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Aims The purpose of this study was to identify novel genetic variants influencing circulating asymmetric dimethylarginine
(ADMA) and symmetric dimethylarginine (SDMA) levels and to evaluate whether they have a prognostic value on car-
diovascular mortality.

Methods
and results

We conducted a genome-wide association study on the methylarginine traits and investigated the predictive value of the
new discovered variants on mortality. Our meta-analyses replicated the previously known locus for ADMA levels in
DDAH1 (rs997251; P ¼ 1.4 × 10240), identified two non-synomyous polymorphisms for SDMA levels in AGXT2
(rs37369; P ¼ 1.4 × 10240 and rs16899974; P ¼ 1.5 × 10238) and one in SLC25A45 (rs34400381; P ¼ 2.5 × 10210).
We also fine-mapped the AGXT2 locus for further independent association signals. The two non-synonymous AGXT2
variants independently associated with SDMA levels were also significantly related with short-term heart rate variability
(HRV) indices in young adults. The major allele (C) of the novel non-synonymous rs16899974 (V498L) variant associated
with decreased SDMA levels and an increase in the ratio between the low- and high-frequency spectral components of
HRV (P ¼ 0.00047). Furthermore, the SDMA decreasing allele (G) of the non-synomyous SLC25A45 (R285C) variant
was associated with a lower resting mean heart rate during the HRV measurements (P ¼ 0.0046), but not with the
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HRV indices. None of the studied genome-wide significant variants had any major effect on cardiovascular or total mor-
tality in patients referred for coronary angiography.

Conclusions AGXT2 has an important role in SDMA metabolism in humans. AGXT2 mayadditionally have an unanticipated role in the
autonomic nervous system regulation of cardiac function.
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Keywords Genome-wide association study † Asymmetric dimethylarginine † Symmetricdimethylarginine † Genetics † Heart

rate variability † Mortality † Sudden cardiac death

Introduction
Increasing evidence shows that both asymmetric dimethylarginine
(ADMA) and symmetric dimethylarginine (SDMA) might have inde-
pendent roles in cardiovascular diseases1 and the prediction of car-
diovascular events.2,3 Elevated circulating SDMA levels have been
reported to be associated with increased mortality in stroke
patients,4 an increased risk of cardiac death in patients with non-
ST-segment elevation myocardial infarction,5 and worse prognosis
in patients referred for coronary angiography.3 Indeed, increasing in
vitro and in vivo evidence support the concept that SDMA may have
an independent role in the pathogenesis of cardiovascular diseases.
Symmetric dimethylarginine induces reactive oxygen species pro-
duction of monocytes6 and promotes inflammation in chronic
kidney disease.7 Moreover, recent data show that SDMA may
promote endothelial dysfunction.8

Previouscandidate gene studieshave identifieda limitednumberof
single-nucleotide polymorphisms (SNPs) associated with plasma
ADMA levels in the dimethylarginine dimethylaminohydrolase-1
and -2 (DDAH1 and DDAH2) loci,9 whereas the genetic variants regu-
lating SDMA levels are not known. There is evidence that AGXT2
plays a role in both ADMA and SDMA metabolisms in vivo,10 but as-
sociation data between genetic variants and circulating methylargi-
nine levels in humans are currently lacking. Furthermore, AGXT2
knockout mice show a hypertensive phenotype, but the underlying
mechanisms behind this observation are not currently well under-
stood.11 To investigate the role of AGXT2 in health and disease in
humans, the identification of the functional genetic variants affecting
the enzymatic activity of the AGXT2 protein and the regulation of its
expression in different human tissues is of major importance.

Therefore, to identify additional new loci forADMA, andespecially
for SDMA, we performed the first meta-analyses of genome-wide as-
sociation (GWA) studies for the methylarginines using data from
5110 participants from the Young Finns Study (YFS) and the Ludwigs-
hafen Risk and Cardiovascular Health (LURIC) study. Secondly, we
fine-mapped the AGXT2 locus, that showed the strongest association
with SDMA, for variants independently affecting circulating SDMA
levels. Finally, we tested the association of these variants with mortal-
ity endpoints in LURIC and heart rate variability (HRV) parameters in
YFS to be able to characterize the pathophysiological role of these
new AGXT2 variants.

Methods
The study flow is summarized in Figure 1.

