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Abstract Asymmetric dimethylarginine (ADMA) is an
endogenous inhibitor of nitric oxide synthase implicated
in several age-related biological mechanisms such as
telomere shortening and cell senescence. We tested the
hypothesis that ADMA blood level is an independent
predictor of mortality in elderly. This is a longitudinal
population-based cohort study. Participants are a repre-
sentative cohort of 1,025 men and women (age range

65–102 years) living in Chianti area, Tuscany, Italy. The
plasma ADMA was measured by liquid chromatogra-
phy–tandem mass spectrometry. During the follow-up
(95±32 months), 384 individuals died, of whom 141
(37 %) died of cardiovascular (CV) causes. In adjusted
analyses, the plasma ADMAwas the strongest predictor
of all-cause mortality (HR (0.1 μMol/L) 1.26, 95 % CI
1.10–1.44,P<0.001) with a non-significant trend for CV
mortality (HR 1.22, P=0.07). The predictive effect of the
ADMA level on mortality was statistically significant
among participants with low to low-normal L-arginine
levels (≤60 μMol/L), but not in those with L-arginine
>60μMol/L. Notwithstanding the association of ADMA
with all-cause mortality was robust, this biomarker failed
to add predictive power to a simple model based on the
risk factors in the elderly (area under the ROC curve
0.85±0.01 vs. 0.84±0.01). ADMA is a strong indepen-
dent predictor of mortality in the older population, and

L-arginine modifies the effect of ADMA on survival. The
mechanisms for this association should be targeted by
future studies.

Keywords ADMA . Elderly . Cardiovascular risk
factor . Survival . Population study

Introduction

The power of classical factors to accurately predict the
risk of death and clinical outcomes diminishes with
advancing age (Kannel 2002; de Ruijter et al. 2009), a
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phenomenon which may depend on the fact that mea-
surement of these factors at a late stage of life may not
reflect the actual lifetime exposure to the same factors
and/or that elderly people represent a highly selected
population with a risk factor profile different from that
of the general population (Mukamal et al. 2004). Be-
cause the peculiar epidemiologic characteristic of the
elderly population, identification of risk factors spe-
cific to this population, is fundamental to put in place
effective preventive strategies at this late stage of life.
Furthermore, alternative risk markers are required for
risk stratification in the very old.

Over the last three decades, major efforts have been
made to identify new risk factors for death and car-
diovascular (CV) disease, particularly inflammation
markers (Helfand et al. 2009; de Ruijter et al. 2009;
Mukamal et al. 2004); however, the vast majority of
these studies focused almost exclusively in middle age
populations, and information on risk factors in the
elderly and very old is more limited.

The problem is of relevance because recent data
indicate that in very old people, novel biomarkers like
plasma homocysteine may largely outperform classical
risk markers assessed by the Framingham score in the
prediction of CV death (de Ruijter et al. 2009). The
endogenous inhibitor of nitric oxide synthase, asymmet-
ric dimethylarginine (ADMA), is one of the most inves-
tigated novel risk factors both in the general population
and in various disease states (Zoccali 2006; Boger et al.
2009a; Brenner et al. 2012). Pre-clinical studies
suggest that ADMA may be implicated in biological
processes relevant to aging, such as telomerase activity,
endothelial senescence (Bode-Boger et al. 2005), and
endothelial dysfunction (Perticone et al. 2010; Juonala
et al. 2007). In the Framingham offspring study, a
community-based study on middle-aged individuals,
higher ADMA was a strong predictor of death (Boger
et al. 2009b). Similarly, studies have found that ADMA
was a strong predictor of cardiovascular events and
mortality in patient groups affected by a variety of
pathological conditions from chronic kidney disease to
coronary heart disease, peripheral vascular disease, and
diabetes (Zoccali 2006; Boger et al. 2009a). Observa-
tional studies have reported that plasma ADMA levels
rise with age (Boger et al. 2009b; Schulze et al. 2005).
However, no major population-based cohort study
addressed the hypothesis that ADMA level is an impor-
tant risk factor for all-cause and cardiovascular mortality
in the older population. We investigated the predictive

power of ADMA for all-cause and cardiovascular mor-
tality using data from the Invecchiare in Chianti study
cohort which enrolled a random sample of people older
than 65 years in two towns of Tuscany, Italy.

