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Asymmetric dimethylarginine predicts decline of
glucose tolerance in men with stable coronary
artery disease: a 4.5-year follow-up study
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Abstract

Background: Endothelial dysfunction, largely dependent on impaired nitric oxide bioavailability, has been
reportedly associated with incident type 2 diabetes. Our aim was to test the hypothesis that asymmetric
dimethylarginine (ADMA), an endogenous inhibitor of nitric oxide formation, might be linked to future deterioration
in glucose tolerance in stable coronary artery disease (CAD).

Methods: We studied 80 non-diabetic men (mean age 55 ± 11 years) with stable angina who underwent successful
elective complex coronary angioplasty and were receiving a standard medication according to practice guidelines.
Plasma ADMA and its structural isomer symmetric dimethylarginine (SDMA) were measured prior to coronary
angiography. An estimate of insulin resistance by homeostasis model assessment (HOMA-IR index) was calculated
from fasting insulin and glucose. Deterioration in glucose tolerance was defined as development of type 2 diabetes
or progression from a normal glucose tolerance to impaired fasting glucose.

Results: Over a median follow-up of 55 months 11 subjects developed type 2 diabetes and 13 progressed to
impaired fasting glucose. Incident deterioration of glucose tolerance was associated with ADMA (hazard ratio [HR]
per 1-SD increment 1.64 [95% CI: 1.14–2.35]; P = 0.007), log (HOMA-IR index) (HR = 1.60 [1.16–2.20]; P = 0.004) and
body-mass index (HR = 1.44 [0.95–2.17]; P = 0.08) by univariate Cox regression. ADMA (HR = 1.65 [1.14–2.38];
p = 0.008) and log (HOMA-IR index) (HR = 1.55 [1.10–2.17]; P = 0.01) were multivariate predictors of a decline in
glucose tolerance. ADMA and SDMA were unrelated to body-mass index, HOMA-IR index, insulin or glucose.

Conclusions: ADMA predicts future deterioration of glucose tolerance independently of baseline insulin resistance
in men with stable CAD. Whether this association reflects a contribution of endothelial dysfunction to accelerated
decline of insulin sensitivity, or represents only an epiphenomenon accompanying pre-diabetes, remains to be
elucidated. The observed relationship might contribute to the well-recognized ability of ADMA to predict
cardiovascular outcome.
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Background
Endothelial dysfunction, a predecessor of atherosclerotic
plaques and adverse cardiovascular (CV) events, is largely
mediated by depressed bioavailability of nitric oxide (NO)
[1]. Biochemical markers of endothelial activation [2-4] and
impaired endothelium-dependent vasodilation [5] have also
been identified as predictors of new-onset type 2 diabetes
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independently of the degree of insulin resistance (IR) [2,5],
a major precursor of non-insulin-dependent diabetes [6-9]
and coronary atherosclerosis progression [10,11].
The endogenous inhibitor of NO formation, asymmetric

dimethylarginine (ADMA), is associated with endothelial
dysfunction and adverse outcome predictor including all-
cause mortality and CV events in patients with coronary
artery disease (CAD) and in the general population [12].
Mittermayer et al. [13] identified elevated ADMA but not
IR as an independent predictor for deterioration in glucose
tolerance in women with a history of previous gestational
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diabetes mellitus. To the best of our knowledge, there are
no other reports on the association between endogenous
dimethylarginines and incident type 2 diabetes. In addition,
there are conflicting data on relations between ADMA and
the magnitude of IR in human studies [14-23].
Therefore, our aim was to test the hypothesis that

plasma ADMA levels might be linked to a future decline
of glucose tolerance in men with stable CAD.

Methods
Patients
We studied the previously characterized group of 80 non-
diabetic men with stable angina who underwent successful
elective complex coronary angioplasty with implantation of
≥1 bare-metal stent in our tertiary care center due to the
presence of a diameter stenosis of ≥70% of ≥1 major epicar-
dial artery segment [24,25]. Prior to the hospitalization, the
patients were on low-dose aspirin, angiotensin-converting
enzyme inhibitors (ACEI) and statins for ≥3 months and
this medication was maintained after discharge and sup-
plemented by clopidogrel following current practice guide-
lines (Tables 1 and 2). As described [24], exclusion criteria
Table 1 Baseline patients’ characteristics by incident deterior

Variable Deterioration in glucose tolerance

Age (years) 57 ± 11

BMI (kg/m2) 28.1 ± 4.1

Current smokers, n (%) 5 (21%)

one-vessel/multivessel CAD, n (%) 5/19 (21/79%)

Left ventricular ejection fraction (%) 71 ± 6

Hypertension, n (%) 20 (83%)

Mean blood pressure (mm Hg) 95 ± 8

Estimated GFR (mL/min per 1.73 m2) 71 ± 10

LDL cholesterol (mmol/L) 2.5 ± 0.8

HDL cholesterol (mmol/L) 0.8 ± 0.3

Triglycerides (mmol/L) 1.5 ± 0.8

Hs-CRP (mg/L) 1.9 (0.6–9.1)

Fasting glucose (mmol/L) 6.0 ± 0.8

Fasting insulin (μU/ml) 13.5 (4.9–50.2)

HOMA-IR index 3.50 (1.78–13.8)

ADMA (μmol/L) 0.53 ± 0.14

SDMA (μmol/L) 0.64 ± 0.15

L-arginine (μmol/L) 68 ± 19

Drugs besides aspirin + ACEI + statin

β-blockers, n (%) 17 (71%)

Long-acting nitrates, n (%) 23 (96%)

Calcium channel blockers, n (%) 8 (33%)

Data are shown as mean ± SD, median (range) or n (%).
* By Student’s t-test for log-transformed data.
† By Welch’s t-test for unequal variances.
Abbreviations: ACEI, angiotensin-converting enzyme inhibitors; ADMA, asymmetric
glomerular filtration rate; HDL, high-density lipoproteins; HOMA-IR, homeostasis mo
protein; LDL, low-density lipoproteins; SDMA, symmetric dimethylarginine.
included diabetes (by either fasting glucose or postload gly-
cemia during an oral glucose tolerance test (OGTT)),
proteinuria, estimated glomerular filtration rate (eGFR)
<30 mL/min per 1.73 m2 body-surface area, any surgery
within past 6 months, acute coronary syndromes within
past 3 months, depressed left ventricular ejection fraction
(by ultrasound), heart failure, uncontrolled hypertension,
overt extracoronary atherosclerosis, chronic coexistent
diseases, infections within previous 2 months, relevant ab-
normalities in routine laboratory assays and any chronic
non-CV medication. Out of 358 potentially eligible con-
secutive patients, 275 were eliminated by the exclusion
criteria and 3 due to the discontinuation of ACEI or statins
during the follow-up, as indicated previously [24,25].
The study was conducted in compliance with the Decla-

ration of Helsinki; the ethical committee of our university
had approved the protocol and informed consent was
obtained from each patient.