Study populations
We conducted a meta-analysis of GWA data on 5110 individuals of
European descent drawn from two large cohorts: the YFS and the
LURIC study. The YFS cohort is a Finnish longitudinal population study
sample on the evolution of cardiovascular risk factors from childhood
to adulthood.12 In the present study, we used the variables measured
in 2001. The LURIC study consists of 3316 Caucasian patients hospita-
lized for coronary angiography between 1997 and 2000 at a tertiary
care centre in Southwestern Germany.13 Clinical indications for angiog-
raphy were chest pain or a positive non-invasive stress test suggestive of
myocardial ischaemia. To limit clinical heterogeneity, individuals suffering
from acute illnesses other than acute coronary syndrome, chronic non-
cardiac diseases, and a history of malignancy within the 5 past years
wereexcluded. See further description and characteristics in Supplemen-
tary material online, Methods S1 and Table S1.

Biochemical
Asymmetric dimethylarginine and symmetric dimethylarginine were
measured from frozen serum using the same reversed-phase high-
performance liquid chromatography method in both studies. For

Figure 1 Study population and flow. Flow diagram depicting the
cohorts and numbers of participants. The associations of the
AGXT2 variants identified in the conditional analysis with heart
rate variability and sudden cardiac death were investigated in the
Young Finns Study and Ludwigshafen Risk and Cardiovascular
Health cohorts, respectively.
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details and other biochemical measurements, see Supplementary mater-
ial online, Methods S2.

Genotyping and quality control
In LURIC, genotyping was done by using the Affymetrix Human SNP
Array 6.0 at the LURIC Study facility. In the YFS, genotyping was done
using a custom-built Illumina Human 670k BeadChip at the Welcome
Trust Sanger Institute (Supplementary material online, Methods S3).
Genotype imputation was performed using minimac14 and IMPUTE215

in LURIC and YFS, respectively. Genotype imputation in both studies
was performed using 1000 Genomes Phase I Integrated Release
Version 3 (March 2012) samples as a reference. We excluded imputed
SNPs and insertion–deletion polymorphisms with low imputation
quality (minimac Rsq ,0.3 or IMPUTE info ,0.4) and allele frequency
of ,0.1%. After the exclusions, 10 085 758 imputed genetic variants
were available in both studies.

Short-term heart rate variability
We used the ratio between low- and high-frequency components (LF/
HF) of spectral HRV to estimate sympathovagal balance in the YFS parti-
cipants. The mean heart rate during HRV measurement was used as an
estimate of the resting heart rate. Breathing was metronome controlled
at the frequency of 0.25 Hz. We excluded subjects with current anti-
hypertensive medications, Type 1 diabetes, pregnant women, and breast-
feeding women. After these exclusions, genotype data were available for
1723 subjects and were included in the association analyses. For details,
see Supplementary material online, Methods S4.

Classification of SCD cases
In LURIC, sudden cardiac death (SCD) was defined as sudden unexpect-
ed deatheither within 1 h of symptom onset or within 24 h of havingbeen
observed alive and symptom-free. Patients who suffered from any non-
cardiac chronic and terminal disease (e.g. cancer), so that their death
was not unexpected, and those whose sudden death was most likely
attributed to a non-cardiac cause were not classified as SCD cases. See
Supplementary material online, Methods S4 for more details about the
cause of death classifications.

Statistical analysis
To identify and correct for population stratification, we performed an
MDS analysis as implemented in PLINK 1.07.16 In both studies, residual
ADMA and SDMA concentrations or residuals of ADMA/SDMA ratio
were determined after regression adjustment using the R software. Out-
liers (≥4 SD from the mean) were removed from the dimethylarginine
phenotype values before covariate adjustment to avoid spurious associa-
tions (typically 5–20 data points for any one outcome). Residuals were
obtained using linear regression analysis in which the dimethylarginine
phenotypes were adjusted for sex, age, body mass index, and serum cre-
atinine to account for variation in renal function, as well as the first three
MDS components to control for population stratification. As circulating
ADMA is a major determinant of SDMA levels and vice versa,3 the model
for ADMA was additionally adjusted for SDMA and that for SDMA was
adjusted for ADMA. Residuals were normalized to have a mean of 0
and SD of 1using inverse-normal transformation. The associationanalysis
of the imputed SNPs and indels assuming an additive genetic model was
carried out utilizing the SNPTEST v2.4.117 and ProbABEL v. 0.3.018 soft-
wares in YFS and LURIC, respectively. Quantile-quantile and Manhattan
plots were drawn for the analysis of the results. To estimate how well the
distribution was calibrated, for each phenotype in both studies, we calcu-
lated the genomic inflation factor (l) from all imputed variants. The l for
each trait in both studies ranged from 0.993 to 1.012, suggesting that

there was no major residual confounding by population stratification,
and little evidence of cryptic relatedness. We created the regional asso-
ciation plots using LocusZoom.19 The summary results from both
cohorts were meta-analyzed with the random-effects meta-analysis
method implemented in GWAMA.20 A stringent genome-wide signifi-
cance level of 1.66 × 1028 was set to correct for multiple testing of
the three phenotypes.