Methods

Study design and population

The “Invecchiare in Chianti Study” (InCHIANTI; ag-
ing in the Chianti area) is a longitudinal population-
based study of people living in Greve in Chianti and
Bagno a Ripoli in Tuscany Region of Italy (http://
www.inchiantistudy.net/bindex.html). This study was
planned by the Laboratory of Clinical Epidemiology
of the Italian National Research Council on Aging
(INRCA, Florence, Italy) in collaboration with the
Laboratory of Demography and Biometry at the Na-
tional Institute on Aging. The rationale, design, and
data collection of the InCHIANTI study have been
described elsewhere (Ferrucci et al. 2000). Briefly,
the elderly InCHIANTI population consisted of
1,155 participants aged 65 to 102 randomly selected
using a multistage stratified sampling method. Once
enrolled, the subjects underwent an extensive baseline
data set collection between September 1998 and
March 2000; thereafter, the subjects were fully evalu-
ated every 3 years, and the follow-up is still in prog-
ress. The INRCA ethics committee approved the
InCHIANTI Study protocol which met the criteria
outlined in the Declaration of Helsinki. The partici-
pants in the study provided written informed consent.

For the present study, we excluded 130 participants
because of missing plasma samples. Hence, we ana-
lyzed 1,025 subjects out of the 1,155 original cohort.
The primary study outcomes were all-cause and cardio-
vascular mortality during follow-up from the baseline
examination through December 2008. Information
about the designated outcomes was obtained from the
Mortality General Registry maintained by the Tuscany
Region and the death certificates of the Municipality of
residence. We classified the cardiovascular deaths with
ICD-9-CM codes from 410 to 438.

Comorbidity and other variables

All participants were examined by an experienced
clinician. Diseases were ascertained according to pre-
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established criteria that combine information from
self-reported physician diagnoses, current pharmaco-
logical treatment, medical records, clinical examina-
tions, and previous blood tests.

Smoking history was determined as self-reported
and dichotomized in the analysis as “current smoking”
versus “ever smoked” and “never smoked”. Weight
and height were measured with participants wearing
light clothes and no shoes and were used to compute
the body mass index (BMI). Blood pressure was first
assessed on both arms with the patient supine for at
least 5 min. Then, measurements were repeated
twice on the arm with the highest value of systolic
blood pressure, and the mean of these two values
was used to define the systolic and diastolic blood
pressure.

Laboratory methods

Blood samples were obtained after a 12-h fast and
after the participants had been resting for at least
15 min. The participants received detailed instructions
for 24-h urine collection, including advice to take note
of start and end time. Subjects with incomplete times
of collection were excluded. Aliquots of serum and
24-h urine samples were stored at −80 °C and were not
thawed until analyzed.

Plasma concentrations of ADMA and L-arginine
were measured by tandem liquid chromatography
tandem mass spectrometry MS/MS (Schwedhelm
et al. 2007). Serum and urine creatinine were mea-
sured using a compensated modified Jaffe method.
Renal function was assessed by creatinine clearance
(CrCl) calculated according to the formula: Urinary½
creatinine mg dL=ð Þ � Urinary volume mLð Þ� Serum½=
creatinine mg dL=ð Þ � Length of collection ðminÞ�.
Urinary albumin excretion was assessed in an early

morning spot sample by an automated urine test strip
analyser (Aution Max AX-4280, A. Menarini Diagnos-
tics, Florence, Italy) with a minimum detecting sensitiv-
ity of 5 mg/dL. Serum high sensitivity C-reactive
protein (CRP) was measured in duplicate using an
enzyme-linked immunosorbent assay (ELISA) and col-
orimetric competitive immunoassay that uses purified
protein and polyclonal anti-CRP antibodies; the mini-
mum detectable threshold was 0.03 mg/L, and the inter-
assay coefficient of variation was 5 %.

Plasma homocysteine concentration was measured by
a fluorometric polarized immunoassay method (IMX,

Abbott Laboratories) and insulin by a commercial-
ly available radioimmunoassay kit (Sorin Biomed-
ical, Milan, Italy). Homeostasis model assessment
of insulin resistance (HOMA index) was calculated
with the formula: Fasting glucose level millimoles perð½
literÞ� � Fasting insulin level microunits per milliliterð Þ½ �=
22:5: Other variables, cholesterol, uric acid, and Hb were
determined by standard methods.