Biochemical assays
Blood samples for extended biochemical assays were
drawn from an antecubital vein after an overnight fast at
ation in glucose tolerance

(n = 24) No deterioration in glucose tolerance (n = 56) P value

54 ± 10 0.32

26.6 ± 3.4 0.11

15 (27%) 0.57

16/40 (29/71%) 0.47

70 ± 5 0.49

42 (75%) 0.42

96 ± 9 0.85

68 ± 12 0.26

2.6 ± 0.7 0.79

0.9 ± 0.4 0.22

1.3 ± 0.7 0.40

1.6 (0.5–8.6) 0.16*

5.7 ± 0.8 0.17

12.4 (5.3–43.5) 0.04*

3.06 (1.44–10.7) 0.03*

0.46 ± 0.10 0.02†

0.68 ± 0.13 0.27

67 ± 20 0.86

45 (80%) 0.35

50 (89%) 0.34

15 (27%) 0.55

dimethylarginine; BMI, body-mass index; CAD, coronary artery disease; GFR,
del assessment for insulin resistance; Hs-CRP, high-sensitivity C-reactive



Table 2 Cardiovascular drugs used during the follow-up period*

Drug class, n (%) Deterioration in glucose tolerance (n = 24) No deterioration in glucose tolerance (n = 56) P value

Diuretics 6 (25%) 15 (27%) 0.87

β-blockers 19 (79%) 50 (89%) 0.23

α1-blockers 5 (21%) 11 (20%) 0.91

Calcium channel blockers 10 (42%) 19 (34%) 0.51

Angiotensin receptor antagonists 2 (8%) 3 (5%) 0.61

Long-acting nitrates 9 (38%) 20 (36%) 0.88
* Besides low-dose aspirin, angiotensin-converting enzyme inhibitors, statins and clopidogrel.
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routine blood sampling 0–2 days before the planned
angiography. Plasma (collected from ethylenedia-
minetetraacetic acid-anticoagulated blood) and serum
were separated and stored at −70°C until assayed
[24,25]. Routine analyses included complete blood count,
lipids, glucose, and creatinine using standardized labora-
tory techniques. We calculated eGFR by the simplified
formula developed by the Modification of Diet in Renal
Disease Study Group [26].
In addition, high-sensitivity C-reactive protein (hs-CRP)

and homocysteine were measured by chemiluminescent
immunoassay systems (Immulite 1000 and Immulite 2000,
DPC, Flanders, NJ, USA). A measure of IR by the homeo-
stasis model assessment (HOMA-IR index) was calculated
as a product of fasting plasma levels of insulin (μU/mL)
and glucose (mmol/L) divided by 22.5 [27].
Plasma ADMA and SDMA were determined by means

of commercially available enzyme-linked immunosorbent
assays (ELISA) (DLD Diagnostika GmbH., Hamburg,
Germany), previously validated against high-performance
liquid chromatography coupled to mass spectrometry, the
golden standard for the determination of ADMA levels
[28]. According to the manufacturer, the lower detection
limit was 0.05 μmol/L for both analytes and intra-assay
and inter-assay coefficients of variation averaged 7.5 and
10.3% (ADMA) and 6.1 and 9.8% (SDMA), respectively
[24]. Cross-reactivity with L-arginine and other methy-
larginines was <0.01–0.02% (SDMA or ADMA vs.
L-arginine), 0.44 − 1.2% (ADMA vs. SDMA), and 0.7–1.0%
(SDMA or ADMA vs. NG-monomethyl-L-arginine). L-
arginine was also measured by ELISA (DLD Diagnostika
GmbH., Hamburg, Germany); the lower detection limit
was 3.0 μmol/L and intra-assay and inter-assay coefficients
of variation averaged 3.6 and 8.3%, respectively, and cross-
reactivity 0.01% (ADMA) and 0.68% (SDMA) as described
by the manufacturer.

Collection of follow-up data
After discharge from our center the patients were
contacted directly at routine control visits in our out-
patient clinic or by telephone for the occurrence of de-
terioration of glucose tolerance that was then confirmed
by the review of hospital charts or other medical records
and the date of diagnosis was ascertained. The personnel
involved in the collection of follow-up data were un-
aware of patients’ laboratory background.
In agreement with the 2003 recommendations of the

American Diabetes Association [29], diabetes was diag-
nosed in the presence of a fasting venous plasma glucose
≥7 mmol/L or casual plasma glucose ≥11.1 mmol/L in a
patient with classic symptoms of hyperglycemia, a fasting
venous plasma glucose ≥7 mmol/L confirmed by repeat
testing if the diagnosis was not clear on clinical grounds,
or introduction of insulin or an oral hypoglycemic drug.
Impaired fasting glucose (IFG) and normal glucose toler-
ance were defined as fasting glucose of 5.6–6.9 mmol/L
and <5.6 mmol/L, respectively [29]. As results of an OGTT
during the follow-up were available only in 20 men, exclu-
sively IFG was classified as pre-diabetes to avoid a bias
caused by the lack of repeated OGTT over time. Deterior-
ation in glucose tolerance was defined as progression from
a normal glucose tolerance to IFG or development of type
2 diabetes irrespective of baseline glucose tolerance status.
Exclusively a documented decline in glucose tolerance in
stable clinical conditions (e.g., not during a hospitalization
due to an acute coronary syndrome) was classified as an
outcome event.