We fine-mapped the AGXT2 locus using a series of sequential condi-
tional analyses by adding the most strongly associated SNP into the re-
gression model as a covariate and using the inverse-normal
transformed residuals as an outcome variable to test all remaining region-
al SNPs for association. The results from both studies were combined
using a random-effects meta-analysis. We repeated this procedure until
the strongest SNP showed a conditional P-value of .1024.

Further statistical analyses were performed using R 3.0.0 (http://www.
r-project.org). A Cox regression proportional hazards analysis was per-
formed to test whether the AGXT2 and SLC25A45 genotypes were asso-
ciated with mortality endpoints. The risk of mortality was quantified as
hazard ratios (HRs). The proportional hazards assumption was checked
with Schoenfeld’s residuals and was met for all models. The screening
tests were conducted using age and sex as covariates and an additive
genetic model. Further analyses were performed adjusting for well-
established SCD risk factors. Secondly, to investigate the possible mech-
anism underlying the associations with SCD, analyses were stratified
according to the median value of left ventricular systolic pressure
(LVSP). Finally, the associations with HRV variables were tested using
linear regression analysis. Genotyped data were used for rs37369 in
LURIC. For all other SNPs and analyses, imputed data were used. Imput-
ation quality parameters and minor allele frequencies for AGXT2 and
SLC25A45 SNPs are provided in Supplementary material online, Table S2.

Results

Genome-wide association studies for
dimethylarginines and their ratio
Wecarriedout GWAmeta-analysesonADMA,SDMA,and their ratio
using data from the YFS and LURIC populations, involving a total of
5110 individuals of European ancestry. The strongest associations
for each locus from the meta-analyses are summarized in Table 1,
with an index SNP representing the most significant association la-
belled for each independent signal. Across the genome, the most sig-
nificant association for ADMA levels (P ¼ 1.4 × 10240) was on
chromosome 1p22 harbouring DDAH1, which encodes the key regu-
latory enzyme of ADMA metabolism DDAH. The most significant
signal for SDMA levels (P ¼ 1.4 × 10240) was on chromosome
5p13 at rs37369 (V140I) in the coding sequence of alanine–glyoxylate
aminotransferase 2 (AGXT2). Another genome-wide significant signal
for SDMA levels (P ¼ 2.5 × 10210) was identified in the coding se-
quence of a mitochondrial carrier protein SLC25A45 at rs34400381
(R285C).A list of suggestive signals foreach trait not reaching genome-
wide significance is provided in Supplementary material online, Tables
S4 and S5.

Fine-mapping of the AGXT2 region
Next, we fine-mapped the newly identified AGXT2 region showing
the strongest association with SDMA for additional independent
signals using sequential conditional analysis. Of the methylarginine
traits, SDMA was used as an outcome variable in this analysis,
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because it showed the strongest association with AGXT2 variants in
the original meta-analysis. Interestingly, another independent
genome-wide significant association was pinpointed at rs16899974
(V498L) when conditioning on the top SNP at rs37369 (V140I)
(Figure 2A and B). In the next step, when adjusting for the two mis-
sense mutations (rs37369 and rs16899974), a number of intronic
variants showed significant association (P , 1024) with SDMA
after correcting for multiple testing in the AGXT2 region
(Figure 2C). No other informative (P , 1024) intronic or coding
sequence AGXT2 variants were identified when further adjusting
for the top intronic variant rs13165070 (Figure 2D).

Association of non-synonymous AGXT2
variants with heart rate variability in young
adults (Young Finns Study)
The SDMA decreasing alleles of the studied AGXT2-coding variants
wereassociatedwith an increase in the ratiobetweenLFandHFspec-
tral components of the short-term HRV in the YFS (Table 2). The as-
sociation was especially marked between the novel non-synonymous
rs16899974 (V498L) variant and the LF/HF ratio (P ¼ 0.00047).
None of the variants showed an association with the LF component
(always P . 0.20). Instead, rs16899974 (V498L) variant showed a sig-
nificant association (P ¼ 0.028) with the HF component (estimate of
vagal tone). The non-synonymous SLC25A45 rs34400381 (R285C)
variant was not associated with the LF/HF component (P ¼ 0.39),
but the SDMA decreasing allele (G) was associated with a decrease
in the resting mean heart rate during the HRV measurements inde-
pendent of the LF/HF ratio (Table 2). Further adjustment for serum
ADMA or SDMA levels did not change our results.