Statistical analysis

The data are expressed as mean ± standard deviation,
median, and inter-quartile range or as percent frequency,
as appropriate. In comparing the continuous variables
across age quartiles, we used one-way ANOVA. We
specifically looked at the weighted P value (P for trend)
which provides the statistical significance of the underly-
ing, if any, linear trend between the variables and age
quartiles. For binary variables, the comparisons were
done by a standard chi-square for linear association.
The correlation analyses betweenADMAand continuous
variables were performed by calculating the Pearson
product moment correlation coefficient, and the associa-
tion betweenADMAand binary variables was carried out
by calculating the point bi-serial correlation coefficient.

The relationship between ADMA and all-cause and
CV mortality was investigated by Kaplan–Meier anal-
ysis and by Cox regression analyses. The initial pre-
dictive model included plasma ADMA alone, and
adjusted models included other covariates. Age, gender,
smoking, diabetes, serum glucose and HOMA index,
total cholesterol, systolic and diastolic blood pressure,
and treatment with anti-hypertensive drugs, BMI,
heart rate, calcium, hemoglobin, CV comorbidities,
homocysteine, creatinine clearance, albuminuria, CRP
and L-arginine were considered as potential covariates.
In the final Cox regressionmodel, we introduced plasma
ADMA as well as variables that met the criteria to be
confounders (Tripepi et al. 2008), namely variables (a)
correlated with both exposure (plasma ADMA) and the
study outcomes with a P<0.20, (b) which were not an
effect of exposure, and (c) not in the causal pathway
between the exposure and the study outcome. The effect
modification of plasma L-arginine levels on the relation-
ship between plasma ADMA and study outcomes
(all-cause and CV mortality) was investigated by adding
into the multiple Cox regression models a multiplicative
term of these two variables (ADMA×L-arginine). The
hazard ratios of ADMA (0.1μMol/L increase) across the
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whole range of plasma L-arginine levels were calculated
by the linear combination method (see “Appendix”). By
this approach, we constructed a model of adequate sta-
tistical power (at least 13 events for each variable into the
final models). A P value <0.05 was considered as statis-
tically significant. The additional prognostic value of
ADMA beyond and above that provided by the risk
model in the elderly included in this study for predicting
mortality was evaluated by calculating the area under the
ROC curve (AUC, a measure of discrimination) and by
assessing the net reclassification index (NRI). The pro-
portionality assumption was tested by the analysis of
Schoenfeld residuals, and no violation was found. The
data are expressed as hazard ratios (HR), 95 % confi-
dence intervals (CI), and P values. All calculations were
made using standard statistical packages (SPSS for

Windows Version 19, Chicago, Illinois, US and STATA
9, Stata Corp, LP, TX, US).

Results

The main demographic and clinical characteristics of
the study subjects as grouped according to age quar-
tiles are summarized in Table 1. Individuals in the
fourth age quartile (age >79 years) had higher ADMA,
systolic pressure, plasma total homocysteine, CRP,
and L-arginine, and lower BMI, calcium, hemoglobin,
total cholesterol, HOMA index, and creatinine clear-
ance as compared to those in the remaining age quar-
tiles (Table 1). The proportion of males and smokers
decreased from the first age quartile onward, whereas

Table 1 Demographic, somatometric, and clinical data of study subjects grouped according to age quartiles

Whole group
(n=1,025)

Age quartiles P for
trend

First
(<69 years)
(n=288)

Second
(69–74 years)
(n=270)

Third
(74–79 years)
(n=217)

Fourth
(>79 years)
(n=250)

Age (years) 75±7 67±1 72±1 77±1 86±4 <0.001

BMI (kg/m2) 27.5±3.9 28±4 28±4 27±4 26±4 <0.001

Male sex, n (%) 452 (44) 137 (48) 129 (48) 96 (44) 90 (36) 0.01

Smokers, n (%) 419 (41) 132 (46) 133 (49) 90 (41) 64 (26) <0.001

Diabetics, n (%) 130 (13) 34 (12) 40 (15) 24 (11) 32 (13) 0.97

Systolic BP (mmHg) 151±20 147±19 148±19 154±18 156±20 <0.001

Diastolic BP (mmHg) 84±8 84±9 84±8 84±8.0 84±8 0.34

Heart rate (beats/min) 70±12 69±12 70±12 69±11 71±12 0.09

Calcium (mg/dL) 9.4±0.5 9.5±0.4 9.5±0.5 9.4±0.4 9.3±0.5 <0.001

Glucose (mg/dL) 89 (81–100) 89 (82–99) 90 (83–103) 81 (88–99) 87 (80–100) 0.68

HOMA index (UI/L)/(mmol/L) 2.27 (1.56–3.31) 2.33(1.61–3.22) 2.44 (1.71–3.39) 2.34(1.64–3.46) 1.99 (1.34–2.97) <0.001