Statistical analysis
Data are presented as means ± SD for continuous variables
with normal distribution, medians and range or interquar-
tile range for not normally distributed parameters, and
numbers (proportions) for categorical variables. The ac-
cordance with a normal distribution was confirmed by the
Kolmogorov-Smirnov test and uniformity of variance by
Levene’s test. Natural logarithmic transformation was ap-
plied for fasting insulin, HOMA-IR index and hs-CRP to
get a normal distribution. Additionally, log (HOMA-IR
index) was entered into further analyses due to its better
ability to predict the glucose clamp-derived reference
measure of insulin sensitivity compared to untransformed
values exhibiting a right-skewed distribution [30].
Intergroup comparisons of normally distributed para-

meters between patients with a stable and deteriorated
glucose tolerance were performed by the 2-sided Student’s
t-test or Welch’s t-test in case of the lack of homogeneity



Figure 1 Cumulative proportion survival without deterioration
in glucose tolerance according to baseline plasma asymmetric
dimethylarginine (ADMA).
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of variance. Proportions were compared by the chi-squared
test. Bivariate relations between continuous data were
assessed by Pearson’s correlation coefficients (r).
Predictors of the risk of a decline in glucose tolerance

(outcome event) were estimated by event-free survival
analysis with the last contact with the patient treated
as a censored event if no change in glucose tolerance
status was recorded. We have not applied a competing
risk modeling approach due to a low number of deaths
(n = 3) in our study group. Kaplan-Meier event-free
survival curves were compared by the log-rank test with
ADMA levels categorized according to the median (0.45 -
μmol/L) because a preliminary analysis revealed no
significant differences between respective curves for the
first and second quartile of ADMA concentrations. Cox
proportional hazards regression was performed after
validating the proportionality assumption, i.e., the lack
of a significant effect of the interaction term between
each covariate and time, when added into regression
models. Interaction within pairs of covariates were esti-
mated by calculating the significance for respective inter-
action terms. Independent determinants of deterioration
in glucose tolerance were identified by multivariate Cox
method including only covariates for which the P value at
a univariate analysis did not exceed 0.15. Due to the col-
linearity between log-transformed values of insulinemia
and HOMA-IR index (r = 0.96, P < 0.0001), exclusively the
latter was entered into the Cox regression models. Mean
standardized hazard ratios (HR) (per 1-SD increments in
predictor variables), their 95% confidence intervals (CI)
and associated P values were shown. Analyses were
performed using STATISTICA (data analysis software
system, version 10.0.1011.0; StatSoft, Inc., Tulsa, OK,
USA). A P value <0.05 was inferred significant.

Results
Over a median follow-up of 55 months (interquartile
range 45–60 months) 11 subjects developed diabetes
and further 13 progressed to IFG from a normal glucose
tolerance. Compared to the patients with unchanged
glucose tolerance status, those with deteriorated glucose
tolerance exhibited significantly higher fasting insulin
levels, HOMA-IR index and ADMA concentrations at
baseline as well as insignificant tendencies towards a
higher body-mass index (BMI), fasting glucose and hs-
CRP (Table 1). There were no significant intergroup
differences in L-arginine or SDMA levels (Table 1). CV
drugs used during the follow-up period were similar
among the both groups (Table 2).
Pooling both groups together, SDMA correlated to

eGFR (r = −0.66, P < 0.001) and BMI to log-transformed
values of HOMA-IR index (r = 0.37, P = 0.001) and of
fasting insulin (r = 0.30, P = 0.007). Except for an insignifi-
cant tendency to a negative correlation between SDMA
and log (HOMA-IR index) (r = −0.18, P = 0.12), plasma
dimethylarginines were unrelated to BMI, HOMA-IR
index, fasting insulin or glucose levels (P > 0.3).
A depressed event-free survival was observed in the

presence of an over-median ADMA level (P = 0.03 by the
log-rank test) (Figure 1). Kaplan-Meier curves data have
been shown in detail [see Additional file 1]. According to
a univariate Cox regression, ADMA (HR = 1.64 [95% CI:
1.14–2.35]; P = 0.007) and log (HOMA-IR index) (HR =
1.60 [1.16–2.20]; P = 0.004) were associated with a signifi-
cantly higher risk of deterioration in glucose tolerance,
whereas a weaker respective relationship was found
for BMI (HR = 1.44 [0.95–2.17]; P = 0.08). Neither SDMA
(P = 0.4) nor L-arginine (P = 0.9) was related to the risk of
progressive impairment of glucose tolerance. By a multi-
variate approach, ADMA and log (HOMA-IR index) were
the only significant independent predictors of a decline in
glucose tolerance (Table 3).

Discussion
Our salient finding was an association between higher
ADMA and future deterioration of glucose tolerance, ir-
respective of the degree of baseline IR, in men with
stable CAD over an about 4.5-year follow-up.

Endothelial dysfunction as a precursor of type 2 diabetes
in previous clinical reports
Our results extend previous reports suggestive of an asso-
ciation between incident type 2 diabetes and biochemical
indices of endothelial activation [2-4] or vasodilatory endo-
thelial dysfunction [5], which retained significance upon
multivariate adjustment including the HOMA-IR index [5]
or fasting insulinemia [2], surrogate markers of IR. This as-
sociation was interpreted as a possible consequence of an
impaired insulin ability to stimulate blood flow via the L-
arginine–NO pathway in the skeletal muscle and adipose



Table 3 Multivariate Cox regression analysis of the risk of incident decline of glucose tolerance

Variable SD Multivariable-adjusted* HR per 1-SD increment

Mean HR 95% CI P value

ADMA 0.115 μmol/L l.65 1.14–2.38 0.008

log (HOMA-IR index) 0.325 1.55 1.10–2.17 0.01

BMI 3.60 kg/m2 1.12 0.72–1.74 0.62
* Adjusted for the remaining covariates listed in the Table.
Abbreviations: CI, confidence interval; SD, standard deviation; HR, hazard ratio; other abbreviations as in Table 1.
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tissue due to endothelial dysfunction at the arteriolar and
capillary level with dysfunctional endothelium as an under-
lying cause of IR [2,3,31]. That adjustment for baseline in-
sulin sensitivity (derived from the frequently sampled
intravenous glucose tolerance test) only slightly attenuated
the relationship between CV risk factors and a 5-year cu-
mulative incidence of type 2 diabetes in 872 participants of
the Insulin Resistance Atherosclerosis Study [32], is also in
keeping with the predominant role of endothelial dysfunc-
tion with regard to the risk of developing diabetes. Given
anti-inflammatory properties of the normal endothelium,
this concept is also concordant with a joint synergistic con-
tribution of higher hs-CRP and peripheral microvascular
endothelial dysfunction, but not IR, to the risk of new-
onset type 2 diabetes [5]. Admittedly, we observed no
significant association between deteriorating glucose toler-
ance and hs-CRP in contrast to some previous reports
[3,5,33]. Nevertheless, those studies were dealing with
mainly untreated subjects, whereas at the time of blood
collection our patients were chronically receiving statins,
known to decrease CRP levels [34] but not ADMA [35],
which might have obscured the discussed relationship. An
analogous mechanism, in addition to the ability of ACEI,
administered to all our subjects, to lower ADMA concen-
trations [36], could also be responsible for the lack of cor-
relation between ADMA and hs-CRP. It is noteworthy that
ADMA and hs-CRP were positively interrelated in the par-
ticipants of the Ludwigshafen Risk and Cardiovascular
Health study [37] but not the AtheroGene study [38], both
of which were focused on CAD subjects presenting mainly
stable angina.

