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Abstract

Objective

Even though L-arginine (ARG) derivatives can predict cardiovascular mortality, their role as

atherosclerotic biomarkers is unclear. We tested the hypothesis if asymmetric dimethylargi-

nine (ADMA), symmetric dimethylarginine (SDMA) and the sum of both (DMA) are posi-

tively, while ARG and ARG/ADMA ratio are inversely associated with carotid intima-media

thickness (cIMT) and atherosclerotic plaque in the carotid artery.

Approach and Results

Cross-sectional data of 1999 subjects (age: 45–81 years; 48.2%♀) from the population-

based Study of Health in Pomerania (SHIP-0) was used. Analysis of variance and logistic

regression models were calculated and all adjusted models were corrected for sex, age,

smoking status, waist-to-hip ratio and estimated glomerular filtration rate. Increased cIMT

(>75th age-sex specific percentile) was found in 517 subjects (25.7%), while atherosclerotic

plaque was detected in 1413 subjects (70.4%). SDMA tertiles were significantly positively

associated with larger cIMT among subjects with high SDMA levels [>66th: 0.82 (95%-CI

0.80; 0.85) mm]. High SDMA levels were related to a higher odds ratio (OR) of increased

cIMT [OR 1.39 (95%-CI 1.08; 1.79)]. Furthermore, ARG was positively associated with ath-

erosclerotic plaques [OR 1.41 (95%-CI 1.07; 1.85)]. No relation was found for ADMA and

atherosclerosis.
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Conclusions

In conclusion, the hypothesis of a positive association between SDMA with an increased

cIMT was confirmed. Unexpectedly, ARG was positively related to atherosclerotic plaque.

In view of these inconsistent findings, the impact of ARG derivatives as atherosclerotic bio-

markers deserves further research.

Introduction
Nitric oxide (NO) is a key signaling molecule for several physiological functions. For example,
NO is essential for vascular health by mediating vascular homeostasis, acting antithrombotic
and anti-inflammatory [1]. In endothelial cells NO is synthesized from L-arginine (ARG) via
endothelial NO synthase (eNOS) [2]. While the importance of eNOS for endothelial NO bio-
availability has been previously established [3], the significance of ARG is exemplified by the
fact that increased exogenous ARG upregulates endothelial NO production [4]. In a clinical
setting the infusion of ARG in forearm resistance vessels improved vasodilatory capacity in
hypercholesterolemic patients [5]. In addition, the endothelial vasodilatory response was
enhanced in patients with atherosclerotic plaques in the left anterior descending coronary
arteries after intracoronary ARG infusion [6]. Hence, previous research indicates that increased
presence of ARG in the circulation may improve endothelial function and contribute to
delayed development of atherosclerosis.

Symmetric and asymmetric dimethylarginine (SDMA and ADMA, respectively) are the
products of posttranslational modifications to ARG residues [7]. Recently, plasma concentra-
tions of SDMA and ADMA have been identified as potential biomarkers for cardiovascular
disease (CVD). Specifically, circulating levels of ADMA and SDMA were positively associated
with all-cause and cardiovascular mortality in patients with stable coronary heart disease [8],
peripheral arterial disease [9], and end-stage renal disease [7]. From a pathophysiological point
of view both derivatives may contribute to the early stages of atherosclerosis. SDMA prevents
cellular ARG uptake and ADMA inhibits eNOS, thereby inducing endothelial dysfunction via
a reduction in NO bioavailability [10]. Furthermore, ADMA has been associated with several
cardiovascular risk factors and advanced atherosclerotic disease progression [9,11,12]. In addi-
tion, SDMA has been associated with subclinical atherosclerosis in an elderly population [13].
Hence, circulating ADMA and SDMA concentrations are potential biomarkers for atheroscle-
rotic disease progression. While the predictive value of ARG derivatives as atherosclerotic
disease biomarkers in patient populations have been shown previously [7–9], their role as pre-
dictors of atherosclerosis in population-based cohorts is currently uncertain.

Due to the paucity of literature discussing the relation between ARG derivatives and
atherosclerosis in population-based cohorts, the aim of this study was to provide information
for this knowledge gap. We used carotid intima-media thickness (cIMT) and presence of ath-
erosclerotic plaques in the extracranial common carotid artery as diverse atherosclerotic prog-
nostic markers. While cIMT is a well-known indicator of early atherosclerosis and a predictor
of advanced disease [14], the presence of atherosclerotic plaques is related to adverse cardiovas-
cular outcomes [15]. To investigate if ARG derivatives are linked with atherosclerosis, we
associated serum concentrations of ARG, ADMA and SDMA as well as the sum of the
dimethylarginines (DMA; ADMA + SDMA) and the ARG/ADMA ratio with cIMT and the
presence of atherosclerotic plaque in a large sample form of an adult population-based cohort.
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Materials and Methods

Study population
The presented data were derived from a population-based cohort in West Pomerania in Ger-
many [16]. Recruitment strategy and study design have been reported elsewhere [17]. Briefly,
between 1997 and 2001 a total of 6265 subjects (age 20 to 79) were invited to participate in the
study. At baseline 4308 men and women agreed to participate in the comprehensive examina-
tion program (response = 68.8%) [17]. The study was approved by the ethics committee of the
University of Greifswald, complies with the Declaration of Helsinki and all study participants
gave written informed consent. SHIP data are publically available for scientific and quality con-
trol purposes. Data usage can be applied for via www.community-medicine.de.

Carotid IMT was assessed in all subjects aged 45 or older (n = 2578). For the present analy-
sis subjects with severely impaired renal function [estimated glomerular filtration rate (eGFR)
< 30 mL/min/1.73 m2] were excluded (n = 2560). After exclusion of subjects without available
ARG derivative concentrations, 1999 remained in the sample.

Interview, medical and laboratory examination
Trained and certified staff used standardized computer-assisted interviews to ask the patients
about their age, sex, smoking habits, and physical activity behavior. Smoking habits were classified
as current smoker, nonsmoker or former smoker. Being physically active was defined as at least
one hour per week of leisure time exercise. In addition, waist circumference (WC) was assessed to
the nearest 0.1 cm using an inelastic tape measure. The subject was standing comfortably with
body weight evenly distributed between both feet. WC was measured midway between the lower
rib margin and the iliac crest in the horizontal plane. Waist-to-hip ratio (WHR) was calculated as
theWC (in cm) divided by hip circumference (in cm). Diabetic patients were identified based on
the self-reported use of antidiabetic medication [anatomic, therapeutic, and chemical (ATC) code:
A10] in the last 7 days or a glycosylated hemoglobin level> 6.5%. Blood pressure (BP) was
assessed after a 5 min resting period in sitting position. Systolic and diastolic BP were measured
three times, with three minutes rest in between, on the right arm using a digital blood pressure
monitor (HEM-705CP, Omron Corporation, Tokyo, Japan). The average of the second and third
reading was used. Hypertensive patients were identified by either self-reported antihypertensive
medication or a systolic BP above 140 mmHg and/or a diastolic value of more than 90 mmHg.