Hemoglobin (g/dL) 13.7±1.4 14.1±1.2 14.0±1.3 13.7±1.3 12.9±1.5 <0.001

Total cholesterol (mg/dL) 217±40 225±40 215±35 216±41 211±43 <0.001

Triglycerides (mg/dL) 128±71 130±72 126±73 129±68 126±68 0.61

Homocysteine (μMol/L) 16.1±7.1 13.9±4.6 14.9±6.6 16.6±6.0 19.6±9.3 <0.001

ADMA (μMol/L) 0.50±0.07 0.48±0.07 0.49±0.07 0.50±0.07 0.52±0.08 <0.001

L-arginine (μMol/L) 40.4±16.1 38.4±16.8 41.0±15.7 40.3±15.7 42.1±15.7 0.02

CRP (mg/L) 2.8 (1.3–5.9) 2.3 (1.2–5.1) 2.7 (1.1–5.8) 2.8 (1.5–5.4) 3.4 (1.5–8.9) <0.001

Creatinine clearance
(mL/min/1.73 m2)

76±26 88±24 79±24 74±24 57±23 <0.001

Albuminuria, >5 mg/dL (%) 69 (7) 13 (5) 13 (5) 19 (10) 24 (12) 0.001

Cardiovascular comorbidities, n (%) 444 (43) 78 (27) 94 (35) 112 (52) 160 (64) <0.001

On anti-hypertensive therapy, n (%) 438 (43) 101 (35) 104 (38) 97 (45) 136 (54) <0.001

Data are expressed as mean±SD, median, and inter-quartile range or as percent frequency, as appropriate; comparisons among groups
were made by P for trend
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the frequency of individuals with detectable albumin-
uria, CV comorbidities, and on treatment with anti-
hypertensive drugs increased in parallel with age
(Table 1).

Clinical and functional correlates of ADMA

Plasma levels of ADMA were on average 0.50±
0.07 μMol/L. In univariate analyses, age was the stron-
gest correlate of circulating levels of ADMA (r=0.26)
followed by plasma total homocysteine (r=0.19). Plas-
ma ADMA was also positively correlated with L-argi-
nine (r=0.14), albuminuria (r=0.07), CV comorbidities
(r=0.14), BMI (r=0.08), and anti-hypertensive treat-
ment (r=0.07), and inversely with total cholesterol
(r=−0.18), hemoglobin (r=−0.12), calcium (r=−0.10),
and creatinine clearance (r=−0.14). Despite highly sig-
nificant (P ranging from 0.02 to 0.001), the level of all
these correlations did not exceed 0.3 and therefore
should be considered weak.

Relationship between ADMA and all-cause
and cardiovascular mortality

During the follow-up period (median 110 months, range
2–137 months), 384 individuals died, 141 of them
(37 %) of cardiovascular causes. In a Kaplan–Meier
survival analysis, patients with ADMA above the me-
dian level (>0.49 μMol/L) had a relative risk of all-
cause and CVmortality that was about two times higher
(all-cause death, HR 1.88, 95 % CI 1.53–2.30; CV
death, HR 1.97, 95 % CI 1.40–2.79) than those with
ADMA below this threshold (P<0.001) (Fig. 1). In

