committee based on clinical and patient record data.23?24

Atrial fibrillation verification

On a routine base, the participants’ medical records were collected during follow-up.
Participants were systematically asked if a physician had diagnosed AF in the health history
update questionnaire. The final diagnosis of AF was considered present if documented by
atrial fibrillation or atrial flutter on ECG tracings and information from hospital or outpatient
records or Framingham Study clinic examinations. Incident AF cases were adjudicated by
two Framingham cardiologists.4 We used events collected until December 31, 2012.
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Biomarker determination

Fasting blood samples were obtained routinely, processed immediately and stored at -80°C.
Measurements of the plasma arginine derivatives ADMA, L-arginine, and SDMA was
performed using a validated liquid chromatography-tandem mass spectrometry (LC-
MS/MS) method with high quality and validity of biomarker determination as described
previously.25 C-reactive protein (high sensitivity CRP, Dade Behring assay) and B-type
natriuretic peptide (BNP, ShionoRIA, Shionogi Inc, Osaka, Japan) were measured by routine
methods as reported earlier.26 Mean inter-assay coefficients of variation were <5% for
arginine derivatives and a maximum of 12.2% for BNP. The validity of determination in
specimens stored for several years has been shown previously.14

Statistical Analyses

For analyses, arginine derivatives were natural logarithmically transformed and standardized
(mean of 0 and standard deviation of 1). Kaplan Meier survival curves were drawn for
arginine derivatives categorized into quartiles. In multivariable-adjusted proportional hazards
regression models ADMA, L-arginine, and SDMA were related to incident AF.27 The
proportional hazards assumption was confirmed using a Kolmogorov-type supremum test.28
The non-linear association of biomarkers with incident AF was assessed by including
restricted cubic splines of biomarker with 3 knots at 51, 50™, and 95™ percentiles into the
Cox regression model. The model was also adjusted on clinical covariates and other
biomarkers. SAS macro %RCT_Reg was used for fitting the model.2® Multivariable models
were adjusted for AF risk factors that have been reported consistently in association with
incident AF: 53031 age. sex, height, weight, systolic blood pressure, diastolic blood
pressure, current smoking, diabetes, hypertension treatment, myocardial infarction, and heart
failure. Since natriuretic peptides and CRP have consistently been related to AF, additional
models included BNP and CRP.32 Renal function is related to both arginine derivative
concentrations and incident AF. "33 Therefore, we estimated glomerular filtration rate using
the formula suggested by Chronic Kidney Disease Epidemiology Collaboration34 and
included it as a covariate and comparator besides clinical variables.

For biomarker selection we applied a stepwise procedure to select arginine derivatives
associated with AF using a conservative two-sided significance threshold of P<0.01 for entry
and retention in the model.35 We forced in age, sex, and clinical covariates. We present
regression coefficients per standard deviation (SD) increase in loge-transformed arginine
derivatives. Further, we assessed y2 values and C-statistics to describe discrimination of the
arginine derivatives separately in addition to the baseline model including the clinical
variables (age, sex, height, weight, systolic blood pressure, diastolic blood pressure, current
smoking, diabetes, hypertension treatment, myocardial infarction, and HF).36

We performed secondary analyses excluding individuals with diabetes because of previously
recognized associations of arginine derivatives and diabetes.14

Analyses were conducted using SAS version 9.3 (Cary, North Carolina, http://www.sas.com/
presscenter/guidelines.html). We assumed a two-sided ~P<0.05 as statistically significant.
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Participant Characteristics

The mean age of the total sample was 58+10 years, and 54% were women. Data on 3310
participants were available for analyses with a median follow-up time of 10 years, of whom
247 developed new-onset AF. Baseline characteristics by AF status are provided in Table 1,
characteristics by ADMA quartiles are shown in Supplementary Table 1. Individuals who
developed AF were older on average and more frequently men. The classical risk factor
burden was higher in participants with AF. Diabetes was observed in 20.6% in participants
with incident AF whereas in non-AF individuals only 8.5% had a diagnosis of diabetes.
Median (251/75% percentile) ADMA concentrations were 0.57 (0.48, 0.65) micromol/L in
individuals who developed AF and 0.53 (0.46, 0.61) micromol/L in participants without AF.

Arginine derivatives and AF incidence

Figure 1 shows unadjusted cumulative AF incidence curves for quartiles of arginine
derivative concentrations. Increasing ADMA and SDMA concentrations were related to
incident AF with highest risk in the upper quartile. Neither L-arginine nor L-arginine/
ADMA ratio showed a clear pattern of association with the outcome. The p values for non-
linear association on all biomarkers were not statistically significant, ranging from 0.17 to
0.82.