A non-fasting venous blood sample was drawn from all subjects in supine position (between
7 am and 4 pm). The eGFR was calculated according to Stevens et al. [18] [eGFR = 186 x
(plasma creatinine concentration x 0.0113118)-1.154 x age-0.203) multiplied by 0.742 for female
subjects] and expressed as mL/min/1.73 m2. Established and validated protocols for liquid
chromatography-tandem mass spectroscopy (LC-MS/MS) were used to assess serum ARG and
ADMA and SDMA concentrations [19]. Briefly, 25 μL of serum were diluted in methanol with
stable isotope labeled ARG, ADMA, and SDMA. Thereafter, the guanidine compounds were
converted into their butyl esters. Guanidino compound concentrations were calculated using
triplicates with calibration curves based on four levels. Platewide quality controls (QC) were
run in two levels by duplicates. A second analysis was done on the samples to assess coefficient
of variation and bias of QC, which had to be below 15%. The ARG/ADMA ratio and sum of
the DMA (ADMA + SDMA) was calculated.

Ultrasound measurements
The ultrasound protocol employed to measure cIMT and evaluate the presence of atheroscle-
rotic plaque has been described previously [20]. Briefly, left and right extracranial carotid
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arteries were scanned bilaterally with a B-mode ultrasound using a 5-MHz linear array trans-
ducer and high-resolution instrument (Diasonics VST, Gateway, Santa Clara, CA, USA). Ultra-
sound images from the distal straight portion before the bifurcation (1 cm in length) were
recorded. Far-wall cIMT was calculated by averaging 10 consecutive measurement points with
1 mm in between from the bulb of both sides. Carotid IMT was defined as the averaged maxi-
mal IMT measurement from the left and right extracranial carotid arteries. In 115 subjects,
missing data occurred for cIMT measurements by exclusion criteria (e.g. bandages, dressings,
scars, vessel kinking, or ultrasound image quality too poor). After exclusion of missing data, a
total of 1999 subjects remained in the data set. Within- and between-reader (duplicate sets of
25 scans) and–observer (duplicate mean cIMT measurements in 5 subjects) variabilities were
assessed twice a year [21]. Spearman correlation coefficients for intraobserver and intrareader
measurements were> .95 and> .97, respectively, and mean differences (±2 SD) were< 1%
(< 10%). Spearman correlation coefficient for between-observer and between-reader variabili-
ties were> .90 and> .95, respectively. The mean differences (±2 SD) were< 5% (<15%).
Prevalent carotid atherosclerosis was defined as cIMT above the sex- and age-related 75th per-
centile or presence of atherosclerotic plaques.

Statistics
Continuous data are expressed as median and 25th/75th percentile. Nominal data are expressed
as percentages. Differences between groups were calculated using Kruskal-Wallis (continuous
variables) and χ2 test (nominal variables), respectively. First an analysis of variance with fixed
effects for sex, age, smoking status, WHR and eGFR was fitted to ADMA, SDMA, and ARG
tertiles (<33rd, 33rd to 66th,>66th) to assess the quantitative associations between ARG deriva-
tives and continuous log corrected cIMT (results are given as geometric mean and 95%-CI). In
the second step three logistic regression models were used to analyze the association between
ARG derivative serum concentrations and increased cIMT (> 75% sex- and age related percen-
tile) as well as the presence of atherosclerotic plaques. For all calculations four different models
were considered: univariate, partially adjusted for sex and age, fully adjusted for sex, age, smok-
ing status, WHR and eGFR, and a risk factor model which included hypertension and diabetes
in addition to the fully adjusted model. Odds ratios (OR) with 95% confidence intervals (CI)
are shown for continuous serum ARG derivative concentrations and according to three groups
based on the 33rd and 66th tertiles. The 33rd to 66th tertile was used as a reference in this analy-
sis. Results for unadjusted and for models adjusted for sex, age, smoking status, WHR and
eGFR are given. A P< 0.05 was considered statistically significant. All statistical analyses were
performed in SAS 9.3 (SAS Institute Inc., Cary, NC, USA).

Results

General characteristics
In this data set 510 subjects, of 1999 total, had an increased cIMT. Subjects with increased
cIMT were significantly less physically active and more often affected by hypertension and dia-
betes mellitus (Table 1). Furthermore, subjects with increased cIMT had significantly higher
SDMA serum concentrations. No significant differences were observed for age, sex, smoking
behavior, waist-to-hip ratio, estimated glomerular filtration rate, and serum concentrations of
ADMA and ARG. In addition, the calculated ARG/ADMA ratio and DMA serum concentra-
tions were also not significantly different between groups.
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Multivariable ANOVA to assess the associations between continuous
cIMT and ARG derivatives
In multivariable ANOVA with categorized ARG derivative serum SDMA concentration tertiles
were related to cIMT (P = 0.07). Tukey adjusted post-hoc analysis identified higher cIMT in
the group with high SDMA concentrations compared to the medium tertile (P< 0.10; Fig 1)
[<33rd: 0.82 (95%-CI 0.79, 0.84) mm, 33rd–66th: 0.78 (95%-CI 0.76, 0.81) mm,>66th: 0.82
(95%-CI 0.79, 0.85) mm]. No significant differences in cIMT between groups were observed
for tertiles of the ADMA and ARG [Fig 1; ADMA:<33rd: 0.81 (95%-CI 0.78, 0.83) mm; 33rd–
66th: 0.79 (0.77, 0.82) mm;>66th: 0.82 (95%-CI 0.79, 0.84) mm; ARG:<33rd: 0.79 (95%-CI
0.77, 0.82) mm; 33rd–66th: 0.81 (95%-CI 0.78,0.84) mm;>66th: 0.81 (95%-CI 0.79; 0.84) mm]
as well as the ARG/ADMA ratio and DMA [Fig 2; ARG/ADMA ratio:<33rd: 0.80 (95%-CI
0.77, 0.83) mm; 33rd–66th: 0.79 (95%-CI 0.77, 0.82) mm;>66th: 0.79 (95%-CI 0.77, 0.82) mm;
DMA:<33rd: 0.81 (95%-CI 0.78, 0.83) mm; 33rd–66th: 0.79 (95%-CI 0.77, 0.82) mm;>66th:
0.81 (95%-CI 0.79, 0.84) mm].