univariate Cox regression analyses, 0.1 μMol/L increase
in plasma ADMA entailed a 73 % and 81 % increase,
respectively, in the hazard ratios of all-cause (HR 1.73,
95 % CI 1.52–1.97, P<0.001) and CV mortality (HR
1.81, 95 % CI 1.47–2.23, P<0.001) (Table 2). The
incidence rate of all-cause and CV death was also di-
rectly related with age, systolic pressure, plasma total
homocysteine, CRP, CV comorbidities, and anti-
hypertensive treatment and inversely associated with
calcium, hemoglobin, total cholesterol, spot urinary al-
bumin, and creatinine clearance (Table 2). BMI, male
sex, diastolic pressure, heart rate, glucose, and L-argi-
nine correlated only with all-cause mortality but failed
to significantly predict CV death. In a multiple Cox
regression model adjusting for potential confounders
(see “Statistical analysis” in the “Methods” section)
plasma ADMA resulted to be the first factor in rank,
explaining the incidence rate of all-cause mortality and
0.1 μMol/L increase in ADMA engendered a 26 %
increase in the hazard ratio of this outcome (Table 3).
Also forcing gender, diabetes (or serum glucose), and
CrCl into the model did not change the strength of the
ADMA–mortality relationship (data not shown). Plasma
ADMA tended to be related to CV mortality (+22 %
excess risk for each 0.1μMol/L increase in ADMA), but
this difference did not attain statistical significance
(P=0.07) (Table 3).

Notwithstanding the robust association of ADMA
with all-cause mortality, this biomarker failed to im-
prove the predictive power of a simple model based on
risk factors listed in Table 3 (model without ADMA,
AUC 0.84±0.01; model with ADMA, AUC 0.85±
0.01). Reclassification analysis showed that in 384
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persons who died, the plasma ADMA improved classi-
fication in a model including standard risk factors and
homocysteine in 12 patients (3.1 %) but worsened clas-
sification in 6 patients (1.6 %), thus providing a net gain
in reclassification of 1.5 %. In 641 subjects who sur-
vived, the model including ADMA reclassified 42 of
them at a lower risk category (6.6%) and 32 of them at a
higher risk category (5.0 %), thus giving a net gain in
reclassification of 1.6 %. Overall, the NRI was 3.1 %,
a figure that failed to reach statistical significance
(P=0.08).

ADMA and clinical outcomes: effect modification
by arginine

The analysis of the effect modification of ADMA by
plasma L-arginine levels showed that on both univariate
(P=0.02) and multivariate Cox regression analyses,
there was a significant inverse interaction between

ADMA and L-arginine for predicting death, implying
that the effect of ADMA on mortality increases as
plasma L-arginine decreases and vice versa. According-
ly, plasma ADMA entailed a significant hazard ratio for
mortality in patients with L-arginine ranging from 10 to
60 μMol/L (excess risk for death associated with a
0.1 μMol/L increase in ADMA ranging from +68 to+
16 %), while such an effect was abolished for plasma L-
arginine values >60 μMol/L (Fig. 2). Other independent
variables in the multiple Cox regression model of
the ADMA and L-arginine interaction for all-cause mor-
tality were age (HR 1.12, CI 1.11–1.14, P<0.001),
albuminuria (HR 2.19, CI 1.59–3.02, P<0.001), homo-
cysteine (HR 1.02, CI 1.01–1.04, P=0.001), smoking
(HR 1.42, CI 1.15–1.77, P=0.001), and total cholesterol
(HR 0.99, CI 0.99–0.99, P=0.02). The same analysis
showed no interaction between ADMA and L-arginine
for predicting CV mortality (P=0.12). No interaction
was found between ADMA and homocysteine or

Table 2 Univariate Cox regression analyses of all-cause and cardiovascular mortalities