In age- and sex-adjusted Cox regression analyses loge-ADMA was related to new-onset AF
(hazard ratio per standard deviation (SD) increment, 1.15; 95% confidence interval, 1.02 to
1.29, P=0.02) (Table 2). After adjustment for other clinical variables, ADMA was not
significantly associated with AF (£=0.15). In multivariable stepwise regression analysis that
included arginine derivatives, BNP, CRP, and estimated glomerular filtration rate in parallel
with clinical risk factors, only BNP was associated with incident AF (hazard ratio per SD
increment in loge BNP after model selection, 1.22; 95% confidence interval, 1.14 to 1.29;
P<0.0001) (Table 3).
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ADMA, L-arginine, SDMA, or the ratio of L-arginine/ADMA did not significantly improve
the C statistic of the model comprising clinical variables (Supplementary Table 2). The
lowest y2 statistic was observed for the model containing ADMA, (32=5.892; P=0.75).

In pre-specified secondary analyses, we excluded 311 (9.4%) individuals with diabetes
mellitus at baseline (Supplementary Table 3). Results of the regression analyses remained
similar to the data in the total cohort. ADMA showed only borderline significance with
incident AF in the risk factor-adjusted model (HR per SD increment in loge ADMA, 1.13;
95% ClI, 0.99, 1.29; A, 0.08). The stepwise selection procedure again revealed BNP as the
only biomarker significantly related to new-onset AF (Supplementary Table 4).

Discussion

In a prospective, community-based cohort with a mean follow up of ten years, we observed a
weak association of ADMA with new-onset AF in age- and sex-adjusted models, but the
relation was no longer statistically significant after adjustment for standard clinical AF risk
factors. Neither L-arginine nor any of the other examined arginine derivatives were
significantly associated with AF incidence.

Evidence exists to support the hypothesis that ADMA plays a role in the pathophysiology of
AF. Experimental data show that manifest AF produces an environment of increased
oxidative stress and NO consumption.37?38 Elevated blood concentrations of ADMA in AF
indicate endothelial dysfunction and a prothrombotic milieu39 that may account for adverse
events in AF.40 After restoration of sinus rhythm, circulating ADMA concentrations
decrease, 4L and higher concentrations predict the recurrence of AF after ablation. 42

In our study, the association of higher ADMA concentrations with new-onset AF was not
observed after adjustment for known AF risk factors. Thus, the risk mirrored by circulating
ADMA appears to be mediated/explained by classical cardiovascular risk factors in our
sample. Most risk markers related to cardiovascular disease and AF have been correlated
with increased circulating ADMA concentrations (Figure 2) and an unfavorable imbalance
of arginine derivatives."* ADMA and L-arginine have been associated with age, sex, body
mass index, smoking, blood pressure, diabetes, and renal impairment. 4344 In contrast to
other, mostly smaller clinical samples that reported statistically significant associations of
ADMA and AF phenotypes,ﬂ?"'o?45 we applied rigorous adjustment for clinical risk factors
that have been correlated with ADMA.

Whether ADMA exerts AF-specific mechanisms or is a mere bystander correlated with
cardiovascular risk factors remains to be elucidated. Some evidence exists that the
pathophysiology of ADMA may be more specific for AF than other supraventricular
arrhythmias. In a small study of AF patients, ADMA concentrations were increased more
than in other supraventricular tachycalrdias.46 We speculate on potential pathophysiological
mechanisms that may explain the relation of clinical risk factors, ADMA, and AF risk
(Figure 2). Another example that may link the pathophysiology of ADMA and AF is a study
in healthy individuals that reported acute infusion of ADMA increased arterial stiffness.47
An increased burden of cardiovascular disease risk factors may increase ADMA
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concentrations and thus may result in higher vascular stiffness, which in turn may increase
. 48
risk for new-onset AF.

Arginine derivatives have been shown to be correlated with prevalent diabetes in prior data
from the Framingham Heart Study, and effect modification was observed by diabetes status
with differential association with mortality in individuals without diabetes only.49 Therefore,
we performed pre-specified secondary analyses excluding individuals with diabetes mellitus.
The relation with incident AF did not change substantively. In risk factor adjusted models,
ADMA reached borderline significance with incident AF, but BNP remained the only
biomarker selected into the final model.

Strengths and Limitations

Small associations that could help to understand pathophysiological conditions underlying
ADMA and the other arginine derivatives in relation to AF may have been missed in the
analyses we present due to the modest number of cases of AF and focus on circulating
biomarker concentrations.

However, we had good statistical power to show moderate effect sizes that we assumed to
have potential clinical relevance, e.g., we had 80% power to detect an association with
incident AF for a biomarker with a hazard ratio of 1.16 per standard deviation change, at
alpha=0.05. In addition, we may have missed AF cases that were not captured by our careful
follow-up due to the often intermittent and unrecognized nature of the disease. Furthermore,
a single biomarker measurement at baseline may not account for intra-individual variability
and changes over time that may more closely reflect the risk of developing AF. We applied
LC-MS/MS for the biomarker measurements, regarded as the gold standard.25 In addition,
the Framingham sample is mostly comprised of white individuals of European ancestry, and
. . . 50 . .
associations may vary according to race/ethnic groups.” Further, it needs to be considered
that circulating biomarker concentrations may not adequately reflect atrial pathophysiology
and atrial endothelial dysfunction and oxidative stress at the tissue level. Similar to
myeloperoxidase another marker of oxidative stress, whose atrial tissue concentrations are
51 - - . .
strongly related to AF™" but no significant association with systemic measurements was
52.53 . . L - .
observed,” > circulating arginine derivatives may not adequately mirror the local burden
and its long-term changes in relation to AF. Since ADMA has repeatedly been demonstrated
to be related to ventricular and atrial arrhythmias™ 8 and AF*%:20 4 lack of predictive ability
for incident AF does not preclude a significant role of ADMA and arginine derivatives in
pathophysiological causative pathways.