Associations between the L-arginine–NO–ADMA pathway
and insulin signaling
Sydow et al. [39] reported enhanced whole-body insulin
sensitivity in transgenic mice overexpressing dimethy-
larginine dimethylaminohydrolase (DDAH), an enzyme
responsible for the predominant pathway of ADMA deg-
radation [40]. Moreover, a more effective insulin signaling
in the liver and a trend for increased baseline glucose up-
take in an isolated fast-twitch muscle were observed. Add-
itionally, in wild-type animals low ADMA levels (2 μmol/L)
impaired insulin-mediated glucose uptake and incorpor-
ation of glucose into glycogen in an isolated fast-twitch
muscle but not a slow-twitch muscle [39]. Furthermore, a
functional variant of the DDAH-2 gene, linked to depressed
expression of the isoform of DDAH which predominates in
the vascular endothelium [40], was associated with a higher
IR in 1,485 non-diabetic subjects of European ancestry, out
of whom 527 had insulin sensitivity assessed as insulin-
stimulated glucose disposal rate during the last hour of a
hyperinsulinemic euglycemic clamp, the golden standard
method [22]. According to Baron and colleagues [41],
a superimposed intrafemoral artery infusion of NG-
monomethyl-L-arginine during hyperinsulinemic euglycemic
clamps not only abolished the insulin-dependent NO-
mediated vasodilation [42,43] but also reduced leg glucose
uptake. Thus, besides impaired hepatic insulin signaling,
the ADMA-mediated inhibition of glucose uptake by the
skeletal muscles – in part dependent on the blockade of
vascular endothelial-type NO synthase (eNOS) and conse-
quently blunted muscular perfusion under hyperin-
sulinemic conditions [41-43] – might have contributed to
the relations between DDAH-2 polymorphism and dia-
betes incidence or IR [22], providing also a mechanistic
explanation for our findings.
Additionally, a modulation of neuronal-type NO syn-

thase (nNOS), whose variant is expressed predominantly in
fast-twitch skeletal muscle fibers [44], might be responsible
for the association between IR and the L-arginine–NO
pathway. It is noteworthy that although both nNOS-
knockout and eNOS-deficient mice were insulin-resistant
compared to wild-type animals, the former exhibited IR ex-
clusively at the level of peripheral tissues, whereas in the
latter IR was present also in the liver [45]. Furthermore, a
polymorphism of the gene encoding DDAH-1, an iso-
form of DDAH tending to accompany nNOS [40], was
associated with both a decreased risk of type 2 diabetes
and a tendency towards a lower HOMA-IR index in 814
Taiwanese subjects [46].

ADMA levels versus the magnitude of IR in clinical
conditions
Although the presented experimental and genetic data
suggest reciprocal and stimulatory interactions between
the L-arginine-NO pathway and metabolic sensitivity to
insulin [22,39,41,45,46], there are conflicting reports on
the relationship between ADMA and IR in clinical condi-
tions [13-23]. Intriguingly, we detected no correlation be-
tween ADMA and the HOMA-IR index, in accordance
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with the data by Mittermayer et al. [13] who described an
independent relationship between higher ADMA levels
14–16 weeks after delivery with future deterioration of
glucose tolerance in 18 out of 77 women with previous
gestational diabetes mellitus who progressed to impaired
glucose tolerance in 9 and developed new-onset type 2
diabetes in further 9 cases after a median follow-up of al-
most 3 years. The lack of association between ADMA and
the magnitude of IR was also observed by other authors,
including ourselves [14,18-20], in contrast to studies
reporting a positive relationship between the respective
parameters [15-17,21,23]. Admittedly, the absence of posi-
tive correlations between ADMA and the HOMA-IR
index or BMI in our subjects – in disagreement with a
large study [23] – might have resulted from a relatively
low inter-individual variability of ADMA values. Neverthe-
less, there are also inconsistent data on the effects of
rosiglitazone, an insulin-sensitizing agent, on ADMA
levels [15,47].
Ferrannini et al. [9] demonstrated that deterioration of

glucose tolerance over time was associated with longitu-
dinal decreases in both insulin sensitivity and β-cell sensi-
tivity to glucose. Thus, given IR as the primary determinant
of future development of type 2 diabetes [6-9], the present
study suggests that endothelial dysfunction and higher
ADMA might rather predispose to further potentiation of
IR without an unequivocal association with IR at baseline
in cross-sectional analyses [13-23]. Additionally, we cannot
exclude the possibility that ADMA might progressively
impair β-cell function, another contributor to the develop-
ment of type 2 diabetes [6-9].

Mechanistic considerations
Admittedly, a correlation does not imply a cause-and ef-
fect relationship and elevated ADMA might be only an
epiphenomenon accompanying some abnormalities in the
pre-diabetic state. These abnormalities can include higher
glucose levels, a well-recognized cause of elevated ADMA
via depressed DDAH activity due to a higher intracellular
oxidative stress [48]. Additionally, the hyperglycemia-
induced depression of DDAH activity [48] might counter-
act the hyperinsulinemia-stimulated uptake of ADMA
into the cells via an augmented expression of cationic
amino acid transporters (CAT) [49]. A complex interplay
between these opposite effects of glucose and insulin on
plasma ADMA [50] might be responsible for the previ-
ously mentioned discordant reports on the relationship
between IR and ADMA [13-23]. Moreover, the same
opposing regulatory mechanisms could also explain nega-
tive correlations between the HOMA-IR index and the
SDMA/ADMA ratio [19] or SDMA [20] in Caucasians,
an insignificant tendency to which was also found in
our study group. Accordingly, the hyperinsulinemia-
stimulated CAT-dependent uptake of ADMA and SDMA
into the cells, probably within the liver and the kidney
(both referred to as a “sink” for circulating ADMA [50]) –
might hypothetically be counteracted – for ADMA but
not SDMA – by the hyperglycemia-induced depression of
DDAH activity [48]. In agreement with this concept,
insulin-resistant subjects are prone to hyperinsulinemia
and hyperglycemia and Eid et al. [51] reported a fall in
ADMA during acute euglycemic hyperinsulinemia in
humans. It is noteworthy that these two apparently con-
trary effects of insulin and glucose in terms of extracellular
ADMA are likely to converge into increased intracellular
ADMA levels [50]. Thus, the lack of relationship between
plasma ADMA and HOMA-IR index, as in the present
study, does not exclude the hypothetical continuous
modulation of insulin signaling by intracellular ADMA.
Another interfering factor could be hepatic ability to

clear plasma from endogenous dimethylarginines, respon-
sible for about 30% and 20% of the combined hepatic and
renal uptake of ADMA and SDMA in humans, respec-
tively [52]. DDAH-1 expression was reduced during
diabetogenesis in the liver, kidney and adipose tissue of
mice with a point mutation in leptin receptor, an experi-
mental motel of type 2 diabetes [53]. However, whether
similar abnormalities occur in human pre-diabetic sub-
jects, is as unclear as their speculative relevance for circu-
lating ADMA levels or the risk of developing type 2
diabetes.