Logistic regression to analyze the associations between ARG
derivatives and increased cIMT
In agreement with the ANOVA results, logistic regression analysis showed that high SDMA
concentrations were associated with around 40% higher odds of increased cIMT in the unad-
justed and fully adjusted model (Table 2). Higher DMA serum concentration was associated
with a 70% increased odds of having increased cIMT in the unadjusted model (P = 0.02). Even
though the significance was lost in the fully adjusted model, a strong trend (P = 0.06) for a

Table 1. General characteristics of the study population (median with 25th/75th percentile).

Subjects without increased IMT Subjects with increased IMT P

(n = 1489) (n = 510)

Age (years) 61 (54; 69) 62 (54; 70) 0.11

% male 51.8 52.0 0.94

Smoking (%) Ex-smoker 40.5 39.8 0.21

Smoker 17.5 20.9

Nonsmoker 42.0 39.3

% Physically active 35.9 30.4 0.02

WHR 0.89 (0.82; 0.95) 0.90 (0.83; 0.95) 0.15

eGFR (mL/min/1.73m2) 74 (66; 83) 74 (65; 82) 0.30

Hypertensive (%) 65.4 78.4 < 0.001

Diabetes mellitus (%) 15.1 24.2 < 0.001

cIMT (mm) 0.83 (0.76; 0.93) 1.12 (0.99; 1.27) < 0.001

ADMA (μmol/L) 0.69 (0.61; 0.79) 0.70 (0.62; 0.79) 0.17

SDMA (μmol/L) 0.47 (0.40; 0.55) 0.48 (0.41; 0.58) 0.05

ARG (μmol/L) 150.1 (119.4; 184.6) 152.2 (122.3; 188.4) 0.34

DMA (μmol/L) 1.18 (1.04; 1.31) 1.19 (1.06; 1.36) 0.07

ARG/ADMA 218.5 (168.9; 266.5) 211.9 (170.9; 270.3) 0.81

Plaque (%) 67.12 83.07 < 0.001

Data are represented as median (interquartile range), or n (%). WHR indicates waist-to-hip ratio; eGFR, estimated-glomerular-filtration-rate; cIMT, carotid

intima-media-thickness; ADMA, asymmetrical dimethylarginine; SDMA, symmetrical dimethylarginine; ARG, L-Arginine; DMA, dimethylarginine; ARG/

ADMA, Arginine-asymmetrical dimethylarginine ratio.

doi:10.1371/journal.pone.0131293.t001
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positive association between serum DMA concentration and increased cIMT was still apparent.
No significant associations were found for ADMA, ARG, and ARG/ADMA whether treated as
continuous variables or based on tertiles. No differences between the partially and fully
adjusted models were observed (S1 Table).

Logistic regression to analyze the association between ARG derivatives
and the presence of atherosclerotic plaque
Logistic regression revealed a significantly positive association between continuous ADMA,
SDMA or DMA serum concentrations and atherosclerotic plaque in the unadjusted analysis
(Table 3). However, in the fully adjusted model all significances vanished. Using tertiles, regres-
sion analysis revealed that subjects with the highest ADMA levels had a 25% increased odds
ratio for the presence of atherosclerotic plaque in the unadjusted model (P = 0.07).

Fig 1. Estimated mean of cIMT with 95%-CI by ADMA (A), SDMA (B), and ARG (C).Multivariate analyses of variance were adjusted for age, sex, WHR,
smoking, physical activity and eGFR. Post hoc comparison adjusted for multiple testing using Tukey. # P < 0.10 in post-hoc comparison. (cIMT indicates
carotid intima-media thickness; ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine; ARG, L-Arginine).

doi:10.1371/journal.pone.0131293.g001

Fig 2. Estimated mean of cIMT with 95%-CI by ARG/ADMA ratio (A) and DMA (B).Multivariate analyses of variance were adjusted for age, sex, WHR,
smoking, physical activity and GFR. Post-hoc comparison adjusted for multiple testing using Tukey. (cIMT indicates carotid intima-media thickness; ARG/
ADMA, arginine asymmetrical dimethylarginine ratio; DMA, dimethylarginine).

doi:10.1371/journal.pone.0131293.g002
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Furthermore, ARG in the highest tertile was significantly associated with an increased odds
ratio of 31% and 41%, respectively, for the presence of atherosclerotic plaques in the unadjusted
and adjusted model (Table 3). No significant association was identified for the presence of ath-
erosclerotic plaques in the carotid artery with the ARG/ADMA ratio. No differences between
the partially and fully adjusted models were observed (S2 Table).

Discussion
The main result of this study is that serum concentrations of ARG derivatives were indepen-
dently related with atherosclerosis in a large population-based adult cohort from Northeast
Germany. Specifically, high serum SDMA and DMA concentrations were positively associated
with cIMT after correction for sex, age, smoking, waist-to-hip ratio, and estimated glomerular
filtration rate. This association was not influenced by cardiovascular risk factors like hyperten-
sion and diabetes (S1 Table). Furthermore, increased serum ARG concentration was signifi-
cantly positively associated with the presence of atherosclerotic plaque in the extracranial

Table 2. Association of arginine derivatives with increased cIMT.