Associations between non-synonymous
AGXT2 and SLC25A45 variants with
mortality in Ludwigshafen Risk and
Cardiovascular Health
Finally, we investigated whether the non-synonymous AGXT2- and
SLC25A45-coding variants independently associated with AGXT2
substrate levels could also predict mortality among patients referred
for coronary angiography. None of the studied non-synonymous
AGXT2 or SLC25A45 SNPs were associated with all-cause or cardio-
vascular mortality (always P . 0.05). However, the SDMA decreas-
ing major allele (G) of the SLC25A45 polymorphism (rs34400381,

R285C) was associated with an increased risk for SCD with per
allele HR of 13.0 (95% CI 1.54–110, P ¼ 0.018). The two non-
synonymous AGXT2 variants were not associated with SCD in the
whole study population. However, both variants showed a significant
interaction with LVSP on SCD (Table 3). AGXT2 rs16899974 (V498L)
showed a nominally significant associated with SCD in the low LVSP
group (P ¼ 0.021), whereas there was a trend towards an association
for rs37369 (P ¼ 0.10). Analogously to the association for the
SLC25A45 variant (R285C), the SDMA decreasing alleles were asso-
ciatedwith an increased risk for SCD.Noassociationswere observed
between the AGXT2 variants and SCD in the high LVSP group (all P .

0.20), and there was no significant interaction between SLC25A45
rs34400381 and the LVSP status on SCD (P ¼ 0.63). Additional
adjustments for circulating ADMA or SDMA did not materially
change our results.

Discussion
We report the first GWAS results on circulating ADMA and SDMA
levels based on meta-analyses of 5110 individuals of European
ancestry, and provide strong evidence that two common non-
synonymous-coding variants in AGXT2 and one non-synonymous-
coding variant in SLC25A45 (R285C) are independently associated
with circulating SDMA levels. Moreover, we document that the non-
synonymous AGXT2 and SLC25A45 variants showed associations
with the LF/HF component of spectral HRV and resting heart rate
in young adults, respectively.

The polymorphism (rs37369) with the strongest association with
circulating SDMA codes for a non-synonymous valine-to-isoleucine
(V140I) substitution in the AGXT2 protein. Another non-synomyous
AGXT2 rs16899974 (V498L) SNP and a number of intronic variants
were also associated independently with SDMA levels. The lead in-
tronic variant (rs13165070) identified in the conditional analysis is in
a high linkage disequilibrium (r2¼ 0.9) with intronic rs10521021 that
has been previously associated with AGXT2 mRNA levels in the
human liver.21 TheTalleleof rs37369 is associatedwithboth increased
circulating SDMA levels in the present study and increased levels of
urinary 3-aminoisobutyrate (BAIB) metabolite.22 These results to-
gether refer to the possibility that the two novel non-synomyous
AGXT2variantsmaycontributetoplasmaSDMAlevelsthroughtheen-
zymatic decomposition of SDMA in the kidneys. Indeed, AGXT2
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Table 1 Genome-wide significant associations for each methylarginine trait in the meta-analyses

Trait Variant Locus Chr. Position EA NEA EAF (%) n b (SE) P-value

ADMA rs28489187 Intron of DDAH1 1 85 797 110 G A 21.6 5105 0.37 (0.028) 1.39 × 10240

SDMA rs37369 CDS of AGXT2 (V140I) 5 35 037 115 T C 8.8 5103 0.47 (0.035) 1.42 × 10240

SDMA rs1884139 Intron of DDAH1 1 85 845 998 T G 37.1 5103 20.18 (0.020) 9.65 × 10219

SDMA rs34400381 CDS of SLC25A45 (R285C) 11 65 143 892 A G 4.3 5102 0.36 (0.056) 2.48 × 10210

ADMA/SDMA rs37369 CDS of AGXT2 (V140I) 5 35 037 115 T C 8.8 5102 20.41 (0.035) 2.08 × 10232

ADMA/SDMA chr1:85897175:D Intron of DDAH1 1 85 897 175 A ATCC 17.4 5102 0.27 (0.027) 3.85 × 10224

Chr., chromosome; position, variant position in NCBI human build 37; EA and NEA, effect allele and non-effect allele; EAF, effect allele frequency; CDS, coding sequence;b, effect size
in standard deviations per copy of the effect allele, ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine.
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expression in the kidney has recently been shown to be inversely cor-
related with both circulating ADMA and SDMA levels in humans.11