Clinical implications
That our CAD subjects were receiving a standard thera-
peutic regimen in agreement with current guidelines,
may point into a potential relevance of our results for
the clinical reality. As progressive impairment of glucose
tolerance is associated with a continuous rise in CV risk
until its highest values in overt diabetes [54], the ob-
served relation between elevated ADMA and a decline
in glucose tolerance might contribute to the detrimental
effect of ADMA on CV outcome [12,37,38]. Further-
more, Rijkelijkhuizen et al. [55] suggested conversion to
type 2 diabetes as a basis of an excessive future CV mor-
tality in Hoorn study participants exhibiting IFG. There-
fore, besides the well-recognized link between ADMA
and endothelial dysfunction [56], our finding might add
to novel putative mechanisms of detrimental ADMA ef-
fects, e.g. its association with elevated arterial stiffness
[57] or increased plasma viscosity [58] described in pre-
diabetes and dyslipidemia, respectively. It is noteworthy
that the correlation between ADMA and arterial stiff-
ness in pre-diabetes was additive to an independent ef-
fect of low-density lipoproteins cholesterol [57]. Thus,
excessive ADMA accumulation not only accompanies
atherosclerotic risk factors, such as hypercholesterolemia
[35] and essential hypertension [14], but also appears to
amplify coexistent abnormalities.
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Additionally, it is noteworthy that ACEI, angiotensin
receptor blockers and statins – despite improving NO
bioavailability – exert opposite effects on the risk of new-
onset type 2 diabetes [59,60]. As ACEI and angiotensin
receptor antagonists are able to lower ADMA levels [36]
in contrast to the majority of reports on statins [35,40],
our observation could provide a possible rationale for
differential effects of these drug classes on the risk of de-
veloping type 2 diabetes.

Study limitations
First, the lack of repeated determinations of ADMA,
SDMA and IR over time constrains mechanistic conclu-
sions based on a single measurement of these parameters
in a relatively small number of study participants. Add-
itionally, relatively high coefficients of variation of the
ELISA assays for ADMA and SDMA pose another limita-
tion. Second, we did not assess lifestyle factors or longitu-
dinal changes in body weight, known to affect the risk of
type 2 diabetes [9]. Third, in our retrospective analysis ex-
clusively IFG was classified as pre-diabetes to avoid a bias
resulting from the fact that results of an OGTT during the
follow-up were available only in a minority of the study
subjects. Fourth, although no significant intergroup differ-
ences in the use of various CV drug classes during the
follow-up period were detected, the type of medication was
determined exclusively by the analysis of an available me-
dical documentation. Finally, IR was quantified on the basis
of an indirect measure, i.e., the log-transformed HOMA-IR
index. Nevertheless, this parameter not only exhibited a
close correlation with the glucose clamp-derived insulin
sensitivity index [30], but it also was one of the best predic-
tors of incident type 2 diabetes among surrogate estimates
of IR based on assays of fasting insulin and glucose [8].

Conclusions
Our results suggest that higher plasma ADMA levels are
associated with future deterioration of glucose tolerance
over an about 4.5-year follow-up independently of the
magnitude of baseline IR in men with stable CAD.
Whether this association reflects a contribution of endothe-
lial dysfunction to accelerated decline in insulin sensitivity,
or represents only an epiphenomenon accompanying pre-
diabetes, remains to be elucidated. The observed relation-
ship might contribute to the well-recognized ability of
ADMA to predict CV outcome.
Additional file

Additional file 1: Kaplan-Meier curves data are shown as Additional
file 1 entitled “Kaplan-Meier_curves_data.xls” including three
columns: “time” (weeks after index hospitalization), “outcome”
(0 = censored event; 1 = outcome event) and “ADMA > 0.45 μmol/L”
(0 = a below-median ADMA level; 1 = an over-median ADMA level).
Abbreviations
ACEI: Angiotensin-converting enzyme inhibitors; ADMA: Asymmetric
dimethylarginine; BMI: Body-mass index; CAD: Coronary artery disease;
CAT: Cationic amino acid transporters; CI: Confidence interval;
CV: Cardiovascular; DDAH: Dimethylarginine dimethylaminohydrolase;
eGFR: Estimated glomerular filtration rate; eNOS: Endothelial-type nitric oxide
synthase; HDL: High-density lipoproteins; HOMA-IR: Homeostasis model
assessment for insulin resistance; HR: Hazard ratio; hs-CRP: High-sensitivity
C-reactive protein; IFG: Impaired fasting glucose; IR: Insulin resistance;
LDL: Low-density lipoproteins; nNOS: Neuronal-type nitric oxide synthase;
NO: Nitric oxide; OGTT: Oral glucose tolerance test; SDMA: Symmetric
dimethylarginine.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
AS and OK conceived and designed the study, collected and analyzed data,
and wrote the manuscript. AS and OK contributed equally to this work and
are shared first authors. TR and AJK assisted with data collection and analysis
and contributed to discussion. JSD contributed to the study design and
discussion, and supervised the study. All authors read, critically revised and
approved the final manuscript.

Acknowledgements
This work was supported in part by a research grant (No. NN402300136)
from the Ministry of Science and Higher Education, Warsaw, Poland. The
funding body had no role in study design, the collection, analysis, and
interpretation of data, the writing of the manuscript, and the decision to
submit the manuscript for publication.

Author details
12nd Department of Cardiology, Faculty of Medicine, Jagiellonian University /
University Hospital, 17 Kopernika Street, Cracow 31-501, Poland. 2Department
of Coronary Artery Disease, the John Paul II Hospital, 80 Prądnicka Street,
Cracow 31-202, Poland. 3Almed-Elektra Medical Center, 288 1-go Maja Street,
Ruda Śląska 41-710, Poland.