OR (95%-CI) for increased IMT

Unadjusted P Fully adjusted P

ADMA

cont.* 1.92 (0.92; 4.03) 0.08 1.74 (0.82; 3.70) 0.15

categorized, ref: 33rd–66th

< 33rd 1.04 (0.81; 1.33) 0.78 1.04 (0.81; 1.34) 0.75

> 66th 1.12 (0.94; 1.53) 0.14 1.18 (0.93; 1.51) 0.17

SDMA

cont. * 2.62 (1.18; 5.84) 0.01 2.51 (0.99; 6.32) 0.05

categorized, ref: 33rd–66th

< 33rd 1.12 (0.87; 1.44) 0.37 1.12 (0.87; 1.44) 0.38

> 66th 1.38 (1.08; 1.76) 0.01 1.39 (1.08; 1.79) 0.01

ARG

cont. * 1.00 (0.99; 1.00) 0.35 1.00 (0.99; 1.00) 0.39

categorized, ref: 33rd–66th

< 33rd 0.86 (0.67; 1.11) 0.25 0.86 (0.67; 1.10) 0.23

> 66th 0.98 (0.77; 1.25) 0.85 0.95 (0.74; 1.21) 0.66

DMA

cont. * 1.70 (1.09; 2.64) 0.02 1.59 (0.99; 2.55) 0.06

categorized, ref: 33rd–66th

< 33rd 1.07 (0.83; 1.37) 0.61 1.07 (0.83; 1.38) 0.60

> 66th 1.28 (0.99; 1.63) 0.05 1.26 (0.99; 1.62) 0.07

ARG/ADMA ratio

cont. * 1.00 (0.99; 1.00) 0.74 1.00 (0.99; 1.00) 0.67

categorized, ref: 33rd–66th

< 33rd 0.96 (0.75; 1.22) 0.71 0.96 (0.75; 1.23) 0.74

> 66th 0.90 (0.71; 1.15) 0.41 0.90 (0.71; 1.16) 0.42

OR = odds ratio, CI = confidence interval, adjusted for age, sex, smoking, WHR, and eGFR.

*OR for a 1 unit increase in serum ARG derivative concentration or ARG/ADMA ratio. cIMT indicates carotid intima-media thickness; WHR, waist-to-hip

ratio; eGFR, estimated-glomerular-filtration-rate; ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine; ARG, L-Arginine; DMA,

dimethylarginine; ARG/ADMA, Arginine-asymmetrical dimethylarginine ratio.

doi:10.1371/journal.pone.0131293.t002
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carotid arteries. Epidemiological studies have previously reported associations between mark-
ers of subclinical atherosclerosis with ARG derivatives [22,23]. However, whether this associa-
tion is true for all ARG derivatives across different populations was so far unknown.

The importance of ARG is determined by its pivotal role in NO signaling. Specifically, ARG
is the natural precursor of the atheroprotective gas NO [2]. In a large population-based cohort
from Peru, serum ARG concentration independently predicted markers of subclinical CVD
[24]. Specifically, a positive association between ARG and systolic hypertension, higher central
blood pressure, and lower total artery compliance was reported. In contrast, in a Chinese popu-
lation significantly lower ARG concentrations were found in hypertensive subjects compared
to normotensive controls [25]. However, no significant differences were identified when nor-
motensive and hypertensive patients with diabetes mellitus were compared [26]. A Turkish
study reported a significantly inverse correlation between ARG and cIMT in patients with
cardiac syndrome X [27]. Interestingly, our results show a heterogeneous relationship of ARG
with atherosclerosis in the extracranial carotid artery. While there was no significant

Table 3. Association of arginine derivatives with the presence of atherosclerotic plaques.

OR (95%-CI) for presence of atherosclerotic plaque

Unadjusted P Fully adjusted P

ADMA

cont.* 4.38 (2.06; 9.16) < 0.01 1.69 (0.72; 4.01) 0.23

categorized, ref: 33rd- 66th

< 33rd 1.10 (0.87; 1.40) 0.41 1.11 (0.85; 1.45) 0.45

> 66th 1.25 (0.99; 1.58) 0.07 1.21 (0.92; 1.58) 0.17

SDMA

cont. * 7.80 (3.30; 18.41) < 0.01 0.93 (0.31; 2.74) 0.89

categorized, ref: 33rd- 66th

< 33rd 1.07 (0.84; 1.36) 0.59 1.05 (0.80; 1.38) 0.74

> 66th 0.93 (0.74; 1.17) 0.54 0.94 (0.72; 1.26) 0.66

ARG

cont. * 1.00 (0.99; 1.00) 0.58 1.00 (0.99; 1.00) 0.30

categorized, ref: 33rd- 66th

< 33rd 1.09 (0.86; 1.37) 0.50 1.15 (0.87; 1.51) 0.51

> 66th 1.31 (1.03; 1.66) 0.03 1.41 (1.07; 1.85) 0.01

DMA

cont. * 3.14 (1.98; 4.97) < 0.01 1.21 (0.70: 2.09) 0.50

Categorized, ref: 33rd- 66th

< 33rd 0.99 (0.78; 1.25) 0.90 1.00 (0.76; 1.32) 0.99

> 66th 0.98 (0.77; 1.24) 0.85 0.97 (0.74; 1.28) 0.85

ARG/ADMA ratio

cont. * 0.99 (0.99; 1.00) 0.09 1.00 (0.99; 1.00) 0.86

Categorized, ref: 33rd- 66th

< 33rd 0.95 (0.75; 1.21) 0.69 0.96 (0.73; 1.27) 0.57

> 66th 0.97 (0.76; 1.23) 0.78 1.01 (0.77; 1.33) 0.67

OR = odds ratio, CI = confidence interval, adjusted for age, sex, smoking, WHR, and GFR.

*OR for a 1 unit increase in serum ARG derivative concentration or ARG/ADMA ratio. cIMT indicates carotid intima-media thickness; WHR, waist-to-hip

ratio; eGFR, estimated-glomerular-filtration-rate; ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine; ARG, L-Arginine; DMA,

dimethylarginine; ARG/ADMA, Arginine-asymmetrical dimethylarginine ratio.

doi:10.1371/journal.pone.0131293.t003
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association of ARG serum concentration with cIMT, a positive relation for the presence of ath-
erosclerotic plaque was revealed after adjustment for relevant determinants of atherosclerosis.
High ARG concentrations were independently associated with an increased risk for the pres-
ence of atherosclerotic plaques by nearly 41% (Table 3). While our results may seem contradic-
tory to the well-established anti-atherosclerotic NO-dependent effects of ARG, one may
propose that due to the age of the investigated population (> 45 years) oxidative stress in endo-
thelial cells was high. This could cause decreased NO bioavailability which may have led to a
compensatory upregulation of ARG. However, in combination with results from previous stud-
ies [24,25,27], our results mostly indicate that whether ARG concentration can be used as a sur-
rogate marker for atherosclerotic disease progression depends not just on the health status of
the population of interest, but also on how atherosclerosis is defined and assessed.