SDMA is transaminated to a-keto-d-(N,N′-dimethylguanidino)valeric

acid (DMGV′) by AGXT2.23 Our findings support the hypothesis
that this mitochondrial24 AGXT2-related pathway can effectively
metabolize SDMA in humans. Moreover, measurable quantities of

Figure2 Regional plots for fine-mapping results in the AGXT2 region. Fine-mapping of the AGXT2 region for independent association signals using
sequential conditional analysis and circulating symmetric dimethylarginine levels as an outcome variable. Original meta-analysis (A), adjusted for
rs37369 (V140I) (B), additionally adjusted for rs16899974 (V498L) (C ), and additionally adjusted for rs13165070 (D). Signals above the red line
(P , 1 × 1024) were considered to exhibit evidence of association in the AGXT2 region.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Associations between non-synonomyous AGXT2 and SLC25A45 variants with symmetric dimethylarginine, heart
rate variability, and resting heart rate

SNP Gene Effect allele EAF (%) GWAS meta-analysis
(n 5 5110)

Young Finns (n 5 1723)

SDMA lnLF/HF Mean HR (b.p.m.)

b (SE) P-value b (SE) P-value b (SE) P-value

rs37369 (V140I) AGXT2 C 91.2 20.47 (0.035) 1.4 × 10240 0.10 (0.052) 0.045 20.54 (0.58) 0.36

rs16899974 (V498L) AGXT2 C 77.2 20.32 (0.024) 1.5 × 10238 0.13 (0.036) 0.00047 20.73 (0.41) 0.073

rs34400381 (R285C) SLC25A45 G 95.7 20.36 (0.056) 2.5 × 10210 0.055 (0.064) 0.39 22.02 (0.71) 0.0046

Per effect alleleb (SE) from conditional linear regressions. Effect alleles are SDMA decreasing alleles from the GWAS meta-analysis. Models for the ln-transformed LF/HF component
of short-term HRV are adjusted for age, sex, and heart rate. Models for the mean heart rate are adjusted for age, sex, and lnLF/HF.
EAF, effect allele frequency; HR, heart rate; b.p.m., beats per minute; SE, standard error; SNP, single-nucleotide polymorphisms; SDMA, symmetric dimethylarginine; LF/HF, the ratio
between the low- and high-frequency spectral components of heart rate variability.
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a-keto-d-(N,N-dimethylguanidino)valeric acid (DMGV), the trans-
amination product of ADMA by AGXT2, was recently reported
being present in human plasma and urine.25

We observed a genome-wide significant association for SDMA at
rs34400381 (R285C) in SLC25A45 encoding a mitochondrial inner-
membrane transporter protein. Interestingly, SLC25A45 has the
same intracellular localization than AGXT2, although its function is
not well known.26 The association is a highly genome-wide significant
in the YFS (P ¼ 2.4 × 1029), but only nominally significant in LURIC
(P ¼ 0.026). This association clearly needs replication in an inde-
pendent population.

Our data suggests that non-synonymous AGXT2 variants may have
an effect on the autonomic balance mainly by modulating the vagal
tone, because AGXT2 rs16899974 was associated with both the LF/
HFratio and thevagal componentHFofHRValone.Thephysiological
interpretation of LF/HF is not straightforward. The LF component
was observed to be correlatedwith baroreflex function.27 Moreover,
both HF and LF have been shown to be reduced by atropine admin-
istration, indicating that both spectral components of HRV are under
vagal control,28 in line with the idea that under resting conditions var-
iations in the heart rate are largely dependent on vagal modulation.29

Nevertheless, increased LF/HF and decreased HF have been previ-
ously associated with increased prevalence of the metabolic syn-
drome in the YFS cohort.30 Moreover, decreased HRV appears to
be associated with hypertension, dyslipidaemia, impaired glucose
metabolism, increased ventricular arrhythmias, and mortality.31– 35

In the present study, we also showed that a non-synonymous
SLC25A45 variant (R285C) was associated with a decreased resting
heart rate during the HRV measurements, but not with HRV
indices. The observation that the adjustment for circulating methylar-
ginine levels did not change the results suggests that the associations
between the AGXT2- and SLC25A45-coding variants and heart rate
regulation could be mediated through transamination of other
AGXT2 substrates than methylarginines. Although further studies
are needed to understand the molecular mechanisms underlying
the associations between heart rate regulation and non-synonymous
variants within AGXT2 and SLC25A45, it is tempting to speculate that
transamination activity of AGXT2 on g-aminobutyric acid isomers
glycine and/orb-aminoisobutyric acid (BAIB), a partial glycine recep-
tor agonist36 could playa role explaining the associations. The striking
association of AGXT2 rs37369 with urinary BAIB levels22 and the

presence of glycinergic synaptic inputs to cardiac vagal neurons in
the brainstem nuclei37 support this hypothesis.