Units of increase Hazard ratio, 95 CI, and P value

All-cause mortality CV mortality

Age 1 year 1.14 (1.12–1.15), P<0.001 1.17 (1.14–1.19), P<0.001

BMI 1 kg/m2 0.97 (0.95–1.00), P=0.05 0.98 (0.93–1.02), P=0.36

Male sex 0.78 (0.64–0.95), P=0.02 0.84 (0.60–1.17), P=0.30

Smoking 0=no; 1=yes 1.13 (0.92–1.38), P=0.24 0.79 (0.56–1.13), P=0.18

Diabetes 0=no; 1=yes 1.26 (0.95–1.67), P=0.11 1.22 (0.76–1.96), P=0.41

Systolic pressure 5 mmHg 1.06 (1.04–1.09), P<0.001 1.09 (1.05–1.14), P<0.001

Diastolic pressure 5 mmHg 1.07 (1.01–1.13), P=0.04 1.10 (0.99–1.21), P=0.06

Heart rate 5 beats/min 1.07 (1.02–1.12), P=0.002 1.06 (0.99–1.14), P=0.12

Calcium 1 mg/dL 0.60 (0.47–0.77), P<0.001 0.63 (0.42–0.95), P=0.03

Glucose 5 mg/dL 1.02 (1.01–1.04), P=0.02 1.02 (0.99–1.06), P=0.11

HOMA index 1 UI/L/mmol/L 1.01 (0.95–1.07), P=0.80 1.05 (0.97–1.14), P=0.24

Hemoglobin 1 g/dL 0.79 (0.73–0.85), P<0.001 0.77 (0.69–0.87), P<0.001

Total cholesterol 20 mg/dL 0.85 (0.81–0.90), P<0.001 0.91 (0.84–0.99), P=0.04

Triglycerides 20 mg/dL 1.02 (0.99–1.04), P=0.27 1.03 (0.99–1.07), P=0.17

Homocysteine 1 μMol/L 1.05 (1.04–1.06), P<0.001 1.06 (1.04–1.08), P<0.001

ADMA 0.1 μMol/L 1.73 (1.52–1.97), P<0.001 1.81 (1.47–2.23), P<0.001

Creatinine clearance 1 mL/min/1.73 m2 0.98 (0.97–0.98), P<0.001 0.97 (0.96–0.98), P<0.001

L-arginine 1 μMol/L 1.01 (1.001–1.01), P=0.01 1.01 (0.99–1.02), P=0.06

CRP 1 mg/L 1.02 (1.02–1.03), P<0.001 1.03 (1.02–1.04), P<0.001

Albuminuria (>5 mg/dL) 0=no; 1=yes 2.65 (1.95–3.61), P<0.001 2.88 (1.76–4.70), P<0.001

Cardiovascular comorbidities 0=no; 1=yes 2.76 (2.24–3.39), P<0.001 4.99 (3.40–7.32), P<0.001

On anti-hypertensive therapy 0=no; 1=yes 1.53 (1.25–1.87), P<0.001 2.49 (1.77–3.50), P<0.001

Data are expressed as hazard ratio, 95 % confidence, and P values
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diabetes for all-cause and cardiovascular mortality, in-
dicating that these risk factors had complementary, rath-
er than supplementary value for the prediction of these
outcomes.

Discussion

The key finding of the present study is that the pre-
dictive power of ADMA for cardiovascular and total
mortality extends to the very old age, while some
traditional risk factors lose their predictive power.
Furthermore, the risk associated with elevated plasma
ADMA is attenuated when plasma L-arginine levels
are above the median. This interaction is in keeping

with previous observations (Boger et al. 2009b) and
the biological regulation of the NO system by these
amino acids (Moncada and Higgs 1993). As in previous
studies showing just minor gains in predictive power by
the C-statistic with other biomarkers, we found that
ADMA does not add relevant prognostic power to sim-
ple models based on conventional risk factors.

Biology of ADMA and clinical outcomes

ADMA is a powerful inhibitor of nitric oxide synthase
and also competes with L-arginine for the binding site of
this enzyme. A variety of clinical and cohort studies
show that reduced production of endogenous NO co-
incides with high ADMA levels, engenders endothelial