ADMA competes for ARG binding sites on eNOS thereby directly inhibiting its actions and
reducing NO bioavailability [10]. A large meta-analysis reported that circulating ADMA con-
centration positively correlates with cIMT [11]. Our results cannot confirm a significant associ-
ation of serum ADMA concentration with cIMT or with presence of atherosclerotic plaques
(Fig 1; Tables 2 and 3). Interestingly, the median serum ADMA concentration across the SHIP
participants in this study was 0.69 and 0.70 μmol/L for subjects without and with increased
cIMT, respectively. Considering that the median serum concentration in a reference data set of
healthy SHIP-0 participants (no diabetes mellitus, cardiovascular disease, increased blood pres-
sure, chronic kidney disease and increased BMI) was 0.64 μmol/L (2.5th and 97.5th percentile
0.41 μmol/L and 0.95 μmol/L) [28], the ADMA serum concentration in this data set is rather
high. This may mask a potential correlation due to a ceiling effect. Furthermore, a second
potential reason for this discrepancy is that the majority of previous studies used patients
instead of population-based cohorts [8,9,29]. Therefore, differences in established behavioral
and biological risk factors of atherosclerosis may influence the suitability of ADMA as an ath-
erosclerotic biomarker in the general population. Nonetheless, two reports from population-
based cohorts support our findings of no significant association between ADMA concentration
and common cIMT [30,31]. However, two studies reported a significantly positive association
between circulating ADMA concentrations and cIMT. These studies investigated cohorts in
Japan and Peru [24,32]. One may speculate that the different results could be explained by the
origin of the cohorts since geographic differences in CVD susceptibility are well established
[33]. Furthermore, ethnicity specific ADMA reference concentrations have previously been
reported for African-Americans, mixed non-Hispanics and Whites [34]. This concept of
regional heterogeneity and ethnicity may influence the suitability of ADMA as a biomarker for
atherosclerosis. This is supported by studies conducted in healthy children. Specifically, one
study reported a significant correlation between ADMA concentration and cIMT in Australian
children [35]. However, this association was not significant for a study conducted in Polish
children [36]. Therefore, whether circulating ADMA levels are a biomarker for atherosclerosis
may be dependent upon the geographical location and ethnicity of the population of interest.

SDMA is a structural isomer of ADMA and inhibits cationic amino acid transporters which
are essential for the transcellular membrane passage of ARG [10]. In a cohort of patients with
dilated cardiomyopathy SDMA predicted all-cause mortality [29]. In a group of patients with
stable coronary artery disease SDMA was related to an increased number of CVD events [8].
Likewise, in population-based cohorts SDMA concentration has been identified as an indepen-
dent predictor of all-cause and cardiovascular mortality [22,23]. However, whether SDMA pre-
dicts atherosclerotic disease progression in the general population is currently unclear. In our
large population-based adult cohort from Northeast Germany, high levels of serum SDMA
concentration related to a 39% increased odds ratio for high cIMT. Interestingly, SDMA con-
centration was not significantly associated with the presence of atherosclerotic plaque in the
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extracranial carotid arteries. Very few previous population-based cohorts investigated the
potential relation between SDMA concentrations and atherosclerosis. In the Dallas Heart
Study SDMA was associated with coronary artery calcium and aortic wall thickness [22]. In an
older subject population (mean age 76 years), SDMA concentration was positively correlated
with increased cIMT and the presence of atherosclerotic plaques [13]. Overall, the current data
does not allow for a definite conclusion on whether SDMA concentration is related with ath-
erosclerosis in the general population.

In order to enable further interpretation of our results we calculated the ratio of ARG and
its inhibitor ADMA as well as DMA. The ARG/ADMA ratio has previously been identified as
an independent predictor of mortality in patients with dilated cardiomyopathy [29]. In addi-
tion, a positive correlation between ARG/ADMA and all-cause mortality was identified in a
10 year follow-up investigation of the Framingham Heart Study [31]. Furthermore, in patients
with cardiac syndrome X the ARG/ADMA ratio was inversely associated with cIMT [27].
Moreover, in a Japanese population the ARG/ADMA ratio with significantly associated with
IMT [37]. Among SHIP participants the ARG/ADMA ratio did not relate with either increased
cIMT or presence of atherosclerotic plaques (Fig 2; Tables 2 and 3). Interestingly, DMA was
positively associated with increased cIMT, while no association with the presence of atheroscle-
rotic plaque was observed in the adjusted analysis. Overall, ARG/ADMA ratio and DMA con-
centration may correlate with some markers of subclinical atherosclerosis, but this will be
depending upon the choice of definition of asymptomatic CVD. Specifically, one may speculate
that cIMT and presence of atherosclerotic plaque are surrogate markers for different disease
stages. While cIMT may represent a marker of earlier phases of atherosclerotic disease, plaques
are present during later stages. Thus, the strength of a potential association with ARG deriva-
tives might be different for cIMT and plaques, possibly hampering its detection in a popula-
tion-based setting. We have observed similar differences also in previous analyses when we
investigated the relation between thyroid function or total serum testosterone levels with cIMT
and prevalent carotid atherosclerotic plaques among large samples from SHIP [38–40].

We acknowledge several limitations in our analysis. Most importantly, our cross-sectional
results do not imply an underlying biological mechanism. In addition, we recognize that we
did not exclude subjects with previous CVD events like stroke or myocardial infarction. Fur-
ther, while antihypertensive and lipid-lowering medication may influence carotid atherosclero-
sis and cIMT [41,42], their effect is time dependent. Unfortunately, no information about the
duration of the treatment was available. Thus, we cannot completely exclude that this might
have affected our findings. This is due to the fact that we aimed to analyze an older general
population cohort.

In summary, this is the most comprehensive epidemiological analysis correlating diverse
ARG derivatives with two distinct pathophysiological markers of atherosclerotic disease pro-
gression. The results of this study show that while serum concentrations of ARG and SDMA
are positively associated with atherosclerosis, no correlation was found for ADMA. Further-
more, the ARG/ADMA ratio was not associated with either increased cIMT or presence of ath-
erosclerotic plaques. However, high DMA serum concentration significantly increased the
odds for the presence of atherosclerotic plaques in our cohort. Therefore, whether ARG deriva-
tives are atherosclerotic biomarkers deserves further research.

Supporting Information
S1 Table. Association of arginine derivatives with increased cIMT. OR = odds ratio,
CI = confidence interval, �OR for a 1 unit increase in serum ARG derivative concentration
or ARG/ADMA ratio. cIMT indicates carotid intima-media thickness; WHR, waist-to-hip
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ratio; eGFR, estimated-glomerular-filtration-rate; ADMA, asymmetric dimethylarginine;
SDMA, symmetric dimethylarginine; ARG, L-Arginine; DMA, dimethylarginine; ARG/
ADMA, Arginine-asymmetrical dimethylarginine ratio.
(PDF)

S2 Table. Association of arginine derivatives with the presence of atherosclerotic plaques.
OR = odds ratio, CI = confidence interval, �OR for a 1 unit increase in serum ARG derivative
concentration or ARG/ADMA ratio. cIMT indicates carotid intima-media thickness; WHR,
waist-to-hip ratio; eGFR, estimated-glomerular-filtration-rate; ADMA, asymmetric dimethy-
larginine; SDMA, symmetric dimethylarginine; ARG, L-Arginine; DMA, dimethylarginine;
ARG/ADMA, Arginine-asymmetrical dimethylarginine ratio.
(PDF)

Acknowledgments
We gratefully thank Mariola Kastner and Anna Steenpass for their excellent technical assis-
tance. The contributions to data collection made by field workers, study physicians, ultrasound
technicians, interviewers, and computer assistants are gratefully acknowledged.