None of the genome-wide significant variants were associated
with cardiovascular or overall mortality. Interestingly, the AGXT2
substrate (SDMA) decreasing major allele (G) of the non-
synonymous SLC25A45 (R285C) variant was associated with an
increased risk for SCD in the whole LURIC population independent
of circulation methylarginine levels. However, this association should
be interpreted with conscious due to the moderate imputation
quality for the variant (Rsq¼ 0.43). Moreover, we observed signifi-
cant interactions between the pressure creation capacity of the left
ventricle and the two non-synonymous AGXT2 variants on SCD.
We used LVSP to quantify the degree of the systolic dysfunction
and heart failure. Both the increased sympathic drive38 and the para-
sympathic withdrawal39 are integral components of congestive heart
failure. It has been known for decades that sympathetic activation can
trigger fatal ventricular arrhythmias, whereas vagal activity may exert
a protective effect.38 Interestingly, the HF HRV decreasing major
allele (C) of rs16899974 was associated with an increased risk for
SCD in patients with impaired systolic function, but not in those
with preserved LVSP. Although the AGXT2 substrate levels decreas-
ing alleles of these variants are consistently associated with an
increased risk for SCD, these results should be considered as ex-
planatory and a replication in an independent population is
warranted.

Based on our results, it may be worth investigating whether
AGXT22/2 animals have altered vagal tone compared with wild-
type animals, and whether they are protected against ventricular
arrhythmia in an experimental model of myocardial infarction
(MI)-induced systolic heart failure. The associations with the HRV
parameters and SCD should also be investigated in an independent
population of MI and heart failure patients.

The present study has several strengths and limitations that warrant
consideration.The strengths include large, well-characterizedcohorts,
the prospective design, and long-term follow-up with prospectively
adjudicated SCD cases. The potential limitations include the possibility
of somedegreeofmisclassificationofSCDcases.However, this kindof
bias is likely to lead to an underestimation rather than an overesti-
mation of the true genetic effects. Moreover, the generalizability of
the SCD association with the general population and other ethnic
groups may be limited. Finally, although we attempted to adjust for

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 3 Associations between non-synonomyous AGXT2 variants and sudden cardiac death

SNP Gene Effect allele EAF (%) All (n 5 2748,
173 SCDs)

LVSP < 145 mmHg
(n 5 1220, 66 SCDs)

LVSP ≥ 145 mmHg
(n 5 1199, 83 SCDs)

P for
interaction

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

rs37369 AGXT2 C 91.2 1.04 (0.70–1.55) 0.83 1.98 (0.88–4.45) 0.10 0.72 (0.44–1.19) 0.20 0.041

rs16899974 AGXT2 C 77.2 1.17 (0.87–1.55) 0.30 1.84 (1.10–3.09) 0.021 0.81 (0.55–1.21) 0.31 0.035

Pereffect allele HRs (95% CI) fromconditional Cox regressions. Effect alleles are SDMA decreasing alleles from the GWAS meta-analysis. All models are adjusted for age, sex, Cystatin
C, HbA1c, beta blocker use, left ventricular hypertrophy (ECG), and cardiomyopathy.
SCD, sudden cardiac death; EAF, effect allele frequency; HR, hazard ratio per effect allele increase; CI, confidence interval; LVSP, left ventricular systolic pressure in coronary
angiography; SNP, single-nucleotide polymorphism.
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all relevant covariates, we could not rule out the possibility of residual
confounding.

In summary, our data clearly indicate that two coding sequences
SNPs rs37369 (V140I) and rs16899974 (V498L) in AGXT2 are asso-
ciated with circulating SDMA levels in two large cohorts of healthy
adults and patients referred to coronary angiography, supporting
the idea that AGXT2 has a physiological role in the SDMA metabol-
ism in humans. The two non-synomyous AGXT2 variants showed
associations with the LF/HF component of spectral HRV, whereas
the novel non-synomyous SLC25A45 variant was associated with
the resting heart rate in young adults. AGXT2 and SLC25A45 may
have unanticipated roles in the regulation of autonomic balance
and heart rate in health and disease.