Table 3 Multiple Cox regression model of all-cause and cardiovascular mortality

All-cause mortality Units of increase Hazard ratio (95 % CI) P value

ADMA 0.1 μMol/L 1.26 (1.10–1.44) <0.001

Age 1 year 1.13 (1.11–1.14) <0.001

Smoking 0=no; 1=yes 1.40 (1.13–1.74) <0.001

Homocysteine 1 μMol/L 1.02 (1.01–1.03) <0.001

Albuminuria 0=no; 1=yes 2.18 (1.58–3.01) <0.001

Total cholesterol 20 mg/dL 0.99 (0.99–0.994) 0.02

Anti-hypertensive treatment 0=no; 1=yes 1.18 (0.96–1.45) 0.12

Systolic arterial pressure 5 mmHg 1.02 (0.99–1.05) 0.20

Hemoglobin 1 g/dL 1.06 (0.98–1.14) 0.16

L-arginine 1 μMol/L 1.00 (1.00–1.01) 0.60

BMI 1 kg/m2 1.00 (0.98–1.03) 0.88

Calcium 1 mg/dL 0.96 (0.76–1.21) 0.72

CV mortality

Age 1 year 1.16 (1.13–1.19) <0.001

Anti-hypertensive treatment 0=no; 1=yes 1.89 (1.33–2.7) <0.001

Albuminuria 0=no; 1=yes 2.45 (1.45–4.12) <0.001

Homocysteine 1 μMol/L 1.03 (1.00–1.05) 0.02

Hemoglobin 1 g/dL 1.17 (1.03–1.34) 0.02

ADMA 0.1 μMol/L 1.22 (0.98–1.51) 0.07

Systolic arterial pressure 5 mmHg 1.03 (0.98–1.08) 0.22

L-ARGININE 1 μMol/L 1.01 (0.99–1.02) 0.34

BMI 1 kg/m2 1.01 (0.97–1.05) 0.73

Calcium 1 mg/dL 0.94 (0.64–1.37) 0.74

Total cholesterol 20 mg/dL 1.00 (0.99–1.00) 0.92

Smoking 0=no; 1=yes 1.01 (0.70–1.47) 0.94

Data are expressed as hazard ratio, 95 % confidence, and P values

24 h creatinine clearance did not meet criteria to be a confounder (see “Statistical analysis” in the “Methods” section), and for this
reason, this biomarker was not included into the multivariate Cox models
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dysfunction, and that this dysfunction is reversed
by L-arginine (Boger et al. 1998; Cardounel et al. 2007).
ADMA is a correlate of endothelium-dependent vaso-
dilation in the low risk, non-smoking healthy population
(Ardigo et al. 2007), and in young people (Juonala et al.
2007), as well as in patients with uncomplicated hyper-
tension (Perticone et al. 2005) or chronic kidney disease
(Zoccali et al. 2001; Ravani et al. 2005). Endothelial
dysfunction itself is a strong predictor for death from
coronary heart disease (Schachinger et al. 2000). Intra-
venous infusion of ADMA increases vascular tone and
arterial pressure (Kielstein et al. 2004; Achan et al.
2003), and reduces cerebral blood flow (Kielstein et al.
2006) in healthy individuals. Of note, in our cohort of
elderly individuals, higher ADMAwas associated both
with all-cause and cardiovascular death. This finding
differs from observations in the Framingham heart study
where ADMA was associated with non-cardiovascular
death only (Boger et al. 2009b). It may reflect simple
sample size issues as well as aging-related changes in
the relative contribution of risk markers to outcomes.
The nitric oxide system is fundamental for the regulation
of a variety of cellular and organ system functions
(Moncada and Higgs 1993), particularly in old people
(Gerhard et al. 1996). Our data extend to the elderly
observations in middle-aged populations with coronary
disease (Meinitzer et al. 2007) as well as in other high

risk populations like patients with chronic kidney dis-
ease (Zoccali et al. 2001; Ravani et al. 2005). However,
the causal role of ADMA in the high risk for death and
cardiovascular complications in the elderly needs to be
tested in intervention studies.

ADMA and death: effect modification by L-arginine

L-arginine is the substrate to NO synthase and a com-
petitive antagonist of ADMA. The L-arginine–ADMA
direct link found in the present and in previous studies
(Perticone et al. 2010; Boger et al. 2009b) may underlie
a mechanism aimed at minimizing the adverse effect of
high ADMA at organ level (Perticone et al. 2005). The
so called L-arginine paradox, e.g., an ADMA-induced
right shift of the NOS concentration–response curve for

L-arginine, implies that only small changes in L-arginine
plasma concentrations may cause marked changes in
NOS activity in order to avoid a relevant lack of NO
(Tsikas et al. 2000; Boger 2004). On this background,
we planned specific statistical analyses to test the inter-
action between ADMA and this amino acid for the risk
of all-cause and cardiovascular death. In line with the
hypothesis that L-arginine levels canmodify the effect of
ADMA on health outcomes, we found that there is no
association of ADMAwith survival in individuals with
high L-arginine levels but strong and dose dependently
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Fig. 2 Hazard ratios (solid line), 95 % confidence intervals
(shaded area) and reference (broken line) for all-cause mortality
of a fixed (0.1 μMol/L) excess in plasma ADMA across all
possible values of L-arginine. Accordingly, plasma ADMA
entailed a significant hazard ratio for mortality in patients with L-

arginine ranging from 10 to 60 μMol/L (excess risk for death
associated with a 0.1 μMol/L increase in ADMA ranging from
+68 to +16%) while such an effect was abolished for plasma