Author Contributions
Conceived and designed the experiments: MB NF DA ES MD. Performed the experiments:
MDHVMAN SBF DA. Analyzed the data: MB NFMD. Contributed reagents/materials/analy-
sis tools: MB NF. Wrote the paper: MB NF DA SBF MAN RHB HV ES MD.

References
1. Jin RC, Loscalzo J (2010) Vascular Nitric Oxide: Formation and Function. J Blood Med 2010: 147–

162. PMID: 21572574

2. Palmer RM, Ashton DS, Moncada S (1988) Vascular endothelial cells synthesize nitric oxide from L-
arginine. Nature 333: 664–666. PMID: 3131684

3. Forstermann U, Munzel T (2006) Endothelial nitric oxide synthase in vascular disease: frommarvel to
menace. Circulation 113: 1708–1714. PMID: 16585403

4. Rajapakse NW, Mattson DL (2009) Role of L-arginine in nitric oxide production in health and hyperten-
sion. Clin Exp Pharmacol Physiol 36: 249–255. doi: 10.1111/j.1440-1681.2008.05123.x PMID:
19076168

5. Creager MA, Gallagher SJ, Girerd XJ, Coleman SM, Dzau VJ, Cooke JP (1992) L-arginine improves
endothelium-dependent vasodilation in hypercholesterolemic humans. J Clin Invest 90: 1248–1253.
PMID: 1401062

6. Dubois-Rande JL, Zelinsky R, Roudot F, Chabrier PE, Castaigne A, Geschwind H, et al. (1992) Effects
of infusion of L-arginine into the left anterior descending coronary artery on acetylcholine-induced vaso-
constriction of human atheromatous coronary arteries. Am J Cardiol 70: 1269–1275. PMID: 1442577

7. Böger RH, Zoccali C (2003) ADMA: a novel risk factor that explains excess cardiovascular event rate in
patients with end-stage renal disease. Atherosclerosis Supplements 4: 23–28. PMID: 14664899

8. Siegerink B, Maas R, Vossen CY, Schwedhelm E, KoenigW, Böger R, et al. (2013) Asymmetric and
symmetric dimethylarginine and risk of secondary cardiovascular disease events and mortality in
patients with stable coronary heart disease: the KAROLA follow-up study. Clin Res Cardiol 102: 193–
202. doi: 10.1007/s00392-012-0515-4 PMID: 23073705

9. Böger RH, Endres HG, Schwedhelm E, Darius H, Atzler D, Lüneburg N, et al. (2011) Asymmetric
dimethylarginine as an independent risk marker for mortality in ambulatory patients with peripheral arte-
rial disease. Journal of Internal Medicine 269: 349–361. doi: 10.1111/j.1365-2796.2010.02322.x
PMID: 21175900

10. Augustine MS, Rogers LK (2013) Measurement of arginine metabolites: regulators of nitric oxide
metabolism. Curr Protoc Toxicol 58: Unit 17 16. doi: 10.1002/0471140856.tx0440s58 PMID: 24510543

ARG Derivatives in SHIP

PLOSONE | DOI:10.1371/journal.pone.0131293 June 22, 2015 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0131293.s002
http://www.ncbi.nlm.nih.gov/pubmed/21572574
http://www.ncbi.nlm.nih.gov/pubmed/3131684
http://www.ncbi.nlm.nih.gov/pubmed/16585403
http://dx.doi.org/10.1111/j.1440-1681.2008.05123.x
http://www.ncbi.nlm.nih.gov/pubmed/19076168
http://www.ncbi.nlm.nih.gov/pubmed/1401062
http://www.ncbi.nlm.nih.gov/pubmed/1442577
http://www.ncbi.nlm.nih.gov/pubmed/14664899
http://dx.doi.org/10.1007/s00392-012-0515-4
http://www.ncbi.nlm.nih.gov/pubmed/23073705
http://dx.doi.org/10.1111/j.1365-2796.2010.02322.x
http://www.ncbi.nlm.nih.gov/pubmed/21175900
http://dx.doi.org/10.1002/0471140856.tx0440s58
http://www.ncbi.nlm.nih.gov/pubmed/24510543


11. Bai Y, Sun L, Du L, Zhang T, Xin W, Lan X, et al. (2013) Association of circulating levels of asymmetric
dimethylarginine (ADMA) with carotid intima-media thickness: evidence from 6168 participants. Ageing
Res Rev 12: 699–707. doi: 10.1016/j.arr.2012.02.003 PMID: 22353385

12. Zoccali C, Benedetto FA, Maas R, Mallamaci F, Tripepi G, Salvatore Malatino L, et al. (2002) Asymmet-
ric Dimethylarginine, C-Reactive Protein, and Carotid Intima-Media Thickness in End-Stage Renal Dis-
ease. Journal of the American Society of Nephrology 13: 490–496. PMID: 11805179

13. Riccioni G, Scotti L, D'Orazio N, Gallina S, Speziale G, Speranza L, et al. (2014) ADMA/SDMA in
elderly subjects with asymptomatic carotid atherosclerosis: values and site-specific association. Int J
Mol Sci 15: 6391–6398. doi: 10.3390/ijms15046391 PMID: 24739810

14. O'Leary DH, Polak JF, Kronmal RA, Manolio TA, Burke GL, Wolfson SK Jr (1999) Carotid-artery intima
and media thickness as a risk factor for myocardial infarction and stroke in older adults. Cardiovascular
Health Study Collaborative Research Group. N Engl J Med 340: 14–22. PMID: 9878640

15. Inaba Y, Chen JA, Bergmann SR (2012) Carotid plaque, compared with carotid intima-media thickness,
more accurately predicts coronary artery disease events: a meta-analysis. Atherosclerosis 220: 128–
133. doi: 10.1016/j.atherosclerosis.2011.06.044 PMID: 21764060