Acknowledgements
The expert technical assistance in the data management of the YFS by
Irina Lisinen and Ville Aalto is gratefully acknowledged. We extend
our appreciation to the participants of the LURIC study; without
their collaboration, this article would not have been written. We
thank the LURIC study team who were either temporarily or per-
manently involved in patient recruitment as well as sample and data
handling, in addition to the laboratory staff at the Ludwigshafen
General Hospital and the Universities of Freiburg and Ulm, Germany.

Funding
This work was supported by the European Union 7th Framework Pro-
gramme funding for the AtheroRemo project (201668). The Cardiovas-
cular Risk in Young Finns Study has been financially supported by the
Academy of Finland [grants 126925, 121584, 124282, 129378 (Salve),
117787 (Gendi), 41071 (Skidi), and 134309 (eye)]; the Social Insurance
Institution of Finland; the Kuopio, Tampere, and Turku University Hos-
pital Medical Funds (grant 9M048 and 9N035 for T.L.); the Juho Vainio
Foundation; the Paavo Nurmi Foundation; the Finnish Foundation of Car-
diovascular Research (T.L. and O.R.); the Finnish Cultural Foundation; as
well as the Tampere Tuberculosis Foundation and the Emil Aaltonen
Foundation (T.L. and N.O). In addition, B.O.B has been funded from
the Ministry of Education, Singapore.

Conflict of interest: none declared.

References
1. Wang Z, Tang WH, Cho L, Brennan DM, Hazen SL. Targeted metabolomic evalu-

ation of arginine methylation and cardiovascular risks: potential mechanisms
beyond nitric oxide synthase inhibition. Arterioscler Thromb Vasc Biol 2009;29:
1383–1391.

2. Valkonen VP, Paiva H, Salonen JT, Lakka TA, Lehtimaki T, Laakso J, Laaksonen R. Risk
of acute coronary events and serum concentration of asymmetrical dimethylargi-
nine. Lancet 2001;358:2127–2128.

3. Meinitzer A, Kielstein JT, Pilz S, Drechsler C, Ritz E, Boehm BO, Winkelmann BR,
Marz W. Symmetrical and asymmetrical dimethylarginine as predictors for mortality
in patients referred for coronary angiography: the Ludwigshafen Risk and Cardiovas-
cular Health study. Clin Chem 2011;57:112–121.

4. Schulze F, Carter AM, Schwedhelm E, Ajjan R, Maas R, von Holten RA, Atzler D,
Grant PJ, Boger RH. Symmetric dimethylarginine predicts all-cause mortality follow-
ing ischemic stroke. Atherosclerosis 2010;208:518–523.

5. Cavalca V, Veglia F, Squellerio I, De Metrio M, Rubino M, Porro B, Moltrasio M,
Tremoli E, Marenzi G. Circulating levels of dimethylarginines, chronic kidney
disease and long-term clinical outcome in non-ST-elevation myocardial infarction.
PLoS One 2012;7:e48499.

6. Schepers E, Glorieux G, Dhondt A, Leybaert L, Vanholder R. Role of symmetric
dimethylarginine in vascular damage by increasing ROS via store-operated calcium
influx in monocytes. Nephrol Dial Transplant 2009;24:1429–1435.

7. Schepers E, Barreto DV, Liabeuf S, Glorieux G, Eloot S, Barreto FC, Massy Z,
Vanholder R, European Uremic Toxin Work Group (EUTox). Symmetric

dimethylarginine as a proinflammatory agent in chronic kidney disease. Clin J Am
Soc Nephrol 2011;6:2374–2383.

8. Speer T, Rohrer L, Blyszczuk P, Shroff R, Kuschnerus K, Krankel N, Kania G,
Zewinger S, Akhmedov A, Shi Y, Martin T, Perisa D, Winnik S, Muller MF,
Sester U, Wernicke G, Jung A, Gutteck U, Eriksson U, Geisel J, Deanfield J, von
Eckardstein A, Luscher TF, Fliser D, Bahlmann FH, Landmesser U. Abnormal
high-density lipoprotein induces endothelial dysfunction via activation of Toll-like
receptor-2. Immunity 2013;38:754–768.

9. Abhary S, Burdon KP, Kuot A, Javadiyan S, Whiting MJ, Kasmeridis N, Petrovsky N,
Craig JE. Sequence variation in DDAH1 and DDAH2 genes is strongly and additively
associated with serum ADMA concentrations in individuals with type 2 diabetes.
PLoS One 2010;5:e9462.

10. Kittel A, Maas R, Konig J, Mieth M, Weiss N, Jarzebska N, Hohenstein B,
Martens-Lobenhoffer J, Bode-Boger SM, Rodionov RN. In vivo evidence that
Agxt2 can regulate plasma levels of dimethylarginines in mice. Biochem Biophys Res
Commun 2013;430:84–89.