L-arginine values >60 μMol/L
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higher across the normal to low L-arginine range. No
such interaction existed with cardiovascular mortality.
Our findings in the elderly extends to this stage-of-
life observations in the Framingham heart study,
where the risk of death was highest in patients with
ADMA in the fourth quartile, and L-arginine in the
first quartile of the distribution of these amino acids
in this middle-aged cohort (Boger et al. 2009b). On the
other hand, it should be noted that in the face of a robust
interaction between ADMA and L-arginine for all-cause
death, there was no such interaction for cardiovascular
death. ADMA triggers endothelial cell senescence, and

L-arginine prevents this phenomenon (Scalera et al.
2006). In the absence of ADMA, long term exposure to

L-arginine paradoxically accelerates senescence of endo-
thelial cells by translational and post-translational activa-
tion of arginase II (Scalera et al. 2009) which may
explain the lack of L-arginine–ADMA interaction for
cardiovascular death in the elderly.

Limitations and strengths

Our study has limitations. The first limitation depends on
the observational nature of our findings. Whether ADMA
is causally implicated in all-cause and cardiovascular death
in the elderly demands specific mechanistic studies testing
the biological pathways, wherebyADMAmay affect these
outcomes. Furthermore, findings in our aged population of
European descent need to be confirmed in coeval cohorts
of other ethnicities. Strengths of our study are the good
characterization and the accurate follow-up of the study
cohort as well as the state-of-art measurement of plasma
ADMAand L-arginine. Furthermore, the strong interaction
between ADMA and L-arginine, the substrate of NO
synthase, and the precursor of NO adds biological plausi-
bility to the hypothesis that ADMA is causally implicated
in the high risk of death in the elderly. However, given the
numerous pathways involving L-arginine, it may constitute
an oversimplification to attribute all ADMA-related pa-
thology to impairment of NO signaling.

Conclusions

In a randomly selected, community-based sample of old
and very old subjects, higher ADMA independently
predicted all-cause and cardiovascular mortality. The
relationship between ADMA and mortality depended
on L-arginine levels, being maximal in subjects with

low plasma L-arginine and minimal in those with high
levels of this amino acid. Further observational and
intervention studies in the elderly are needed to confirm
these findings and to clarify the pathophysiological
mechanisms underlying these associations.

Appendix

Calculation of the hazard ratio for death of ADMA
according to L-arginine levels

A significant interaction between ADMA and
L-arginine (P=0.016) implies that the hazard ratio for
death of ADMA must be calculated at pre-specified
values of L-arginine by combining the corresponding
regression coefficients derived from Cox regression
analysis. For example, the hazard ratios for death of
ADMA at L-arginine values of 50 and 60 μMol/L are
calculated as follows:

Hazard ratio of ADMA 0:1 μMol L increase=ð ÞðL�arginine¼50Þ
¼ 2:71830:607�0:009�50 ¼ 1:17

Hazard ratio of ADMA 0:1 μMol L increase=ð ÞðL�arginine¼60Þ
¼ 2:71830:607�0:009�60 ¼ 1:07

Table 4 Multiple Cox regression analysis of “ADMA×L-argi-
nine interaction” for explaining death

Regression
coefficients

ADMA (0.1 μMol/L increase) 0.607

L-arginine (μMol/L) 0.0496

ADMA×L-arginine (μMol2/L2) −0.009*
Age (1 year) 0.118

Albuminuria >5 mg/dL (0=no; 1=yes) 0.781

Homocysteine (0.1 μMol/L) 0.020

Smoking (0=no; 1=yes) 0.327

Total cholesterol (20 mg/dL) −0.0033
Systolic pressure (5 mmHg) 0.0216

Anti-hypertensive treatment (0=no; 1=yes) 0.1616

Hemoglobin (1 g/dL) 0.0441

BMI (1 kg/m2) 0.0035

Calcium (1 mg/dL) −0.034

For illustrative purpose, only regression coefficients are reported
(the corresponding hazard ratios are given in the “Results”
section in the text)

*P=0.016
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As a consequence of the effect modification of

L-arginine on the death risk portended by ADMA,
the effect of ADMA is associated to a significant risk
increase (hazard ratio=1.17, relative risk increase=0.17
or 17 %) in patients with L-arginine of 50 μMol/L
and to a modest and not significant risk increase
(hazard ratio=1.07, relative risk increase=0.07 or
7 %) in those with L-arginine of 60 μMol/L.
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