Received: 26 February 2013 Accepted: 8 April 2013
Published: 11 April 2013

References
1. Suwaidi JA, Hamasaki S, Higano ST, Nishimura RA, Holmes DR Jr, Lerman A:

Long-term follow-up of patients with mild coronary artery disease and
endothelial dysfunction. Circulation 2000, 101:948–954.

2. Meigs JB, Hu FB, Rifai N, Manson JE: Biomarkers of endothelial dysfunction
and risk of type 2 diabetes mellitus. JAMA 2004, 291:1978–1986.

3. Thorand B, Baumert J, Chambless L, Meisinger C, Kolb H, Döring A, Löwel H,
Koenig W, MONICA/KORA Study Group: Elevated markers of endothelial
dysfunction predict type 2 diabetes mellitus in middle-aged men and
women from the general population. Arterioscler Thromb Vasc Biol 2006,
26:398–405.

4. Hoogeveen RC, Ballantyne CM, Bang H, Heiss G, Duncan BB, Folsom AR,
Pankow JS: Circulating oxidised low-density lipoprotein and intercellular
adhesion molecule-1 and risk of type 2 diabetes mellitus: the
Atherosclerosis Risk in Communities Study. Diabetologia 2007, 50:36–42.

5. Perticone F, Maio R, Sciacqua A, Andreozzi F, Iemma G, Perticone M, Zoccali
C, Sesti G: Endothelial dysfunction and C-reactive protein are risk factors
for diabetes in essential hypertension. Diabetes 2008, 57:167–171.

6. Lillioja S, Mott DM, Spraul M, Ferraro R, Foley JE, Ravussin E, Knowler WC,
Bennett PH, Bogardus C: Insulin resistance and insulin secretory
dysfunction as precursors of non-insulin-dependent diabetes mellitus.
Prospective studies of Pima Indians. N Engl J Med 1993, 329:1988–1992.

7. Weyer C, Tataranni PA, Bogardus C, Pratley RE: Insulin resistance and
insulin secretory dysfunction are independent predictors of worsening
of glucose tolerance during each stage of type 2 diabetes development.
Diabetes Care 2001, 24:89–94.

8. Hanley AJ, Williams K, Gonzalez C, D’Agostino RB Jr, Wagenknecht LE, Stern
MP, Haffner SM, San Antonio Heart Study; Mexico City Diabetes Study;
Insulin Resistance Atherosclerosis Study: Prediction of type 2 diabetes
using simple measures of insulin resistance: combined results from the

http://www.biomedcentral.com/content/supplementary/1475-2840-12-64-S1.xls


Surdacki et al. Cardiovascular Diabetology 2013, 12:64 Page 8 of 9
http://www.cardiab.com/content/12/1/64
San Antonio Heart Study, the Mexico City Diabetes Study, and the
Insulin Resistance Atherosclerosis Study. Diabetes 2003, 52:463–469.

9. Ferrannini E, Natali A, Muscelli E, Nilsson PM, Golay A, Laakso M, Beck-
Nielsen H, Mari A, RISC Investigators: Natural history and physiological
determinants of changes in glucose tolerance in a non-diabetic
population: the RISC Study. Diabetologia 2011, 54:1507–1516.

10. Kruszelnicka-Kwiatkowska O, Surdacki A, Goldsztajn P, Matysek J, Piwowarska
W, Golay A: Relationship between hyperinsulinemia and angiographically
defined coronary atherosclerosis in non-diabetic men. Diabetes Metab
2002, 8:305–309.

11. An X, Yu D, Zhang R, Zhu J, Du R, Shi Y, Xiong X: Insulin resistance
predicts progression of de novo atherosclerotic plaques in patients with
coronary heart disease: a one-year follow-up study. Cardiovasc Diabetol
2012, 11:71.

12. Böger RH, Maas R, Schulze F, Schwedhelm E: Asymmetric dimethylarginine
(ADMA) as a prospective marker of cardiovascular disease and
mortality–An update on patient populations with a wide range of
cardiovascular risk. Pharmacol Res 2009, 60:481–487.

13. Mittermayer F, Kautzky-Willer A, Winzer C, Krzyżanowska K, Prikoszovich T,
Demehri S, Wagner O, Wolzt M: Elevated concentrations of asymmetric
dimethylarginine are associated with deterioration of glucose tolerance
in women with previous gestational diabetes mellitus. J Intern Med 2007,
261:392–398.

14. Surdacki A, Nowicki M, Sandmann J, Tsikas D, Böger RH, Bode-Böger SM,
Kruszelnicka-Kwiatkowska O, Kokot F, Dubiel JS, Frölich JC: Reduced urinary
excretion of nitric oxide metabolites and increased plasma levels of
asymmetric dimethylarginine in men with essential hypertension.
J Cardiovasc Pharmacol 1999, 33:652–658.

15. Stühlinger MC, Abbasi F, Chu JW, Lamendola C, McLaughlin TL, Cooke JP,
Reaven GM, Tsao PS: Relationship between insulin resistance and an
endogenous nitric oxide synthase inhibitor. JAMA 2002, 287:1420–1426.

16. McLaughlin T, Stühlinger M, Lamendola C, Abbasi F, Bialek J, Reaven GM,
Tsao PS: Plasma asymmetric dimethylarginine concentrations are
elevated in obese insulin-resistant women and fall with weight loss. J
Clin Endocrinol Metab 2006, 91:1896–1900.

17. Marliss EB, Chevalier S, Gougeon R, Morais JA, Lamarche M, Adegoke OA,
Wu G: Elevations of plasma methylarginines in obesity and ageing are
related to insulin sensitivity and rates of protein turnover. Diabetologia
2006, 49:351–359.

18. Surdacki A, Stochmal E, Szurkowska M, Bode-Böger SM, Martens-
Lobenhoffer J, Stochmal A, Klecha A, Kawecka-Jaszcz K, Dubiel JS, Huszno B,
Szybiński Z: Nontraditional atherosclerotic risk factors and extent of
coronary atherosclerosis in patients with combined impaired fasting
glucose and impaired glucose tolerance. Metabolism 2007, 56:77–86.

19. Zsuga J, Torok J, Magyar MT, Valikovics A, Gesztelyi R, Lenkei A, Csiba L, Kéki
S, Zsuga M, Bereczki D: Dimethylarginines at the crossroad of insulin
resistance and atherosclerosis. Metabolism 2007, 56:394–399.