We conclude that circulating ADMA is not strongly associated with new-onset AF, and
hence is not suited as a biomarker for risk prediction of AF. L-arginine and SDMA, though
pathophysiologically and from clinical observations plausible, are not predictive of long-
term incidence of AF in a community-based cohort. Their role at the electrophysiological
and tissue level needs to be further elucidated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Risk factors, predisposing conditions and diseases that have been related to atrial fibrillation
(AF)llil""16 and elevated circulating ADMA concentrations. Whether such covariates
confound the association of ADMA with AF is uncertain. ADMA stands for asymmetric
dimethylarginine.
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Table 1

Clinical and biomarker characteristics by AF status at follow-up

Clinical Characteristics

Incident AF (N=247)

Non-AF (N=3063)

Age, years

Women, No (%)

Height, cm

Weight, kg

Current smoking, No (%)

Systolic blood pressure, mm Hg
Diastolic blood pressure, mm Hg
Hypertension treatment, No (%)
Diabetes, No (%)

History of myocardial infarction, No (%)
History of heart Failure, No (%)
Biomarkers

ADMA (micromol/L)

L-arginine (micromol/L)

SDMA (micromol/L)
L-arginine/ADMA ratio

B-type natriuretic peptide (pg/mL)

C-reactive protein (mg/L)

Glomerular filtration rate (mL/min/1.73m?)

669
101 (41)
168+10

81.9+18.6

41 (16.6)
136421

74+11

129 (52.2)
51 (20.6)
26 (10.5)
7(2.8)

0.57 (0.48, 0.65)
80 (68, 92)
0.4(0.34, 0.48)
143 (115, 172)
22 (8.3, 46)
2.86 (1.29, 6.4)
82 (69, 93)

589
1682 (55)
16749
78.3+16.9
470 (15.3)
128+18
769
774 (25.3)
260 (8.5)
90 (2.9)
11(0.4)

0.53 (0.46, 0.61)
76 (65, 90)
0.38 (0.33, 0.45)
145 (121, 173)
7.6 (4, 16.5)
1.97 (0.9, 4.55)
85 (73, 100)
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Binary variables are expressed as n (%). Continuous variables are expressed as mean+SD or as median [25th, 75th percentile] for biomarkers.

ADMA stands for asymmetric dimethylarginine; SDMA, symmetric dimethylarginine.
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Table 2

Age- and sex-adjusted (upper row) and additionally risk factor-adjusted (lower row) proportional hazards
regression models for atrial fibrillation examining each biomarker separately.

Variable Hazard Ratio  95% Confidence Interval P Value
1.15 1.02 1.29 0.02
ADMA
1.09 0.97 1.23 0.15
1.10 0.97 1.24 0.12
L-arginine
1.10 0.97 1.24 0.13
1.02 0.90 1.15 0.76
SDMA
1.00 0.89 1.13 0.95
0.97 0.85 111 0.71

L-arginine/ADMA ratio
1.01 0.88 1.16 0.85

Hazard ratios are provided per one standard deviation increase in loge-biomarker concentration. Models are adjusted for age, sex, height, weight,
systolic blood pressure, diastolic blood pressure, current smoking, diabetes, hypertension treatment, myocardial infarction, and heart failure.

ADMA denotes asymmetric dimethylarginine; SDMA, symmetric dimethylarginine.
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Table 3

Page 16

Multivariable-adjusted Cox proportional hazards models for arginine derivatives associated with incident AF

on the left and result from stepwise selection on the right side

Variable Hazard Ratio 95% CI P Value
ADMA 1.10 0.79 1.52 0.58
L-arginine 1.06 0.73 155 0.76
SDMA 0.96 083 111 0.56
L-arginine/ADMA 1.02 0.65 1.59 0.94
B-type natriuretic peptide 1.23 115 131 <0.0001
C-reactive protein 1.06 096 1.18 0.24
eGFR 1.12 098 1.28 0.10

Hazard ratios are per one standard deviation increase in loge-biomarker concentration. Models included all biomarkers simultaneously and adjusted
for age, sex, height, weight, systolic blood pressure, diastolic blood pressure, current smoking, diabetes, hypertension treatment, myocardial

infarction, and heart failure simultaneously.

CI denotes confidence interval; eGFR denotes estimated glomerular filtration rate.
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