16. John U, Greiner B, Hensel E, Ludemann J, Piek M, Sauer S, et al. (2001) Study of Health In Pomerania
(SHIP): a health examination survey in an east German region: objectives and design. Soz Praven-
tivmed 46: 186–194. PMID: 11565448

17. Volzke H, Alte D, Schmidt CO, Radke D, Lorbeer R, Friedrich N, et al. (2011) Cohort profile: the study
of health in Pomerania. Int J Epidemiol 40: 294–307. doi: 10.1093/ije/dyp394 PMID: 20167617

18. Stevens LA, Coresh J, Greene T, Levey AS (2006) Assessing kidney function—measured and esti-
mated glomerular filtration rate. N Engl J Med 354: 2473–2483. PMID: 16760447

19. Schwedhelm E, Maas R, Tan-Andresen J, Schulze F, Riederer U, Böger RH (2007) High-throughput
liquid chromatographic-tandemmass spectrometric determination of arginine and dimethylated argi-
nine derivatives in human and mouse plasma. J Chromatogr B Analyt Technol Biomed Life Sci 851:
211–219. PMID: 17194630

20. Luedemann J, Schminke U, Berger K, Piek M, Willich SN, Doring A, et al. (2002) Association between
behavior-dependent cardiovascular risk factors and asymptomatic carotid atherosclerosis in a general
population. Stroke 33: 2929–2935. PMID: 12468793

21. Lüdemann J, Piek M, WoodW, Meyer S, Greiner B, John U, et al. (2000) Methoden zur Qualitätssicher-
ung im medizinischen Untersuchungsbereich epidemiologischer Feldstudien: Die „Study of Health in
Pomerania”(SHIP)*. Das Gesundheitswesen 62: 234–243. PMID: 10844821

22. Gore MO, Luneburg N, Schwedhelm E, Ayers CR, Anderssohn M, Khera A, et al. (2013) Symmetrical
dimethylarginine predicts mortality in the general population: observations from the Dallas heart study.
Arterioscler Thromb Vasc Biol 33: 2682–2688. doi: 10.1161/ATVBAHA.113.301219 PMID: 24008162

23. Schwedhelm E, Wallaschofski H, Atzler D, Dorr M, Nauck M, Volker U, et al. (2014) Incidence of all-
cause and cardiovascular mortality predicted by symmetric dimethylarginine in the population-based
study of health in pomerania. PLoS One 9: e96875. doi: 10.1371/journal.pone.0096875 PMID:
24819070

24. Chirinos JA, David R, Bralley JA, Zea-Diaz H, Munoz-Atahualpa E, Corrales-Medina F, et al. (2008)
Endogenous nitric oxide synthase inhibitors, arterial hemodynamics, and subclinical vascular disease:
the PREVENCION Study. Hypertension 52: 1051–1059. doi: 10.1161/HYPERTENSIONAHA.108.
120352 PMID: 18852383

25. Wang H, Liu J (2011) Plasma asymmetric dimethylarginine and L-arginine levels in Chinese patients
with essential hypertension without coronary artery disease. J Cardiovasc Dis Res 2: 177–180. doi: 10.
4103/0975-3583.85265 PMID: 22022146

26. Taner A, Unlu A, Kayrak M, Tekinalp M, Ayhan SS, Aribas A, et al. (2013) The value of serum asymmet-
ric dimethylarginine levels for the determination of masked hypertension in patients with diabetes melli-
tus. Atherosclerosis 228: 432–437. doi: 10.1016/j.atherosclerosis.2013.02.024 PMID: 23540293

27. Sen N, Poyraz F, Tavil Y, Yazici HU, Turfan M, Hizal F, et al. (2009) Carotid intima-media thickness in
patients with cardiac syndrome X and its association with high circulating levels of asymmetric dimethy-
larginine. Atherosclerosis 204: e82–85. doi: 10.1016/j.atherosclerosis.2008.09.029 PMID: 19010468

28. Atzler D, Schwedhelm E, Nauck M, Ittermann T, Böger RH, Friedrich N (2014) Serum reference inter-
vals of homoarginine, ADMA, and SDMA in the Study of Health in Pomerania. Clin Chem Lab Med.

29. Anderssohn M, Rosenberg M, Schwedhelm E, Zugck C, Lutz M, Luneburg N, et al. (2012) The L-Argi-
nine-asymmetric dimethylarginine ratio is an independent predictor of mortality in dilated cardiomyopa-
thy. J Card Fail 18: 904–911. doi: 10.1016/j.cardfail.2012.10.011 PMID: 23207078

30. Maas R, Xanthakis V, Polak JF, Schwedhelm E, Sullivan LM, Benndorf R, et al. (2009) Association of
the endogenous nitric oxide synthase inhibitor ADMA with carotid artery intimal media thickness in the

ARG Derivatives in SHIP

PLOSONE | DOI:10.1371/journal.pone.0131293 June 22, 2015 12 / 13

http://dx.doi.org/10.1016/j.arr.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22353385
http://www.ncbi.nlm.nih.gov/pubmed/11805179
http://dx.doi.org/10.3390/ijms15046391
http://www.ncbi.nlm.nih.gov/pubmed/24739810
http://www.ncbi.nlm.nih.gov/pubmed/9878640
http://dx.doi.org/10.1016/j.atherosclerosis.2011.06.044
http://www.ncbi.nlm.nih.gov/pubmed/21764060
http://www.ncbi.nlm.nih.gov/pubmed/11565448
http://dx.doi.org/10.1093/ije/dyp394
http://www.ncbi.nlm.nih.gov/pubmed/20167617
http://www.ncbi.nlm.nih.gov/pubmed/16760447
http://www.ncbi.nlm.nih.gov/pubmed/17194630
http://www.ncbi.nlm.nih.gov/pubmed/12468793
http://www.ncbi.nlm.nih.gov/pubmed/10844821
http://dx.doi.org/10.1161/ATVBAHA.113.301219
http://www.ncbi.nlm.nih.gov/pubmed/24008162
http://dx.doi.org/10.1371/journal.pone.0096875
http://www.ncbi.nlm.nih.gov/pubmed/24819070
http://dx.doi.org/10.1161/HYPERTENSIONAHA.108.120352
http://dx.doi.org/10.1161/HYPERTENSIONAHA.108.120352
http://www.ncbi.nlm.nih.gov/pubmed/18852383
http://dx.doi.org/10.4103/0975-3583.85265
http://dx.doi.org/10.4103/0975-3583.85265
http://www.ncbi.nlm.nih.gov/pubmed/22022146
http://dx.doi.org/10.1016/j.atherosclerosis.2013.02.024
http://www.ncbi.nlm.nih.gov/pubmed/23540293
http://dx.doi.org/10.1016/j.atherosclerosis.2008.09.029
http://www.ncbi.nlm.nih.gov/pubmed/19010468
http://dx.doi.org/10.1016/j.cardfail.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23207078