20. Schutte AE, Schutte R, Huisman HW, van Rooyen JM, Fourie CM, Malan L,
Malan NT, Schwedhelm E, Strimbeanu S, Anderssohn M, Böger RH:
Dimethylarginines: their vascular and metabolic roles in Africans and
Caucasians. Eur J Endocrinol 2010, 162:525–533.

21. Perticone F, Sciacqua A, Maio R, Perticone M, Galiano Leone G, Bruni R, Di
Cello S, Pascale A, Talarico G, Greco L, Andreozzi F, Sesti G: Endothelial
dysfunction, ADMA and insulin resistance in essential hypertension.
Int J Cardiol 2010, 142:236–241.

22. Andreozzi F, Presta I, Mannino GC, Scarpelli D, Di Silvestre S, Di Pietro N,
Succurro E, Sciacqua A, Pandolfi A, Consoli A, Hribal ML, Perticone F, Sesti G:
A functional variant of the dimethylarginine dimethylaminohydrolase-2
gene is associated with insulin sensitivity. PLoS One 2012, 7:e36224.

23. Eid HMA, Arnesen H, Hjerkinn EM, Lyberg T, Seljeflot I: Relationship
between obesity, smoking, and the endogenous nitric oxide synthase
inhibitor, asymmetric dimethylarginine. Metabolism 2004, 53:1574–1579.

24. Surdacki A, Marewicz E, Wieczorek-Surdacka E, Rakowski T, Szastak G, Pryjma
J, Dudek D, Dubiel JS: Synergistic effects of asymmetrical dimethyl-L
-arginine accumulation and endothelial progenitor cell deficiency on
renal function decline during a 2-year follow-up in stable angina. Nephrol
Dial Transplant 2010, 25:2576–2583.

25. Surdacki A, Marewicz E, Wieteska E, Szastak G, Rakowski T, Wieczorek-
Surdacka E, Dudek D, Pryjma J, Dubiel JS: Association between endothelial
progenitor cell depletion in blood and mild-to-moderate renal
insufficiency in stable angina. Nephrol Dial Transplant 2008, 23:2265–2273.
26. Stevens LA, Coresh J, Greene T, Levey AS: Assessing kidney function –
measured and estimated glomerular filtration rate. N Engl J Med 2006,
354:2473–2483.

27. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC:
Homeostatic model assessment: insulin resistance and β-cell function
from fasting plasma glucose and insulin concentrations in man.
Diabetologia 1985, 28:412–419.

28. Schulze F, Wesemann R, Schwedhelm E, Sydow K, Albsmeier J, Cooke JP,
Böger RH: Determination of asymmetric dimethylarginine (ADMA) using
a novel ELISA assay. Clin Chem Lab Med 2004, 42:1377–1383.

29. Genuth S, Alberti KG, Bennett P, Buse J, Defronzo R, Kahn R, Kitzmiller J,
Knowler WC, Lebovitz H, Lernmark A, Nathan D, Palmer J, Rizza R, Saudek C,
Shaw J, Steffes M, Stern M, Tuomilehto J, Zimmet P: Expert Committee on
the Diagnosis and Classification of Diabetes Mellitus: Follow-up report
on the diagnosis of diabetes mellitus. Diabetes Care 2003, 26:3160–3167.

30. Chen H, Sullivan G, Quon MJ: Assessing the predictive accuracy of QUICKI
as a surrogate index for insulin sensitivity using a calibration model.
Diabetes 2005, 54:1914–1925.

31. Pinkney JH, Stehouwer CD, Coppack SW, Yudkin JS: Endothelial
dysfunction: cause of the insulin resistance syndrome. Diabetes 1997,
46(Suppl 2):S9–S13.

32. D’Agostino RB Jr, Hamman RF, Karter AJ, Mykkanen L, Wagenknecht LE,
Haffner SM, Insulin Resistance Atherosclerosis Study Investigators:
Cardiovascular disease risk factors predict the development of type 2
diabetes: the Insulin Resistance Atherosclerosis Study. Diabetes Care 2004,
27:2234–2240.

33. Dehghan A, van Hoek M, Sijbrands EJ, Stijnen T, Hofman A, Witteman JC:
Risk of type 2 diabetes attributable to C-reactive protein and other risk
factors. Diabetes Care 2007, 30:2695–2699.

34. Albert MA, Danielson E, Rifai N, Ridker PM, PRINCE Investigators: Effect of
statin therapy on C-reactive protein levels: the pravastatin inflammation/
CRP evaluation (PRINCE): a randomized trial and cohort study. JAMA
2001, 286:64–70.

35. Eid HM, Eritsland J, Larsen J, Arnesen H, Seljeflot I: Increased levels of
asymmetric dimethylarginine in populations at risk for atherosclerotic
disease. Effects of pravastatin. Atherosclerosis 2003, 166:279–284.

36. Delles C, Schneider MP, John S, Gekle M, Schmieder RE: Angiotensin
converting enzyme inhibition and angiotensin II AT1-receptor blockade
reduce the levels of asymmetrical NG, NG-dimethylarginine in human
essential hypertension. Am J Hypertens 2002, 15:590–593.

37. Meinitzer A, Seelhorst U, Wellnitz B, Halwachs-Baumann G, Boehm BO,
Winkelmann BR, März W: Asymmetrical dimethylarginine independently
predicts total and cardiovascular mortality in individuals with
angiographic coronary artery disease (the Ludwigshafen Risk and
Cardiovascular Health study). Clin Chem 2007, 53:273–283.

38. Schnabel R, Blankenberg S, Lubos E, Lackner KJ, Rupprecht HJ, Espinola-
Klein C, Jachmann N, Post F, Peetz D, Bickel C, Cambien F, Tiret L, Münzel T:
Asymmetric dimethylarginine and the risk of cardiovascular events and
death in patients with coronary artery disease: results from the
AtheroGene Study. Circ Res 2005, 97:e53–e59.

39. Sydow K, Mondon CE, Schrader J, Konishi H, Cooke JP: Dimethylarginine
dimethylaminohydrolase overexpression enhances insulin sensitivity.
Arterioscler Thromb Vasc Biol 2008, 28:692–697.

40. Surdacki A: L-arginine analogs – inactive markers or active agents in
atherogenesis ? Cardiovasc Hematol Agents Med Chem 2008, 6:302–311.

41. Baron AD, Steinberg HO, Chaker H, Leaming R, Johnson A, Brechtel G:
Insulin-mediated skeletal muscle vasodilation contributes to both insulin
sensitivity and responsiveness in lean humans. J Clin Invest 1995,
96:786–792.