11. Caplin B, Wang Z, Slaviero A, Tomlinson J, Dowsett L, Delahaye M, Salama A, Inter-
national Consortium for Blood Pressure Genome-Wide Association Studies,
Wheeler DC, Leiper J. Alanine-glyoxylate aminotransferase-2 metabolizes en-
dogenous methylarginines, regulates NO, and controls blood pressure. Arterioscler
Thromb Vasc Biol 2012;32:2892–2900.

12. Raitakari OT, Juonala M, Ronnemaa T, Keltikangas-Jarvinen L, Rasanen L,
Pietikainen M, Hutri-Kahonen N, Taittonen L, Jokinen E, Marniemi J, Jula A,
Telama R, Kahonen M, Lehtimaki T, Akerblom HK, Viikari JS. Cohort profile: the car-
diovascular risk in Young Finns Study. Int J Epidemiol 2008;37:1220–1226.

13. Winkelmann BR, Marz W, Boehm BO, Zotz R, Hager J, Hellstern P, Senges J, LURIC
Study Group (LUdwigshafen RIsk and Cardiovascular Health). Rationale and design
of the LURIC study—a resource for functional genomics, pharmacogenomics and
long-term prognosis of cardiovascular disease. Pharmacogenomics 2001;2:S1–73.

14. Howie BN, Donnelly P, Marchini J. A flexible and accurate genotype imputation
method for the next generation of genome-wide association studies. PLoS Genet
2009;5:e1000529.

15. Howie B, Fuchsberger C, Stephens M, Marchini J, Abecasis GR. Fast and accurate
genotype imputation in genome-wide association studies through pre-phasing.
Nat Genet 2012;44:955–959.

16. Purcell S,Neale B,Todd-BrownK,Thomas L, FerreiraMA, BenderD,Maller J, Sklar P,
de Bakker PI, Daly MJ, Sham PC. PLINK: a tool set for whole-genome association and
population-based linkage analyses. Am J Hum Genet 2007;81:559–575.

17. Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new multipoint method for
genome-wide association studies by imputation of genotypes. Nat Genet 2007;39:
906–913.

18. Aulchenko YS, Struchalin MV, van Duijn CM. ProbABEL package for genome-wide
association analysis of imputed data. BMC Bioinformatics 2010;11:134.

19. Pruim RJ, Welch RP, Sanna S, Teslovich TM, Chines PS, Gliedt TP, Boehnke M,
Abecasis GR, Willer CJ. Locuszoom: regional visualization of genome-wide associ-
ation scan results. Bioinformatics 2010;26:2336–2337.

20. Magi R, Morris AP. GWAMA: software for genome-wide association meta-analysis.
BMC Bioinformatics 2010;11:288.

21. Schadt EE, Molony C, Chudin E, Hao K, Yang X, Lum PY, Kasarskis A, Zhang B,
Wang S, Suver C, Zhu J, Millstein J, Sieberts S, Lamb J, GuhaThakurta D, Derry J,
Storey JD, Avila-Campillo I, Kruger MJ, Johnson JM, Rohl CA, van Nas A,
Mehrabian M, Drake TA, Lusis AJ, Smith RC, Guengerich FP, Strom SC, Schuetz E,
Rushmore TH, Ulrich R. Mapping the genetic architecture of gene expression in
human liver. PLoS Biol 2008;6:e107.

22. Suhre K, Wallaschofski H, Raffler J, Friedrich N, Haring R, Michael K, Wasner C,
Krebs A, Kronenberg F, Chang D, Meisinger C, Wichmann HE, Hoffmann W,
Volzke H, Volker U, Teumer A, Biffar R, Kocher T, Felix SB, Illig T, Kroemer HK,
Gieger C, Romisch-Margl W, Nauck M. A genome-wide association study of meta-
bolic traits in human urine. Nat Genet 2011;43:565–569.

23. Ogawa T, Kimoto M, Sasaoka K. Dimethylarginine:pyruvate aminotransferase in rats.
Purification, properties, and identity with alanine:glyoxylateaminotransferase2. J Biol
Chem 1990;265:20938–20945.

24. Rodionov RN, Murry DJ, Vaulman SF, Stevens JW, Lentz SR. Human alanine-
glyoxylate aminotransferase 2 lowers asymmetric dimethylarginine and protects
from inhibition of nitric oxide production. J Biol Chem 2010;285:5385–5391.

25. Martens-Lobenhoffer J, Rodionov RN, Drust A, Bode-Böger SM. Detection and
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