Framingham Heart Study offspring cohort. Stroke 40: 2715–2719. doi: 10.1161/STROKEAHA.109.
552539 PMID: 19498184

31. Böger RH, Sullivan LM, Schwedhelm E, Wang TJ, Maas R, Benjamin EJ, et al. (2009) Plasma asym-
metric dimethylarginine and incidence of cardiovascular disease and death in the community. Circula-
tion 119: 1592–1600. doi: 10.1161/CIRCULATIONAHA.108.838268 PMID: 19289633

32. Furuki K, Adachi H, Matsuoka H, Enomoto M, Satoh A, Hino A, et al. (2007) Plasma levels of asymmet-
ric dimethylarginine (ADMA) are related to intima-media thickness of the carotid artery: an epidemiolog-
ical study. Atherosclerosis 191: 206–210. PMID: 16672157

33. Ding K, Kullo IJ (2011) Geographic differences in allele frequencies of susceptibility SNPs for cardio-
vascular disease. BMCMed Genet 12: 55. doi: 10.1186/1471-2350-12-55 PMID: 21507254

34. Sydow K, Fortmann SP, Fair JM, Varady A, Hlatky MA, Go AS, et al. (2010) Distribution of Asymmetric
Dimethylarginine among 980 Healthy, Older Adults of Different Ethnicities. Clinical Chemistry 56: 111–
120. doi: 10.1373/clinchem.2009.136200 PMID: 19892843

35. Ayer JG, Harmer JA, Nakhla S, XuanW, Ng MKC, Raitakari OT, et al. (2009) HDL-Cholesterol, Blood
Pressure, and Asymmetric Dimethylarginine Are Significantly Associated With Arterial Wall Thickness
in Children. Arteriosclerosis, Thrombosis, and Vascular Biology 29: 943–949. doi: 10.1161/ATVBAHA.
109.184184 PMID: 19359663

36. Jazwinska-Kozuba A, Martens-Lobenhoffer J, Kruszelnicka O, Rycaj J, Chyrchel B, Surdacki A, et al.
(2013) Opposite associations of plasma homoarginine and ornithine with arginine in healthy children
and adolescents. Int J Mol Sci 14: 21819–21832. doi: 10.3390/ijms141121819 PMID: 24192823

37. Notsu Y, Yano S, Shibata H, Nagai A, Nabika T (2015) Plasma arginine/ADMA ratio as a sensitive risk
marker for atherosclerosis: Shimane CoHRE study. Atherosclerosis 239: 61–66. doi: 10.1016/j.
atherosclerosis.2014.12.030 PMID: 25576847

38. Volzke H, Robinson DM, Schminke U, Ludemann J, Rettig R, Felix SB, et al. (2004) Thyroid function
and carotid wall thickness. J Clin Endocrinol Metab 89: 2145–2149. PMID: 15126533

39. Dorr M, Empen K, Robinson DM, Wallaschofski H, Felix SB, Volzke H (2008) The association of thyroid
function with carotid artery plaque burden and strokes in a population-based sample from a previously
iodine-deficient area. Eur J Endocrinol 159: 145–152. doi: 10.1530/EJE-08-0140 PMID: 18495692

40. Dorr M, Wallaschofski H, Friedrich N (2009) Association of low total testosterone levels and prevalent
carotid plaques: result of the study of health in Pomerania. Eur J Epidemiol 24: 389–391. doi: 10.1007/
s10654-009-9354-7 PMID: 19499348

41. Tropeano AI, Saleh N, Hawajri N, Macquin-Mavier I, Maison P (2011) Do all antihypertensive drugs
improve carotid intima-media thickness? A network meta-analysis of randomized controlled trials. Fun-
dam Clin Pharmacol 25: 395–404. doi: 10.1111/j.1472-8206.2010.00832.x PMID: 20584209

42. Bedi US, SinghM, Singh PP, Bhuriya R, Bahekar A, Molnar J, et al. (2010) Effects of statins on progres-
sion of carotid atherosclerosis as measured by carotid intimal—medial thickness: a meta-analysis of
randomized controlled trials. J Cardiovasc Pharmacol Ther 15: 268–273. doi: 10.1177/
1074248410369110 PMID: 20472815

ARG Derivatives in SHIP

PLOSONE | DOI:10.1371/journal.pone.0131293 June 22, 2015 13 / 13

http://dx.doi.org/10.1161/STROKEAHA.109.552539
http://dx.doi.org/10.1161/STROKEAHA.109.552539
http://www.ncbi.nlm.nih.gov/pubmed/19498184
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.838268
http://www.ncbi.nlm.nih.gov/pubmed/19289633
http://www.ncbi.nlm.nih.gov/pubmed/16672157
http://dx.doi.org/10.1186/1471-2350-12-55
http://www.ncbi.nlm.nih.gov/pubmed/21507254
http://dx.doi.org/10.1373/clinchem.2009.136200
http://www.ncbi.nlm.nih.gov/pubmed/19892843
http://dx.doi.org/10.1161/ATVBAHA.109.184184
http://dx.doi.org/10.1161/ATVBAHA.109.184184
http://www.ncbi.nlm.nih.gov/pubmed/19359663
http://dx.doi.org/10.3390/ijms141121819
http://www.ncbi.nlm.nih.gov/pubmed/24192823
http://dx.doi.org/10.1016/j.atherosclerosis.2014.12.030
http://dx.doi.org/10.1016/j.atherosclerosis.2014.12.030
http://www.ncbi.nlm.nih.gov/pubmed/25576847
http://www.ncbi.nlm.nih.gov/pubmed/15126533
http://dx.doi.org/10.1530/EJE-08-0140
http://www.ncbi.nlm.nih.gov/pubmed/18495692
http://dx.doi.org/10.1007/s10654-009-9354-7
http://dx.doi.org/10.1007/s10654-009-9354-7
http://www.ncbi.nlm.nih.gov/pubmed/19499348
http://dx.doi.org/10.1111/j.1472-8206.2010.00832.x
http://www.ncbi.nlm.nih.gov/pubmed/20584209
http://dx.doi.org/10.1177/1074248410369110
http://dx.doi.org/10.1177/1074248410369110
http://www.ncbi.nlm.nih.gov/pubmed/20472815