42. Steinberg HO, Brechtel G, Johnson A, Fineberg N, Baron AD: Insulin-
mediated skeletal muscle vasodilation is nitric oxide dependent. A novel
action of insulin to increase nitric oxide release. J Clin Invest 1994,
94:1172–1179.

43. Scherrer U, Randin D, Vollenweider P, Vollenweider L, Nicod P: Nitric oxide
release accounts for insulin’s vascular effects in humans. J Clin Invest
1994, 94:2511–2515.

44. Kobzik L, Reid MB, Bredt DS, Stamler JS: Nitric oxide in skeletal muscle.
Nature 1994, 372:546–548.

45. Shankar RR, Wu Y, Shen HQ, Zhu JS, Baron AD: Mice with gene disruption
of both endothelial and neuronal nitric oxide synthase exhibit insulin
resistance. Diabetes 2000, 49:684–687.



Surdacki et al. Cardiovascular Diabetology 2013, 12:64 Page 9 of 9
http://www.cardiab.com/content/12/1/64
46. Lu TM, Lin SJ, Lin MW, Hsu CP, Chung MY: The association of
dimethylarginine dimethylaminohydrolase 1 gene polymorphism with
type 2 diabetes: a cohort study. Cardiovasc Diabetol 2011, 10:16.

47. Kelly AS, Thelen AM, Kaiser DR, Gonzalez-Campoy JM, Bank AJ:
Rosiglitazone improves endothelial function and inflammation but not
asymmetric dimethylarginine or oxidative stress in patients with type 2
diabetes mellitus. Vasc Med 2007, 12:311–318.

48. Lin KY, Ito A, Asagami T, Tsao PS, Adimoolam S, Kimoto M, Tsuji H, Reaven
GM, Cooke JP: Impaired nitric oxide synthase pathway in diabetes
mellitus: role of asymmetric dimethylarginine and dimethylarginine
dimethylaminohydrolase. Circulation 2002, 106:987–992.

49. Gonzalez M, Flores C, Pearson JD, Casanello P, Sobrevia L: Cell signalling-
mediating insulin increase of mRNA expression for cationic amino acid
transporters-1 and −2 and membrane hyperpolarization in human
umbilical vein endothelial cells. Pflugers Arch 2004, 448:383–394.

50. Teerlink T, Luo Z, Palm F, Wilcox CS: Cellular ADMA: regulation and action.
Pharmacol Res 2009, 60:448–460.

51. Eid HM, Reims H, Arnesen H, Kjeldsen SE, Lyberg T, Seljeflot I: Decreased
levels of asymmetric dimethylarginine during acute hyperinsulinemia.
Metabolism 2007, 56:464–469.

52. Siroen MP, van der Sijp JR, Teerlink T, van Schaik C, Nijveldt RJ, van
Leeuwen PA: The human liver clears both asymmetric and symmetric
dimethylarginine. Hepatology 2005, 41:559–565.

53. Lee JH, Park GH, Lee YK, Park JH: Changes in the arginine methylation of
organ proteins during the development of diabetes mellitus. Diabetes Res
Clin Pract 2011, 94:111–118.

54. The DECODE, Study Group on behalf of the European Diabetes
Epidemiology Group: Is the current definition for diabetes relevant to
mortality risk from all causes and cardiovascular and noncardiovascular
diseases? Diabetes Care 2003, 26:688–696.

55. Rijkelijkhuizen JM, Nijpels G, Heine RJ, Bouter LM, Stehouwer CD, Dekker JM:
High risk of cardiovascular mortality in individuals with impaired fasting
glucose is explained by conversion to diabetes: the Hoorn study.
Diabetes Care 2007, 30:332–336.

56. Elesber AA, Solomon H, Lennon RJ, Mathew V, Prasad A, Pumper G, Nelson
RE, McConnell JP, Lerman LO, Lerman A: Coronary endothelial dysfunction
is associated with erectile dysfunction and elevated asymmetric
dimethylarginine in patients with early atherosclerosis. Eur Heart J 2006,
27:824–831.

57. Protopsaltis I, Foussas S, Angelidi A, Gritzapis A, Sergentanis TΝ, Matsagos S,
Tzirogiannis K, Panoutsopoulos GI, Dimitriadis G, Raptis S, Melidonis A:
Impact of ADMA, endothelial progenitor cells and traditional
cardiovascular risk factors on pulse wave velocity among prediabetic
individuals. Cardiovasc Diabetol 2012, 11:141.

58. Ercan M, Firtina S, Konukoglu D: Comparison of plasma viscosity as a
marker of endothelial dysfunction with nitric oxide and asymmetric
dimethylarginine in subjects with dyslipidemia. Clin Hemorheol Microcirc
2013. Epub ahead of print.

59. Tocci G, Paneni F, Palano F, Sciarretta S, Ferrucci A, Kurtz T, Mancia G, Volpe
M: Angiotensin-converting enzyme inhibitors, angiotensin II receptor
blockers and diabetes: a meta-analysis of placebo-controlled clinical
trials. Am J Hypertens 2011, 24:582–590.

60. Sattar N, Preiss D, Murray HM, Welsh P, Buckley BM, de Craen AJ, Seshasai
SR, McMurray JJ, Freeman DJ, Jukema JW, Macfarlane PW, Packard CJ, Stott
DJ, Westendorp RG, Shepherd J, Davis BR, Pressel SL, Marchioli R, Marfisi RM,
Maggioni AP, Tavazzi L, Tognoni G, Kjekshus J, Pedersen TR, Cook TJ, Gotto
AM, Clearfield MB, Downs JR, Nakamura H, Ohashi Y, Mizuno K, Ray KK, Ford
I: Statins and risk of incident diabetes: a collaborative meta-analysis of
randomised statin trials. Lancet 2010, 375:735–742.

doi:10.1186/1475-2840-12-64
Cite this article as: Surdacki et al.: Asymmetric dimethylarginine predicts
decline of glucose tolerance in men with stable coronary artery disease:
a 4.5-year follow-up study. Cardiovascular Diabetology 2013 12:64.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patients
	Biochemical assays
	Collection of follow-up data
	Statistical analysis

	Results
	Discussion
	Endothelial dysfunction as a precursor of type 2 diabetes in previous clinical reports
	Associations between the L-arginine–NO–ADMA pathway and insulin signaling
	ADMA levels versus the magnitude of IR in clinical conditions
	Mechanistic considerations
	Clinical implications
	Study limitations

	Conclusions
	Additional file
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


